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ABSTRACT

A computer program for automatically damping the polhode motion of the
Micro-Electrostatically Suspended Gyro (MESG) is presented. Test results are
presented that demonstrate successful automatic polhode damping on two gyros,

. The fundamental characteristics of polhode motion of the MESG rotor are summa-
rized. The techniques for monitoring polhode motion using Mass Unbalance
Modulation (MUM) are described. The polhode torquing equation is derived and
the spin motor control electronics that implement the torquing equation are described.
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SECTION |

INTRODUCTION ¢

Polhode damping is a necessary function in the operation of a Micro-
Electrostatically Suspended Gyro (MESG) since it is the technique to force the spheri-
:al rotor to spin about its axis of maximum inertia, Furthermore, it must always
spin in the same direction about the axis of maximum inertia.  The primary design
goals of automatic polhode damping are reliability, fow cost, and minimum time. The
polhode damping logic is performed in the digital computer used for navigation.
Therefore, low cost is directly related to low computer requirements, It is particu-
Iarly important to minimize computer memory requirements,  ‘The minimum time
requirement is related to fast reaction applications of the MICRON system.  The rotor
must be suspended, spun up, thermally stabilized, and polhode damped before the
alignment and navigation functions can begin.

Polhode damping has been suceessfully accomplighed as is reported in
Scction VI A detalled description of the automatic damping progeam is given in
Appendices C and Do Two important features of the mechanization are-its resilience
and that no ealibration of individual gyros is vequired.  The program has demonstrated
its abihity to recover from major errors similar to out of specifieation hardware
operation and suceessfully damp,  Two gyros were antomatically damped,  The auto-
matic damping parameters were entirely based on one of the gyvros, The other gyro
has never been calibrated,
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SECTION It
DEFINITION OF THE PROBLEM

Polhode motion occurs in any freely rotating rigid body with unequal moments of
inertia, A polhode is the path which is traced out by the spin axis on the hody when
viewed in body-fixed coordinates. The motion of the spin axis with respect to inertial

space is the herpolhade.

The component of the spin vector along the angular momentum vector of the body
is a constant irrespective of polhode motion if no external torques ave applied to the
body, For a nearly symmetric body, such as the MESG rotor, the herpolhode is very
small so tnat the spin vector is essentially inertially fixed. The polhode motion is not
small and the spin vector may move drastically with respect to the MESG rotor principal

axes.,

For a constunt energy system there are two stuble axes of votation for which there
is no polhode motion as shown in Pigure 1, These are the prineipal axes with the largest
and smallest moments of inertin. Any practical system dissipaios energy tue to non-
perfect bady rvigidity or external influences. [For this reason, only retation about the
axis with the largest moment of tnertia {s both stable and without pelhede motion,

‘The equations describing polhode motion are derived in Ref 1. The results will
be briefly summarized here, ,

If the three prinelpal momoits of inertia of the roter are A, B, C where

A B¢ . ' {H
" then - -
o R Jogue @y

. -¢
S oy BTN WL

(r\ Y

&)yt e/t | L L

ﬁ.}c E

wiiere (g\. “y “’C) is the spin voctor in body coondini.es, the spin vector length is
the angular rate of the rotor in rad/see and Q \’ Qn, QC) is the applied torgue vector.

“I'hie solution to Eq (2) cantot be expreased as an explicit fuaction of tinie in closed form
since it lnvolves elliptic integrals. Solutions not explicitly containing time are detived

in Ref 1. For the case of no torque driving funclions the solutions are closed tenjectories.
The trajectories either enclose the » A axes or the * C uxes depending on the initial
conditions, Thercfore, the trajectories are classed as A famlily trajectories or ¢

family trajoctories, respectively,

to
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SEPARATING

POLHODES

.
AL

'A ® AXIS OF LARGEST MOMENT OF INERTIA

B s AXIS OF INTERMEDIATE MOMENT OF INERTIA
C = AXIS OF SMALLEST MOMENT OF INERTIA

Figure 1. Polbode Patterns
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The trajectory that divides the A and C families is called the separating polhode.
It is defined by the equation

A-B 2 -C 2

(7)o - =) “c (3)
A spherical coordinate system will be use! to uniquely define each polhode

trajectory, The + A axis will be used as the north pole. latitude is measured from

the C-B plane towurd the \ axis and longitude is measurcd in the C-B plane with the

+ C axis at zero longitude. Each polhode trajectory is uniquely defined by its latitude

at either 0 or 180-deg longitude and so this number will be used to identify the polhodes.

The latitude number for the separating polhodes is

- W
GS = t tan l(b‘—\)
C

(B9 /(a2

The latitude ranges for each of the four polhode fumilies are:

1/2

)

Family Latitude Longitude
A UOS' 80 deg) 0 deg
-A (-os. -90 deg) H deg
+C {0 deg, POS)' 0 deg
~C (0 deg, *Os) 180 deg

Polhode motion is pertodic since the trajectories are closed, The pericd isn
function of polhode latitude and the A or C famlily. For the A family the poriod is

2n .
[ ™ / oy ®
B > w sine um ns 1/2
[ s(mr) l

\tand

where 8 I8 polhode latitude and w angular rate of the rotor at the 0 or 150-deg longitude

point in the trajectory. The period for the imiting case in which the polhode latitude
approaches 90 deg ' is

K:\ -C A«B' 172 2 "

Therefore, the frequency of pelkode motion in the A family can bo written in ternis of

two rotor paramoters, 'I‘A and 6, 48
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The frequency of polhode motion in the C family is

cos 6 tan
13 2n Ob//-

The period for the limiting case in which the polhode latitude approaches zevo is

i) 1) (8)
.mO » )2J 172

T(‘ l._\ tan GS . (9

Polhode frequency as a function of poihode latitude is plotted in Figure 2 for
eq A5 deg and 14 2,83 see. The slope of the frequency curve is infinite at
14 A P
4.»—(10,, latitude and the freguency is zero at that latitude,

Rotors curvently in use in the MESG have values of u)uud (B () in the range
of (10"4 0.5 x 1074 with e very close to 45 dep and T A i the range 3-4 see. Rotor
gpeed, vy i 2500 Nz, ’lhv third degree of freedom in the differentinl Eqg (2) whieh is

-Lf;& can be approxhnnted by

(A () (A1) . (n-c) 101

Solving the right-lund side of Eq (10) for? nt using n second order approximation gives

(l;TL !(_\_g) (n ()‘ l (\ u) (n ()l (1)

-19
and therefore Ey (10) {8 acoumte to 2 x 10 2 ma practical sense, there are only two
degroes of freedom defining the polhiode motion in this application. Those degrees of
frecdom can be expressed.os 'l‘\ and 0, defined above,

Conformal mupping will be used ta transform polhode motions on the surface of a
sphere onto the infinite plane. The spin vector, (u‘\. “p! “"C)’ in rotor coordinates is
mapped into the U, V' plane by T ' -

g,
vt
C

. “gc : (12)
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Figure 2, Po’ "xle Frequency vs Polhode latitude for 8 = 45 Deg and TA : 2,83 Sec

ol = w200 2 o 2|12
where lwl = W ey wz)

"‘A * Wy i

by o A

e = vo lwt {13)

This transformation has the property that great circles are mapped into etreles
in the U, V plane. Groat circles through the C 1xis nre mapped into straight lines
theough the origin,  Pigure 3 shows the important groat civelos which will be used as tue
grid for polhode plota, ‘The great ciicles in the A-B, B-C, and C-A plnnoe are shown
as well as the two great circles dofining the separating polhodos (8. - b deg), The
arean enclosed by the separating polhods iines represent frow leit to right the ~A, 1C,
and +\ families, The -C family is represonted by the avea outside of hoth separating
polhodn circles in the U, V \ohmo.

- An important property of conformal mapp'ng is that the angle hotween two

- intersecting lines on the aphoro is presoerved when the two lines are lmnaformod o ¢

the U, V .)lnno.
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Figure 4 shows polhode trajectories in the 1A and +C families at 10-deg Iatitude
intervals and one trajectory in the -C family at 40-deg latitude. The distortion intro-
duced by the transformation of points distant from - C axis should be recognized, On
the sphere these trajectories are upproximately elliptical in shape. The direction of
motion on each trajectory ts shown by arrows, As n memory aid, the right-hand rule
defines the direction of motion in the A families and the left-hand rule defines the
direction of motion in the C families.

The attitude readout mechanism of the MESG for navigation function is mass
unbalance modulation (MUM) produced by intentionally shifting the mass center of the'
spherical rotor approximately nlong the ~C axis from the geometric center. The
pendulosity vector is definet as the veetor from the geometric center to the mass center
and is approximately 16 pin. long. ‘The rotor will spin about the mass center assuming
therg is no foreing by the electrostatic suspension at rotor frequency, The spherical
rotor will appear to wobble at rotor frequency with amplitude equal to the componhent
of pendulosity orthogonal to the spin vector. This component of pendulosity is called
the MUM veetor (with direction roversed).

Forcing by the electrostatic suspension at rotor frequency is not negligible
except at the noteh frequency of 2430 hz or bolow 400 hz as shown in Figure A-2 of
Appeadix A, When damping i3 performed at rotor {requency of 2000 hz the MUM vector
is 50 percent larger than at 2430 hz, The equations relating MUM veotor to pendulosity

vector nnd suspension galn and phase are given in Appendix A, For zero gain the MUM
equation of Appendix A reduces to: :

MuM « |-p o L2l gy (14)
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- ‘This Information s demodulated and seat to the computer us two vectors,

Figure 4. Polhode Trajectories at 10-Deg Intervals in -A, +C,
and +A Families and 40-Deg Trajectory in -C Family (85 = 45 Deg)

where P i3 the pendulosity vector and w i8 the spin vector and the M UM voctor is
normalized for maximum length of unity,

For nonzero forcing the length of the MUM vector s changed and the phase
of the signal Is changed, ‘The computer compensates the net phase sMit of the
MUM vector and the MUM vector I8 normalized to Its maximum value, Therefore,
the compensated MUM vector is defined by Fq (14} if foreing gain and phase ave
constant, If rotor speed changes, the foreing gain and phase will change and so
MUM veetor will change as defined by the equations in Appendix A,

The direotion of the MUM vector as deseribed by Eq (14) is shown In Figure 5
for one trajectory in cach rogion,

The MUNM vecior modulates the capacitance as seen from the cavity electrodes.

aypg and By
which reprosent the cos and sin components of the demodulated MUM signal, DPhysieaily
ap and Bpp wepreseat the posttion of the MUM vector at 0 and 90 deg of one rotor revo-
lution which {s relative to the phase of the demodulation reference, '

The amplitude of the MUM signal is modulated by the polhode motion as can be
scon In Eq (14) since the w vector follows the polhode trajectory. For the ease In
which the peadulosity vector (s exaotly along the -C axis, the MUM magnitude is
minimum when w is in the A-C plane and I8 maximum when w i8 in the A~B plane f{or

8
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Figure 5, MUM Vector Directions in A and #C Families
(6 - 46 deg, T, = 2,83 sec)

A family polhodes nnd in the C-B plane for € family polhodes. Therefore, the domi-
nant frequencx in MUM magnitude is second harmonic of polhode trequenc) The
locus of unity MUM magnitude is on the A-B plane,

Due to unintentional imperfections in the rotor a component of the pendulosity
will lic on the -A axis. Inthe past this component of mass unbalance has been the
sole means of distinguishing the A axes by defining the mass unbalance to be on the
«A axis, I s very important to always damp the rotor in on the same axis so *A
axes must always be identified. The pendulosity component on the -A axis has
always fallen in the range of ¢ percent to 0, 2 percent of total pendulosity, Of course,
there is nlways the danger of manufacturing a perfect rotor which has no pendulosity
component on the -A axis and hence the sign convention fails. An nlternate sign
convention now implemented is to intentionally rotate the pendulosity vector approxi-
nmately 4 deg toward the -B axis, Mass unbalance on the B axis causes no degradation

in gyro performance while mass unbalance on the A axis causes g-sonsitive drift
~ rates,

1
H
4
¥
b
4
b
!.
H

Small mass unbalance on the A and B axes rotate the locus of unity MUM magni-
tude away from the A-B plane. The Jocus of unity MUM maguitude is defined by the
plane orthogonal to the pendulosity vector so mass unbalance on <A axis rotates the
plane about +B axis aud masa unbalance on -B axis rotates the planc about -A axis,
The dissymmetry of the pendulosity vector relative to the polhode pattern causes the
two maxima and two minima of MUM magnitude per porlod to bo unequal in general.
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Figure 6 shows the great circle locus of unity MUM magnitude as a heavy line for
pendulosity on -A and -B of 10 percent each and gg = 45 deg. Several polhode tra-
jectorics are also shown tn {llustrate the major variations in MUM magnitude
patterns, ‘T'he approximate points of high and low maximum and high and low mini-
mum are also shown., Notice trajectory 3 in the C family has a double maximum
near -B axis, Also the trajectories 1 and 5 in the neighborhood of the C and A axes
have only a single maximum and minimum, Figure 7 shows the MUM magnitude time
histories for the same five trajectories of Figure 6, Fach time history plot is
started on the great circle segment between +C and +A axes and continues for slightly
over one period,

The most prominent features of all polhode trajectories can be summarized
with a plot of the maxima and minima MUM magnitude versus polhode latitude as
shown in Figure 8, The difference between the high and low max or 4 max is shown
in Figure 9, The peak to peak amplitude of MUM magnitude is shown in Figure 10,
The angle from the trajectory normal to the MUM vector can be visualized from
Figure 5. The angle is plotted vorsus latitude for the max and min points on the
trajectory in Figure 11,

,/‘u;us OF UNITY
-' MUM MAGNITULE

.

o,

Figure 6, Five Representative Polhode Trajectories and Locus
of Unity MUM Magnitude (8, = 45 deg)
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Figure 8. MAX and MIN MUM Magnitude (45 Deg Separating Polhode,
0.03, 0,07 Pendulosity on A and B Axes Respectively)
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Figure 9. Difference Between Migh and Low Maxima, AMax (456 Deg Separating
Poltode, 0,03, 0,07 Peadulosity on A and I} Axes Respectively)
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Figure 10, Peak to Peak MUM Magnitude (45 Deg Separating Polhode,
© 0,03, 0.07 Peadulosity sn A and B Axes Rcspecuve;g) o
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Figure 11, Angle Between MUM Vector and Trajectory Normal at Min and Max
: Polnts in +C and +A Famtlies (46 Deg Separating Polhode,
- 0.03, 0.07 Pendulosity on A and B Axes Reapectively)

15




SECTION IO

TORQUING EQUATION

‘The MESG has three torquing coils contered on the x, y, and z gyro axes. The
cquation defining the necessary currents {u the three coils to produce the desired torque
is developed in Ref 1 and repeated here.

Eguation (2) delines polhode motion and the effect produced by torquing, The
cquittion is in rotor coordinates and co the torque vector must be fixed in the rotor and
orthogonal to spin. [n general, the torque vector can make any angle with respect to
the MUM veetor,

Define an orthonormal vector trind (o, 13, ¥) ventered (o the votor but not rotating
with the rotor. 7 is nlong the rotor spin vector, o is rotated an angle 8 ahout Y from
the MUAL vector at tHme zero, and B isY X a. The torque unit vector is defined

Q  rcos wpt o dsin wit (15

where wy is the angulnr rate of the rotor with respect to the o, f, Y coordinate frame.
Al time zevo the torque vector Is along o and hence it is angle 6) from the MUM vector,

Torque is generated by a flux vector rolating nboul the torque vector, A rotor
fixed orthonormal vector triad is defined (v, Q, Qp) whove ' :

Qp =asin wtrpeos wyt - _ (169
The flux unit vector to generate Q is ‘
FLUX  Yoos (w

t*m-(}‘sin(ut-tm o o (1'«’)

F F
where wi i the qunm\cy at which the flux vector rolites about the torque voctor Al &

is the initial plase unglo. Thoy are both complotely arbitmry.

Eliminating QF in Eq {17 gives

FLUX = a(siu wpt Bin (Wt *é)) - (S(cos w tsln (w - ¢))

+y (cos (G ¢)) 7 (18)

“which is a valid torque equation. ‘The vomputer supplies vectorso, B, Y o the torquing

eloctronics which then generate the three components of ﬂux using Eq (18). ’lhc
electronies mechanization can be simplilicd il

-0 _ _ ' (19
which gives | -
FLUX = 0 1/2{1 ~cas 2 w 0) = B(1/28In 2 vl ¢ Y cos wit (203

Equation {20) {s actualiy mechanized o the vlectronices.
16
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Notice that a, p vectors supplied by the computer are the normalized MUM
demodulator cutputs rotated an angle 6.

tons 04 B g
Q OM cos O [’):\I sin @
ot oal . Ve
B ay) sin G- p N Y -
1 . '
\ ayp X (3.“ (21

o.\‘l, ﬁ\'] - MUM demodulator output veetors normalized to unit length, MUM
vector rotation caused by electrostatic suspension foreing at rotor frequency and
by phase shifts in MUM pickoff electronics is compensated by adding a fixed bias
to angle 0,

17

it £y S e v




SECTION IV

CONTROL LAWS

The control law specifies the torque vector that is normal to the untorqued
trajectory. It must specify torque to cross the separating polhode on the desired
direction and it must provide termiaal control to place the spin vector on the A axis.
Separate control laws are used for cuch purpose. The control laws arc described
in terms of their location relative to a urit vector along MUM, Ipmyum. and a quadra-
ture unit veetor, UM . The C and A fowmily control laws can be readily deduced
by referring to the plot of MUM direction ia Figure 5.

The +C family control law i3

Torque direction = =1 MUM

The A-C family control law is
Terque direction = Iyryym
The A family control law is

Tarque direction = IMUM €08 ® +1pryp ¢ 8in @

. where o ls the pothode phass which is zero on the C to A and -C to -A great circle
" segments, - Notice Lthat this control law works for both +A and -A famtlies. The
torque vectors point outward in the 1@ 'and -A families and inward to che *A family,

A gpeciul control law is roquired 10° 01083, the separating polhode on the +A
family side, The transition reglon is defined as'a band on elther side of the
separating polhode that Is wide encugh so that the’ sepm*t\tlng pothode cannot be
crossed inhalf a polhode puriod starting from:. an ea@a of the transition voglon and
anplylng either mo A or C contxol laws:" - ' :

~The transitiow. control law m\mt.,workrm bot'%mhe C»xmd A families since the
exnct crosaing point is unknown and thé A or € family can only be identified aftor a
complete cycle tn that family. Furthermore, the control law should make the
transition from C to +A family and vot ontor the -A family, A simple solution is
to apply tha sum of the A and C family contyol laws. ‘The C family control law pro-
duces no nat change in polhode latitude in thc A uunlly xmd vice versa, ‘The transition
control law is

, ‘1‘orque Diroction = 1MUM (_99.8_92_:1.1_1)) HMUMQ ('ﬂ%g) (22)

whero tho + sign is takon for the + transition and the - sign for the - transition,
Equation (22) 13 not a unit vector and must be normaiized. The torque magnitude

ty 2oro on the half polhode period for which the torm in Eq (22) (cos 0 « (1) ts

less than 1, ifigure 12 shows the torque direction for the + transition control law
about trajectories in the tA and +C families, The +ransition control law can also
be used to cross from the -A family (nto the -C famlily or with a 180 deg roversal of
0 in Eq (22) [t can be usied to croas from the +A into tho ~C family.

18
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Figure 12, +Transition Control Law Torque Veclors (6g = 45 deg.
’1‘A = 2,83 sec)

The divection of the MUM vector changes radieally in a small neighborhood

about the 2C axes. Figure 13 shows the MUM vector on trajectories in a neighborhood
of the +C axis, The point at which an extension of the pendulosity vector would inter-
sect the surface of the sphere is shown which is the point of zero MUM magnitude.
In this neighborhood it is very difficult to tell whether or not the trajectory encloses
the zero MUM magnitude point. A simple control law in this region is to only apply
the ¢ family control law over approximately half the polhode period centered on the
high max MUM magnitude point.

The terminal control law in the neighborhood of the +A axis is the sume as the
A family control law except proporuonnl control is used by vary lng the time interval
that torque is upplied,

The rate of change of torque magnitude is limited in the current mechanization.
This feature now apponrs unnecessary as step functions in the flux field cause no il
offocts.

The A and C family control laws are attempting to approximate the normal
control law. The torque direction for the normal control law is normal to the
untorqued trajectory. fhe efficloncy of the normal control law will be computed
for small torques,

19

i 2L PR




i e s e gt e v R Lt o L L oA A A T i
AT TR OO S g v, Semmpigin e o o~ e

-;
S:
1
h!
B
k.
H

R SR TS TP ORI

B-C PLANE

MUM
VECTORS

vt e YRR 1t WA e

HIGH MAX MUM
MAGNITUDE

MINIMUM MUM
MAGNITUDE

PENDULOSITY
VECTOR
(ZERO MUM MAGNITUDE)

A-C
PLANE

Figuro 13. MUM Vectors in the Neighborhood of the +C Axis

20




g pnte oSSR
AR e SO LN £ T €A S A Y ST STA A ¢ SPREM WX TR0 L e v T 4 o=y FE I AR i AR Wy S RERIR I BTV, TAN RS Y4 e ORI

The torque vector, T, will be defined in units of precession rate as

Qy/A

. _

by Q/B (23)
Q./C

where (Q_\, QB’ Q C) is the physical torque vector defined in Eq (2) and wo is the

magnitude of rotor angular rate when in the A-C plane, The change in polhode latitude
introduced by a wnit torque impulse at time t is

Torque Efficiency = 96 ., (24)
dw

where ¢ is polhode latitude, This function is a measure of torquing cificiency vs
polhode phase and Tatitude, The function is plotted in Figure 14 vs polhode phase for
several polhode latitudes, The average torquing efficiency is computed by averaging

g—g-u over the polhode period which will be called %3— w

A similar computation can be made for the A and C control laws by recognizing
that only the normal component of torque changes polhode latitude, The tangential
component of torque averages to zero over one period. Figure 15 shows the
efficiencies of the normal, A, and C control laws., ‘The C control law is the least
efficient beeause it is a radial control law, s efficiency could be improved with a
small second harmonic correction to the torque divection,

The net efficiency for damping from C to A axes cannot be computed without
including a technique for erossing the separating polhode, An optimistic efficiency
estimate can be obtained by simply computing the average efficiency for each control
law which is

normal control law 79. 8%
A control law 78, 8%
¢ control law 76, 8%

Therefore to dump from C to A axes with a 45 dogree separating polhode requires
torquing through an angle of 46 degree -.-,-é-; + 7;g 5 117 deg. I torque is only
applied noar the A-C great circle torquing efficiency approaches 100 pexvcent,
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SECTION V

AUTOMATIC DAMPING

A block diagram of the hardware used for automatic damping in the N574
navigator is shown in Figure 16, The MUM demodulator supplies tae MUM diuta a,
fito the computer in the form of 6 digital words., In the }.57A navigator {re¢iency for
the demodulator is supplied by the computer, In the tests reported here the frequeney
wis supplicd by a phase locked loop within the MUM demodulator. In either case the
same frequency is supplied to the spin motor control electronics, Nine digital words
in the form of three vectors o g, fg Y§ command the torque from the computer. The
current in the motor coils, vector Ip, is given by the equation at the bottom of the
figure which is the one derived in Section 111,

‘The general description of the automatic damping program is presented here,
An indepth descrivtion of the automatic damping program {s presented in Appendices C
add D, The logie is laid out as much as possibie to allow very large tolerances on the
automatic damping parameters. The nominal gyro and system parameters will be
used to determine the automatic damping parameters. Variations from nominal of
110 pereent or greater can be tolerated without changing the damping parameters,
The method of determining the automatic damping parameters is described in
Paragraph 2 of Section VIIIL,

The computer cycle time for the automatic damping program was planned for
1/16 sec since that is a basie rate in the N57A navigation computer. The polhode
period of the N567A gyros near the A axis Is 4 sec, The polhode period of the gyros
used here is about 7 to 9 see depending on the temperature. The computer evele time
was incrensed to 0,1 sec so that the same program could be used herve nnd on the
NGTA gyros by maintaining a relatively constant number of computer cycles per A axis
pothode period. '

Automatic damping problem will be divided into two subproblems, estimation
wd control, The estimation problem must {dentify and track the polhode parameters
needed for the control laws., The control laws must speeify the direction and magni-
tude of torque to effictently damp the yotor. Minimum polhode information required
for control is polhode phase, family fdentifieation, and special reglons within the
families, Polhode phase relative to one pothode period must be tracked econtimiously,

“Polhode phase is the basie information used by the control law to rotate the terque
vector to the desired direction, Polhade phase fmplicitly {dentifies the +A and -A axes.
If phase lock s lost (phase error greater than 90 deg) the control will actually undamp
the rotor, Therefore, polhode phase tracking appears to be one of the most eriticat
aspects of the problem. The control strategies in the A and C families are completely
different. A special control stratogy is required tn erossing the separating pothode
to bo assured of always entering the +A family. Finally, a terminal strategy is
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required to complete the damping on the +A axis. The overall organization of the
computer program is shown in Figure 17.

1. ESTIMATION

Estimation can be reduced to two subproblems, phase tracking and family
identification.

a. Phase Tracking

The polhode phase parameter as used here is loosely defined with the tollbwing
properties:

1. Phase has 360-deg monotonic increasing variation withm one polhode
period.

2. Phase is equal to multiples of 90 deg at quadrature points in polhode
trajectory (intersections with A-B, B-C, or C-A planes).

3. Zero phase is at the intersection of either great circle segment -A to
+C or +A to -C,

The phase variable defined here is solely related to the polhode pattern. Phase
tracking must be based on MUM magnitude information. In most cases MUM magni-
tude has a strong component of second harmonic cosine of the phase variable.' How~

ever, due to pendulosity components along A and B axes the phase of the MUM magni-
tude signal is shifted n small amount relative to the polhode pattern,

The ultimate use of the phase variable is to direct the torque vector as described
in Section III and Eq (21), The ideal phnase variable in the A family is the angle between
_the MUM vector and the unit vector normal to the unforced polhode trajectory assum=
ing the normal control law is desired,

“The second harmonic component of MUM magnitude leaves n 180-deg uncertainty
: in the phase variables, This can only be resolved by recognizing the pendulosity
; - components on either the A or B axes, The pendulosity component on the A axis
produces high and low wminima or n fundamental cosine component of MUM magnitude
in both the A and C families, The pendulosity component on the B axis produces high
and low maxima or a fundamental sine component of MUM magnitude only in the C
family, The A family maxima are always unity except in a small neighborhood about
the 2A axis. A pendulosity component on the B axis does produce relatively subtle
changos {n MUM magnitude waveform between the +A and -A families.

The 180 deg uncertainty in the phase variable {s directly related to identification
of the +A axis., Since the mass center is located along ~C and tipped 4 dog towards B,
the +A axis is implicitly defined {n a right hand coordinate frame. Table 1 relates the
MUM magnitude maxima to the B axis and the vatue of the phase variable,
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Table 1. Sign Convention

vty e o S AR ¢ RS TR

Phase Variable
= 909

Phase Variable
= 900

+C -C A
Family Family Family
Closest Approach Low Max High Max Max
to +B Axis

Phase Variable
=909

Closest Approach
to -B Axis

High Max

Phase Variable
= 2709

Low Max

Phase Variable
= 2700

Max

Phase Variable
= 270°

Three approaches for maintaining phase lock will be described. The. techniques
will be called simulation, Fourier analysis, and max/min tracking.

(1) Simulation Mechanization

- The simulation technique involves integration of the diffoerential equations of
polhode motion defined by Eq (2). This approach would clearly yield the most precise
tracking of the polhode motion if all parametors were well defined, There are many
difficulties that make this approach appear to be the most impractical of the three.

The initial conditions of the differential equation must be spocified which
requires {nitial phase and polhode latitude while the initial statement of the estimation
problem only requires phase. The appronch requires all polhode parameters including

torquing parameoters to be precisely known for use in the differential equation, Finally,

a closed loop control based on MUM magnitude must be generated to keep the differ-
ential equation solution synchronized with the real world polhode motion both {n phase
and latitude.  This approach was dismissed on the basis that simpler solutions oxist,

(2) Fourior Analysis Mechanization
The polhode phase variable is based on a constant frequency per polhode period.

Sine and cosine of pothode phase are generated and the first and second harmonie
Fourler cocfficients of MUM magnitude are computed from the sinusoids, A sampled

“data phase locked loop s constructed to maintain polhode phase lock by nulling second

barmonic sine Fourier coefficient. The 180-deg phase uncertainty is resolved by
requiring the first harmonlc cosine Fourier coefficient to be positive.

This approach has been simulated as roported in Appendix B, The primary
difficulty was caused by the frequency uncertainty and the lavge changes in frequency
from one polhode period to the next when torquing., Polhode frequency is zero on the
separating polhode due to the singularity on the B axis. Phase lock could not be
rells‘t;ly m:dtamcd while crossing tho separnuns polhode and thereforoe the tachntqun
was disc
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(3) Max/Min Mechanization

The singularity on the B axis can best be understood by looking at the time
history of MUM magnitude as shown in Figure 18 for polhode latitudes 46 deg,
45,1 deg, and 45 deg with pendulosity components of 1 percent on -A and -B axes.
The singularity problem is simply that MUM magnitude can hang up near its maxi-
mum value for an arbitrarily long period of time. A mechanization working in the
time domain can easily recognize this, The obvious characteristics of MUM magni-
tude in the time domain are its local maxima and minima points. The maxima and
minima occur at polhode quadrature points when pendulosity is along -C.

The basic operation consists of continuously tracking maxima and minima.
When a maxima or minima occurs the phase variable is reset to the next quadrature
point (0 or 180 deg at min events and 90 or 270 deg at max events). The phase vari-
able is not allowed to cross a quadrature point until a maxima or minima occurs.
_ Between max/min eventa the phase variable is extrapolated at constant frequency
based on time between three minima except special conditions apply after a max event,
After a max event the phase variable is frozen at the quadrature value until the MUM
magnitude drops a prescribed amount such as 5 percent of its provious peak-to-peak
value, It is then extrapolated. . _
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Figure 18. MUM Magnitude Time Historles Over One Pothode
Perlod (0 = 45 deg, TA » 2. 83 soc)
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The 180-deg phase uncertainty is resolved by observing the values of three
successive maxima. If the slope of a straight line between maxima 1 and 2 is 8; and
the slope of a straight line between maxima 2 and 3 is Sg then maxima 3 is:

1. High max if 83 > §; and
2. Low max if 8 > Sq.
The phase variable is related to the high and low max as indicated in Table 1,

The mechani zation is inherently stable even if the phase variable extrapolation
has large errors unless a false min and max are obiained which produces a 130-deg
phase error. The high/low min or max ts tracked even during torquing so the phase
error will be recognized and the problem restarted if it occurs. Noise on the MUM
signal is the most tikely cause of problem. The max/min reeognition algorithm must
cmploy smoothing. Also reasonableness iests can be applied to the max/min events.
The time of the event and MUM amplitude of the ev ent can Le predicted from past
history to verify reasonabieness. :

The max/min phase tx'ad\iug mechn.nizaum; is usod in the awtomatic damping
mechanization,

b, Family Identification

Itis :méesésary to identify which of several regions oi the spheve conmtain the
polhade trajectory. The vegion identified detormines mode switehing in the phase

- tracking and control routines. Complete information is contained i pothode latitude

for longitude of 0 or 180 deg. However, 1ess detailed information is sulficient, First,
three familles must be distinguished: A families, +C family, wd <C family, The

1A families are not explicitly distinguished. Two additional regions called = fransition
reglons are small bawds about the separating polhode, The band in the ¢ families
must be at least as wide as the area swept out by terquing for one pothode period,

Small vegions about the A and € axes must be identified for estimaion since the MUM

“magnitude may huve only one min and max per pothede poviod. The MUM wmagntude

signal may shift as mueh as 90 deg relative to the polhode period near the € axis for -
B pendulosity mueh grester than A pendulosity. A small re;.ion about the =A I:uml\
must be identified for terminal’ ‘ouh'ol law, _ .

The nature of MUM mnammde in cach of these wgimvs can be jeen i the curves of

. Figures 2, 8, 9, and 10, Phase tracking extracts the max aml min values from MUM

mn;,uimde plus the peak-to-poak value, the difference between high and tow mas,
Amas, m\d the slopes of the max and win for use in m\lmcnlmm_ ,

ln tho C family the max is loss num its largest possible valve, the mas has a
slope with respect to latitude, and the two mas ave a0t equal,  In the A faily the mas
has its largest possible value, the max is constant with vespewt to Tntitudi, amt the

two max are equal, b thie transition 200 the polhode peviod is long, the peak-to-peak

value is large and the max is rear its lurgest value. In the ANBRA the conditions of
the A family are satisfied and the peak-to~peak value is simatl. In the CNbhd the _
conditiong for the C fumily ave satisfled wxd the min is small, Algo in the CNhiud liw
tmax ardd min slope with latitude are of oppusite sign as sbown in Vigure §,
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Several special cases must be checked to complete identification.

Near the A and C axes only one min occurs per polhode period while elsewhere
there are always two min. The transition between one and two min must be recognized
to avoid a 180 deg phase tracking error.

The sign of the +C and * transition regions cannot be distinguished by static
observations of MUM magnitude unless each gyro's axial mass unbalance is individu-
ally calibrated. The simplest strategy is to apply the control law with an assumed
sign. If the assumption is wrong the MUM magnitude will decrease.

The 180 deg uncertainty of the phaso variable must be resolved ia the C family
as indicated in Table 1,

If the 180 deg phase variable uncertainty is not resolved and polhede motion is
in the A family, the gpin vector must be torqued out of the A fawily by reversing the
phase variable to make the min values have a negative slope.

When torquing out of the A family the torquing must he stopped after the C family
is entered. The 180 deg phase variable uncertainty is vesolved and then the spin
vector {5 torqued back into the A famlly,

Terminal control in the ANbhd requires a number of specjnl identification
functions, The contrel angle or estimated colatitude must be computed as a function
of the peak-to-peak MUM. = The damping complete deeision mustbe made. The MUM -
magnitude signal is hawilv flitered In the ANbhd because of *the very small peak-to-
peak amplitude signal in this region. Filtering is changed to matek the number of
minima per polhode porlod, MUM maguitude average slope due to rotos speed

. changes can overwhelm tho peak-to-peak variations. The peak-to-poak amplitude

must be gorrected for the average slope and the max/mie mwr mast romove the

- averago slope when recognizing max and min,

: As a snmty preceution special logle provents :he spin vector from lmwing .
the ANbhd after the 180 dog shase varieble uncertainty is resolved, If through some

- matfunctios phase lock is lost and the spin voctor i8 being torqued away from the

A axis the min slope will be large nagative.  Tho phase variable ts changed by 180 deg
to bring the spin voctor back m\vuds A axis.
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SECTION VI

AUTOMATIC DAMPING SIMULATION

The automatic damping program was developed and checked out with a polhode
motion simulator also programed on the IBM 1130 computer. The simulator was
relied on almost completely since the hardware was only available for a few weeks at
the end of the project.

Two simulation resulis are presented here »epresenting two of the extreme
conditions, The simulated gyro has 45 deg separating polhode, 2,83 sec polhode
period near the A and C axis, and one percent pendulasity compotcuisalong -B and
-A axis. The maximum torquing rate is 0, 123 rad/sec,

The first simulation is shown in Figure 19 for the initial spin vector 1, 0 deg
from the +C axis. An enlarged projection of a 5 deg region about the +C axis is pre-
sented in Figure 20 to more clearly show the initial trajectory. An enlarged projection
of a 5 deg region about the +A axis is presented in Figure 21 to more clearly show the
final trajectory. The initial C family sign is wrong and is reverscd on the second
identification, Torquing is continuously applicd thereafter until the {ransition zone is
entered. Since the MUM magnitude slope was so large som¢ minima were missad and
the +A axis was not yet identified. Toryuing stops for one polhode period after enter-
ing the {ransition zone while the +A axis is identified. This feature is no longer
required and not now programed. Torquing resumes through the transition zene.
After 3 maxima on the A family side of the transition zone, SMAX is zcrc and A family
control is now usad, When tlre ANbhd is entered control is applied until the desired
control angle, NANG, is achieved. The sudden changes in trajectory direction shown
in Figure 21 make it easy io sec the times at which torque is applivd. Table 2 lists
the major events during simulation and their time of occurrence. The damping was
completed in 67, 8 sec with the spin vector 0,02 mrad from the +A axis,

‘The second simulation is shown in Figure 22 for the initial spin vector 3 deg from
the -A axis. An enlarged projection of a 5 deg region about the =A exis is presented in
Figule 23 to more clearly show the initial trajectory. An eniarged projection of a

5 deg region about the +A axis is presented in Figure 24 to more clearly show the
final trajectory, The initial polhode phase was wrong by 189 dog cuusing the initial
torque to move the spin vector towards the =A axis, The phase is automatically cor-
rected by the "pig tail" motion shown in Figure 23 and torquing moves the spia vector
into the +C family, After 3 maxima on the C family side of the transition zone, torgu-
ing is stopped for one polhode period while the +A axis is identified, Torquing is’
resumed moving the spin vecior into the +A family. From this point all avents are
similar to the firat simulation, Table 3 lists the malor eve:its during simulation and
their time of occurrence. The damping was compleied in 71, 7 sec with the spin voector
0,012 mrad from the +A axis. ,

The torquing rate used here is near the maximum aliowable rate since it intro-
duces such a steep slope in MUM magnitude near ihe C axis that the min and max
cannet be recognized, The maximum ullowable torquing rate appears to be near
20 deg/molhode period. As shown in Tables 2 and 3 major portion of the thme is spent
in ANbhd control. The time spent in ANbhd is not torque limited since contsol {8 not
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Figure 19, Automatic Polhode Damping Starting 1 Deg Away From +C Axis
{45 Deg separating polhade, 1 percent pendulogity on A and B,

2,83 sec ANbhd polhode period, 0,123 rad/sec max torque)
B AXIS (DEG) b

4,

o./f. AR R 5,

=1/

Figum 20. Iaitial Trajectory of Autonatic Polhode Dampmg-

Starting 1 Deg Awny From +C Axis
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- Figure 21. Final Trajectory of Automatic Polhode Dmhping
' Starting 1 Deg Awny From +C Axis

Fig\im 22, _Autmﬁitio Poihodo Damping Starting 3 Deg Away From «A Axis
(46 deg separating polhode, 1 percent pendulosity on A and B,
. 2,83 8ec ANbhd polhiode period, 0.123 rad/sec max torque)
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Figure 23, Initial Trajectory of Automatic Polhode Damping Starting -

3 Deg Away From -A Axis
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Figure 24, Final Trajectory of Automatic Polhode Dampiog Suxﬁng
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applied all of the time, The proportional control gains could be increased to reduce
the time required but this would increase the danger of instability and phase loss, If

the pendulosity component on the A axis, 65, was calibrated for each rotor, a more
efficient ANbhd control law could be devised. o :
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SECTION VII
SPIN MOTOR CONTROL ELECTRONICS

The function of the Spin Motor Control Electronics is to control the inputs to the
motor coil windings of the MESG as directed by the computer, A block diagram of
these electronics is shown in Figure 25. The Spin Motor Control Electronics can
perform the following functions:

1. Rotor Heating

2. Rotor Spin-Up

3. Polhode Motion Damping of the Rotor

4, Rotor Spin Axis Positioning

5. Rotor Braking

The electronics have the capability of performing any control law which may be
derived for polhode motion damping. These electronics have been designed so that
two MESG's may be controlled by a single power amplifier,

The Spin Motor Control Electronics consist of three different modules:

1, Spin Motor Controller

2, Spin Motor Timing

3, Spin Motor Power Amplifier

A description of the operation of each of these modules is given in the following
secctions,

1. SPIN MOTOR CONTROLLER MODULE

The Spin Motor Controller Module is a plastic laminated module with overall
dimensions of 4. 3 by 6, 18 in, The functional block diagram of this module is shown
in Figure 26, The Spin Motor Controller nccepts nine data words from the computer
(Ax, Ay, Az, Bx, By, Bz, Sx, Sy, Sz) and then performs the operations described m
the following cquation:

F=A(1/2 {1 -cos 25 t}) =B (1/28in 20 t) + 8 vosw,t
whore

F 18 a 3 x 1 voctor roproesenting the X, Y and Z ce ~ponents of the motor flux

A 18 a 3 x 1 vector representing tho X, Y and 2 components of tho in=-phase
component of the MUM voctor,

38




AP T NN

(e

TOYLNGCD JOLON |

SOTUOIIDA[] [043u0) X030l uidg Jo wezdrig yoold [euonoung -¢z sandig

<4

Z *ON 9SIN
(¢)

TOYLLNOD 30LOW

<4+

T *ON 9SIn

TOUELNOD € "ON AVI3Y

JOULNOD & *ON AVI3Y

TOELNOD 1 “ON AVIIY

G Tvion Tavas

]

<«

YIMOd dNV YIMOq

<4

WIMOd YITTOULNOD

(€) ST¥YNOIS
Dived

SIHDLIMS
AvVTad

{(onNIMved ILVILIND
JLFISIA D13 LEOLdNS

€

9
31507 | =
TJILNCD AVIIE ‘9
B YIMOJ
I3
ILIBISIA IATEIBA0 TVANVI
FITYOSIA FHVNE SRV BMO4d

2 (s IE
>
2 |z {3
72
2
o
-3
I1TUOSIA STEVNI YOLOW NIdS
138 WON 2 "ON 953N
234 WM T "ON 9530
WTICILRAD (6) sINM
TI9VN3 VIVU

sng viva “

INvue

39




weaderq }oolg SMPON XITo13u0) Jojoly uidy gz axndry

200 A €— .ubcnéna.w!nw.m
rﬁ T T
_.. ]
100%s * ﬁbomdntmﬁamn. —“
I.AJ%J._, _
L10R SO

4 L4 ‘e @
e ’
~———— 4 @4 SALAHS
>
,rlL 2QVOT | — Saed 713ATT
gaqavy > 9 anv
1 2 aed EBILIVI

+ , ;
) S— : h
. e 372 4 ﬂﬂ
ovg
1aofae P L1 SOK im0z g @

— taa ammo -
HOSSIOOUd TVLIDIA




Word

L TN ~
A AT WL A i s R T AR WS

1
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3
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t leat
‘ “ Damp

R AR s s b %

Bis a 3x 1 vector representing the X, Y and Z components of the quadrature
component of the MUM vector

: 'Sis a 3x 1 vector representing the X, Y and Z direction cosines of the MESG
spin axis in case coordinales

. wg is the MESG spin rate

-3 The following damping function is satisfied by the above cquation,__The Heat and
8 Spin~Up functions are accomplished by controlling the values of the A, B and S vectors,
L - The heat function requires only the B terms to he set, with A and S heing set equal to
) zero, The Spin-Up function requires the A and B terms to be set with the S terms set

cqual to zero and the de component of the (1-cos 2 wgt) term vemoved,

The digital data words are transmitted from the computer to the Spin Motor
o Controller sequentially in nine words, The order of the digital data words is as follows:

Ax +3 Control Bits
Bx
Sx
Ay
By
Sy
Az
Bz
Sz

f . : The Coutrol Bita in Word 1 are us follows:

Ty Ty 4y
0o o 1

0 1 0

Gyro Select 1 0 0
2, SPIN MOTOR TIMING MODULE

: The Spin Motor Timing Module, Figure 27, {8 packaged on a fiberglass printed

- eireuit board with dimensions of 6, 18 by 4, 3in, This module phase locks to the gyro
votor frequency and generates all the neceasary timing and clock signals for the Spin
Motor Coutroller module, ' '
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3. SPIN MOTOR POWER AMPLIFIER

A block diagram of the Spin Motor Power Amplifier is shown in Figure 28,
Relays and logic have been incorporated into this design so that the power amplifier
can be used for either of the two MESG's as determined by the state of the Gyro Select
Discrete. The application of one of the Braking Discretes (¢1, ¢2, or ¢3) results in a
de current applied simultaneously to one MESG motor coil on each gyro, Braking is
accomplished by sequentially applying o de current to cach of the coils for 6.5 sec,

The amplifier is presently limited to 1 ampere maximum output current and a
peak voltage swing of 24 volts, Transistors are available, however, which could be
used to replace those presently being used so that the peak output voltage would be
about 60 volts. The dimensions of the Spin Mowor Power Amplificr are 5. 27 by 2, 66
by 6.00 in,

4. HARDWARE PROBLEMS

The MOS/1.SI Serial /Parallel Multipliers nnd Shift Register/Addruess used for
the digital multiplication function have presented problems due to limitation in operat~
ing speed. The clock for these devices must be phase loched to the cotor speed, and
is therefore proportional to the rotor speed. If the roter is damped al 2500 He, a
clock frequency of appraximately 1 MHz is required, However, process changes when
maaufacturing these MOS devices has resulted in an extremely low yield in the number
of devices which will operate at this frequency. The majority of these devices will
operate at a clock frequency less than 820 kliz, which requived a prqmmomzw reduc-
tion in speed at which the rotor is damped, _

L .
i Rt - yowyes

Better filtering wus found to be required on the -5 volt rc(orouce to the MO&
devices, A capacitor was addud to provide this filteving,

In order to assure that the words from the computer were loaded into the prope
multiplier, the woni strobe was synched with the woxd load wmmaud

5. PROPOSED ELECTRONICS DESIGN IMPROVEMENTS

R el et T i 4o 3 i G P

As a result of the studies and tests conducted on this program, a aumber of
ha rd\mre design improvements bave boen identified.

:‘m tmproved mechanization for the Spin Motor Conteoller and Spin Motor Timdng -
Modules is shown in Figure 29, The new electronies reduce the component cant
from 159 for the existing system to %6 for the new design. This very significant
Lo : reduction is accomplished by performing the nige multiply operations with switches
s ~ which are driven by quasi-square wave reforence signals, The analog inputs to these
switches are the aine coetficients from the computer which are vequired for spin
motor control, The output from the switches are then summed and filtered with two
first order low pass fillers, The resulting waveform containg 9. 5 percent distortion
on the fundamental harmonic and 3.8 percent distortion on the second harmonie, which
is satisfactory for polhode damping. The quasi equare wave electronics will be capable
of operating at full rotor speed of 2430 hz,
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SECTION VIII

TEST RESULTS

1. MUM MAGNITUDE SIGNAL

The observed MUM magnitude signal behaves like the simulated MUM magnitude
signal except for very small signals near the A axis. Here the A/D converter quanti-
zation and noise hecome very significant. Also the rotor speed variation due to torqu-
ing and clectrostatic forcing cause very significant MUM magnitude variations near
the A axis as described in Appendix A.

The effects of A/D converter quantization and noise are controlled by sampling
MUM data many times and digitally filtering MUM magnitude with a first order filter.
The time constant of the filter depends on the expected frequency content and ampli-
tude of the MUM magnitude signal. For one min per period in the ANbhd the time
constant is 0.8 soc, for two min per period in the ANbhd the time constant is 0.4 sec,
and otherwige it is .05 sec. The data window size of the max/min filter should be
approximately half the time between minima for maximum noise rejection. The nor-
mal window size is 1,7 sec which is adequate for two min per period, However it is
inadequate for one min per polhode period in the ANbhd, Therefore the max/min
filter is only entered every other computational cycle when number of minima is one
in tho ANbhd to give an effective window gize of 3.4 sec, Tigures 30 and 31 show
MUNM wmagnitude data filtered with a 0.8 and 0, 05 sec time constant respectively, The
rotor is vory close to the A axis but Is not completely damped, Both figures show the
same polhode trajectory. ‘The trinngles plotted in Figurs 30 represent the computer
estimates of the max and min points, The value of the least significant bit of the A/D
converter is also shown on Figure 30

The MUM magnitude variation with rotor speed due to electrostatic foreing ean
be seen in Figure 30, The max/min filter must know thu average slope in order to
find the max and min with small amplitudes. The slope may change significantly when
torque is applied so only the untorqued slope should be used with the max/min filter,
Flgure 32 shows the MUM magnitude with torque pulses oceuring every other polhode
cycle,  Both the terque and forcing offects on MUM magnitude can be seen.

The peak-to-peak amplitude is used for proportional control in the ANbhd, The
penk-to-peak amplitude must be corrected for slope. For the larger signls in the
ANbhd a smoothed slope of the maxima is used, Thie slope ig not adequate for small
amplitude signals sinee it is a combination of torquing and forcing effocts, For small
aplitude signals the peak-to-peak amplitude amd untorqued slope are measured by
ohgerving untorqued polhode motion for one complete cycle between each perlod of
torquing, This inerensos the terminal control dnmping time by a factor of two but it
is absolutely necessary. ' _ : h

MUM magnitude slope also causes difficulty in undamping from the A axis. The
signal can become "“1ost” due to the large slepe caused by faqguing and min canit be
found, The solution is to torque for a maximuin of one 111t a polhode period vetween
minima in ANbhd, ' :
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! 2. POLHODE DAMPING PARAMETER DETERMINATION
' Automatic polhode damping primarily depends on 16 parameters that are
related to hardware parameters. The nominal vajue of the hardware parameters and
-1 their maximum and minimum values are required, No ealibration of individunl gyros
H or clectronies nre required. A range of 10 percent of parameter values can be toler-

ated. A la) jer range can be tolerated on at least some parameoters,
Only six basic hardware parameters are required, They are:

. maximum toryuing rate

., maximum MUM magnitude

polhode period near A axis

. polhode period near € axis

. net phase shift on MUM aignal

. nolse lovel on MUM magnitude as effects slope and &4 max computations,

S G e G2 B0

Polhode parameoters from Gyro 59 have been measured. They are given in
Table 4. Pendulosity on A and B axes is aleo given so that the gyro can be simulated,

Net phase shift is measured by a special wmechanization that adjusts the torque -
direction in the C family to lie tangent to the trajectory on the average. This is done
by closed loop control that adjusts {orque direction to force slope of minima to zero.
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TABLE 4.

Polhode Parameters - Gyro 59, V Series Rotor

Parameter Value

Maximum torquing rate 1,25 deg/sec
Maximum MUM magnitude 0,48
Polhode period near A axis 85 computational cycles
Polhode period near C axis 79 computational cycles
Net phase shift of MUM signal 36,6 deg .
Noise on slope and Amax See: EPDS, EPDMA,

computations EPSCN, EPSAN of Table 5
Pendulosity on A axis 4 percent
Pendulosity on B axis 1t percent

The net phase shift of the MUM signal is the angle of the final torque divection less
90 deg.

Maximum torquing rate is determined by applying C family control law to the
gyro in the C family and recording max, min and the slopes of max and min. A
simulation is performed to duplicate the results, The torquing rate used in the dupli-
cating simulation is the same as the torquing rate in the hardware,

The noise level on slope and Amax computations are bounds based on observing
actual automatic damping results and computations without torquing,

The 16 automatic damping parameters are listed in Table 5, AMAP defines

the ANbhd size and is arrived at through simulation using the appropriate torquing

rate, PPF is dotermined by the noise level and A/D quantization level in the MUM
magnitude, TMAX is directly measured on the gyro by applying C control law through
the separating polhode, By looking at the data onec can determine which pothode period
the transition control law should have been invoked to correctly cross the separating
polhode, ‘GPAN2, which is the terminal control gain, is defined by

GPAN2 = gain/ ﬁ}mlnlmum torque anglo)
where minimum torque angle = 1/8 (. 0022 rad/sec) (.1 sod).
For galn = 1/.856, GPAN2 is 3056,

 The average torque effecliency near A axis is 856 percent. GPAN2 calculated for auto-

matic damping tests was too small by,/2 through a computational error. The gain
' 50
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TABLE 5,

Automatic Damping Parameters Gyro 59 - V Series Rotor

Parameter Description Value
AMAX 60 - 70 percent of max MUM 0.34
AMAD Amplitude of peak to peak normalized MUM in ANbhd 0.015
ppPr Amplitude of peak to peak normalized MUM to

terminate damping ‘ 0.0001
PHASE MUM signal phase angle 36.6 deg
EPDS Threshold for determining that max # 0 or that max

slope # 0 .02
EPDMA Threshold for determining that max slope = 0 . 008
EPSCN Threshold for determining that min slope in C family

is negative . 004
EPSCN Threshold for determining that min slope in A {family

is of wrong gign .002
TAl 0,75 times polhode period near A axis (computational

cycles) ) G4,
TA2 1. 25 times polhode period near A axis

(computational cyceles) 104,
TC1 0.75 times polhode period near C axis

(computational cycles) 59.
TC2 1. 25 times polhode period near C axis

(computational cycles) 99
TMAX Minimum polhode period in transition zone

(computational cycles) 96,
PTMAX Maximum time without & min event (computational

cycles) 200,
GPAN2 Terminal control gain with 2 min per polhode period 3056
MANG Maximum contro! angle (NANG) for terminal control

onh alternate polhode perieds. 80,

was then ndjusted emperically as reported in paragraph d, Scetion X1, Only run
No. 10 has the ealculated vatue for GPANZ,

NANG is determined by the effect torquing has on MUM magnitude through rotor
speed changes, The vnlm; is emperically determined.
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3. AUTOMATIC DAMPING RESULTS

The final program modification was made on May 10, 1973 and test data was
taken on May 11 and 14, 1973. Two gyros were used in the tests, gyros 59 and 68,
Both gyros have V series rotors which implies that the rotors were taken from the
same extrusion stock and therefore should have similar polhode characteristics, It
seems reasonable that the variation in polhode characteristics of these two gyros
should correspond to the variation in polhode characteristics between any two gyros
taken off the same production line, Calibration data was taken from gyro 59 before
the polhode damping tests began and the hardware parameters were estimated as
discussed in the previous section, Calibration data has never been taken on gyro 68,
The polhode damping parameters arrived at for gyro 59 were used on both gyros 59
and 68,

Two automatic damping parameters were changed during the tests and are not
the same on all runs. The damping complete threshold, PPF, was set at . 0002 for
the first two runs which was too high and left toc much residual polhode motion, It
was changed to . 0001 for the last 8 runs, An error ofﬁ was originally made in
computing terminal control gain GPAN2. The gain was obviously too small and so it
was empirically adjusted upwards, Before the tenth run the error in computation was
discovered and the correct value was used, The history of GPAN2 adjustments is:

RUN GPAN2
1, 2 2800
3 3500
4, 5, 6 4200
7, 8, 9 3800
10 3066

Even though the gain was grossly misadjusted on some runs the damping was always
successfully completed.

Table 6 summarizes the test results, Approximate MUM magnitude plots are
shown in Figures 33 through 42 as referenced in Table 6, The plots were recorded by
the small angle analog recorder normally used for manual polhode damping and is not
the same data processed by the computer., The MUM veotor dotted onto a gyro fixed
axis is plotted by the small angle recorder so Earth rate is also seen on the plots,
Two pens are used to rimultaneously record MUM magnitude, The difference in gain
between the two pens s approximately 200, Recording speed was 2 divisions/min,

Difficulties were encountered on three of the runs. In each case the difficulty
was overcome and damping was successfully completed, Run 3 encountered difficulty
gotting out of the +CNbhd and damped into the C axis before turning around, It was
caused by a program logic error in deciding if the trajectory encloses the pendulosity
vector, The Initial trajectory of run 3 did not enclose the pendulosity vector howevor
a decision was made that it did. The program found it made an error, automatically
restarted, and came out corroctly. Tho logle error is now corrected in the listing
given in Appendix D,

Run ¢ had a very large terminal control gain as explained earlier, As a result
the polhodo motion was over controlled and phase loss resulted. The rotor began to
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undamp. This was recognized and phase lock was re-established. The terminal
control gain was reduced by one half and it slowly damped in, Because of the phase
loss and reduction of terminal control gain the damping time is very long.

Run 7 encountered a very noisy segment of data during terminal control as can
be seen in Figure 39, The suspension electronics has a sampling rate of 10 KHz.
When the rotor frequency passes through 2000 hz aliasing causes noise that would

otherwise be filtered to appear on the MUM magnitude data, Damping was completed
with no difficulty.

It can be seen that a majority of the total damping time is spent in terminal
control getting the last few deg. Without the problems of noise and rotor speed -
MUM magnitude coupling terminal control can operate at least twice as fast, Termi-
nal control time is also directly related to polhode period near the A axis. Notice as
the polhode period increases on successive runs due to increased rotor temperature
the terminal control time generally increases. Runs 1 and 9 represent almost g 2:1
increase in polhode period and terminal control time,

Plots of MUM magnitude vs time after damping was completed were taken by the
computer for runs 2, 3, 8, 9, 10 and shown in Figures 30, 43, 44, 45, and 16, Runs
1 and 2 had a larger termination threshold and so therc is some obvious residual
polhode motion in Figure 30. The other 4 plots show almost no polhode residual,
However tho small angle recording of runs 8 and 9, Figures 40 and k1, show obvious
polhode motion residual, This must either be due to greater resolution in the small
angle recorder than in the computer interface or polhode modulation of angle readout,
Since the small angle recorder indicates only one component of MUM it also responds
to apparent attitude change of the spin vector with respcct to gyro case. ‘Thore was
insufflcient time to resolve this question.

The colatitude of the residual polhode trajectory can be estimated from the
MUM magnitude plots if the pendulosity on the A axis is known, The relationship
developed for terminal control in Appendix C is:

a6 = PP./28,

where A 6 I8 polhode colatitude, ¢ o lsA pendulosity, and PPy is normalized peak-to-
peak MUM magnitude. g was measured for gyro 59 and is vy ~ .04, Based on data
from automatic damping gyro 68 has approximately the same value for 88 as 59 has,

’

The following residual polthode colatitudes are estimated from Figures 30, 43, 44, 45,
and 46,

Run Colatitude PPN
2 3.3 mrad 0. 26510~
8 1.6 mrad 0. 18x10™
8 1.4 mrad 9. 11x10™
9 2.3 mrad 0. 18x1073
10 0.4 mrad 0. 03x10™
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The efficiency of the torquing can be estimated and compared with the theoreti-
cal values computed in Section IV, Run 2 has a known starting point of the A axis.
It was undamped through the A family and into the C family possibly by 15 deg. It is
then damped out of C and up to the terminal contrel region that starts at about 10 deg
from A axis. With these assumptions the net polhode latitude change up to terminal
control is 110 deg. The time spent torquing was 143.5 scc, At a torquing rate of
1.25 deg/sec the efficiency is 61 percent. This compares to the theoretical value of
79 percent,

Before and after each run the gap between rotor and envelope was measured.
The change in gap is an indication of rotor and envelope heating. The thermal
coefficients of expansion of the rotor and envelope are 0, 39°l~‘}min and 0, 76°F /min
respectively. Additional temperature measurements were made on run 10, Both
gap and motor coil temperaturc measuremeats were made before damping and period-
icallg for an hour after damping. The motor coil immediately after damping was
4, 04"F hotter than before damping. However since no significant power was applied
to the coils during the last 2, 5 min the peak coil temperature is possible 20°TF hotter
than before damping. After damping the envelope cools down with a 20 min time
constant, while the rotor has an 8 hr time constant. An hour after damping the gap
reduced another 0, 9p in which is due to electrode cooling, The temperature changes
of the rotor and cavity can be deduced:

[
11

Rotor heating 3,3 uin = 1,3°F

I

0.9 pin = 0,7°F

Electrode heating

for run 10, Heating on other runs should approximately scale as the ratio of the gap
changes listed in Table 6.
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SECTION X
CONCLUSIONS

Polhode motion has been successfully damped ten times using two different
gyros. Spin vector orientations were vertical and north which is the normal damping
orientations for the N57A navigation system. Thore were no failures to damp. The
program's ahility to automatically recover from errors in damping and go on to com-
plete the duamping was demonstrated. Automatic damping parameters were taken
from only one of the two gyros. The other gyro has never been calibrated.

‘The most important design goal in developing the automatic damping program
is that it must successfully damp the rotor every time. Program efficioncy and speed
wero also congidered but were of socondary importance. Future effort to reduce the
logic and make the program more officient would be very fruitful. The major portions
of the mathomatical computations are now programed in assembly language using
fixed point arithmetic,

The longest damping time, oxcluding run 6 which is a special case, s 9.3 ain,
‘This is dmupm;. {rom the A axis, out to C. amd back to A which is the worst case,
Botween 2.5 and 5 min was spent in terminal control, Dumping time is direetly
velated to pothode period, A reduced polhode poriod and a corresponding increase in
torgue will reduce damping time proportionatoly, Normalizing on the polaode perviod
near the A axis gives maximum damping time of 56 polhode periods and terminal
control time of 26 polhede periods, Additienal torquing capability alone would reduce
the time.  Howover, since automatic damping information is only obtained one or two
timoes por pothude pertod, redueing the number of polhode periods to damp could
reduce the dumpluy efficiency, The terminal control time (s ot Limited by torquing
capability, -

A hist reaction goal of the MICRON system Is to damp two gyros in one minute,
hovcrnl changes in the current design will be required to mest this goal,

{.  Approximitely 50 perceant more torquing Mp'lbmlv per polhode mériod is
vetguired to reduce the maximum time o damo inlo the teemiogl control
region from 30 polhode periods to 20 polhode smrimls or less. This requires
21 percent more current in the motor cuils,

2, Fuast damping can be z‘wcomptishc«l hy designing rotors with much shorier
polhude perfods, Polhode period near the A usis of one see or less nppears
ideal, The position of the yeparating polluxde is also a factor eliccting time,

iwthode moetion stacting from the A axis requires the longest damping time
wilh a0 45 dog separating polthotde, Ve sepmeatiog polhinde tntitude eould he
inereased so that the damping Ume teom cithor C o A i cqual,  Gafortus
nately this alse increases the polhode pevied near the A axis, Ty, relative
to the pothode period aear the C axis, Te, us shown in Eq (), T, has fe
graiter impact on damping time than the sepaeaiing poihode Iatitade has,
‘Therefore separating polhode Intitude should not be increased ciless T, i
mnde as sraall as praciieal (loss than | s, A
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When the polhc-:e period is increased,the computer solution rate must also
be increased prcportionally to 1/64 sec per computational cycle,and torquing

capability must Ye increased to maintain 8 constant torque angle per polhode
period, :

3. Calibration of the terminal control gain for each gyro will allow higher gaias
for terminal control and consequently faster damping. The ravigation pro-
gram already has a large number of angle readout and drift rate cormpensa-
tion parameters so adding two more rer cyro will not be a severe peonalty,

1. The damping should be performed at full rotor speed which makes the
electrostatic foreinyg at rotor frequency negligible. This elimirates the
coupling of rotor speed changes to MUM magnitude changes and terminal
control can be apiptied on every polhode period instead of alternate polhode
periods as was done inthe tests reported here. The same result can be
achieved by operating at a low rotor frequency such as 490 iz, However,
the polhode period is much longer at 400 Hz rotor {requency. . The new
quasi square wave pin motor control electronics will be capable of operating

at full rotor speed while the current electronics were not.

Rotor speed clianges by as much as 114 Uz occurred during damping. This

may be due to wnoter coll axis misalignment and gain variations,but it has

not heen investigated,  Linearity and de offsets in the electronics were

measured anid do not appear large cnough le cause these effeets, U'ncom-

pensated ungle readout errors as larue ny onc deg occur and may contribute
- to roter speed erroyg, ' -

Rotor apeed must be eantenticd to stav in the nolch for minimum electro-statie
suspensian forcing.  The spin motoy contrel electronics can be periodically
switehed to 2 rotor spin mode and the rolor speed adjustid,

r DN bt S Il s W4 B g o

5, I two geros arv 6 be damped 2 ith the same spin mulet conies! elecironics
faster reaction time can be achieved by e sharing the cleetronics in the
terminal contral made,  Kach geen vauld inve tohe sequeatinlly braught
into the termisal contiad pegion. However sinee the torquing duty eyvele Iy
very low ia terminal control the sluclronics could be time shared with little
loss of efficiency, . : :

The fastest domping tme can be achiov et by using sepuvate spin motor
“control electrenies fur cach gyva and damping Lotk gyves simultaneously.

With the above modifications the one miaste 3t nije damping requirement can

L e e Rt o AR A< Rty AL AR AT AT g AT

! be budgoted _

Db Gyro No, Lupto t’ermizmi D RH SN ' 20 see
i g Gyro No. 2 up to terminal coairal 20 aev
: Stmuliascousty apply termingi conteol to No. 1 aad 2 10 sec

which leaves o 10 sev saioty factor, Moto? current must be increased by a factor of
3.3 which is approsimately 800 wa, Qse smp is planned for use in fast warmup. The
cutrenl requirensents coulit e Teduesd i daal spin motor control electionics were used -
wint Both gyros damped simultaneousiy. o
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The residual polhode motion after automatic damping varied hetween 2.3 and
0.+ mrad with a termination threshold of 00001, The residual polhode motion is about
the same or .t little worse than thad achioved by manual daniping, The residual polhode
moilon appears adeqguatc {o meet the navigation rexjuirements. The termination
threshold is dependent on the noise level in the MUM data.

Rotor heating during polhode damning must be antlcipated during fast warmup
so that the rotor {s not over heated, Fast rolor hoating \& applied before spinup and
polhode damping. Rotor temperature Is left sufficiently tow so that the rotor is still
under temperature after polliode damping, Roior heating to achwvu thermal

* stabilization is performed after poihodo damping.
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APPENDIX A
MUM SIGNAL WITH ELECTROSTATIC SUSPENSION FORCING
AT ROTOR FREQUENCY

The geometry of the rotor is shown in Figure A-1, Electrostatic forcing acts
on the center of geometry. The vector force, Fg, applied by the suspension is

Fg=-G oM (A1)
' where G is scalar gain at rotor frequency, M is MUM vector, and ®is (3 x 3) mairix
;; d=1cosd + T‘f-" sin ¢ (A2)
i ¢ is scalar phase shift of electrostatic suspension at roter frequency, - is rotor

,§ frequency and T is (3 x 3) skew symetric "cross product' matrix

3. O -wz wy

4 w=| w, 0 -uwyg (A3)
._'_gg

'._:\: ’ =Wy wy Q

§ & The centrifugai force, Iy, is

& ' ~

Fo=-Mw2R (Ad)

where M is rotor mass and R is the vector radius of the mass center orbit. Summing
the forces

Fg+ Fp=-M G2 @+M-GoM=0 (A5)
Solving for MUM, M,
M= J1- — p (AG)
|| ] |2

This can be put in a more convenient form by defining a quadrature pendulosity
vecetor, I’Q.

~

w
I)Q = m-— l) (A?)

s ¢

x e
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Figure A-Ll, Rotor Geometry

and quadrature MUM vector, M(

e’
&
M == )
Q  |w| ¢ {A8)
Equation (A) can be written
A - 4 ~2
(1 -, cos«t») M -(—"-2 slmb) My — P (A9)
Mlw] Miw! fwl
Multiplying E¢q (AY) by w/lwl gives
G G
—, sln ¢)M » (1-.._.., coscb)l\l o p (AL0)
(lel | Ml “© 9
Solving for M and MQ
9
1 ¢ I G
M - (l- -, corN —, v 0(-——-., sin&) p (All)
3 [ Miul® lol Mot Q
1 (G G o
Mo (1- L, (:omt») p -(——-., sin¢) we p (A12)
o [ Miwl® @\l ol
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2
As 1+( Gz\ - 2G2 cos &, (A13)
M{wl , M |wj

Equations A11-A13 show the electrostatic forcing at rotor frequency introduces
amplification and phase shift of the MUM single relative to its zero forcing value.
However the ¢mplification and phase shift is not dependent on position of the spin
veetor on the rotor. The MUM magnitude is now frequency dependent since forcing
gain and phase are frequency dependent. The relative forcing gain as a function of
rotor frequency is shown in Figure A-2 for the N57A,
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APPENDIX B
FOURIER ANALYSIS PHASE TRACKING

The polhode phase variable is based on a constant frequency per polhode period.
Sinc and cosine of polhode phase are generated and the first and second harmonic
Fourier coecfficients of MUM magnitude are computed from the sinusoids, A sampled
data phase locked loop is constructed to maintain polhode phase lock by nulling second
harmonic sine Fourier coefficient. The 180-deg phase uncertainty is resolved by
requiring the first harmonic cosine Fourier coefficient to be positive,

The MUM magnitude sine and cosine first and second harmonic and average
value are plotted vs polhode latitude in Figures B-1 through B-3, for 85 = 45 deg and
1 pereent pendulosity vector along -A. Sine first and second harmonic are zero,

The same variables are also plotted for 1 percent pendulosity on -A and 10 per-
cent pendulosity on -B in Figures B-4 through B-8, All of the curves have either a
dip or peak at 45 deg latitude since the frequency goes to zero at this latitude. The
point at 45 deg is not plotted since it is a singularity and the nearest point plotted is
0,5 deg from the singularity.

Fouricr analysis sensitivities to frequency errors and errors due to not taking
an integer number of samples per polhode period were computed. Considering the
dynamic range of the Fourier cocfficients it was decided to compute the Fourier
cocfficients with a least squares filter to avoid some of the numerical problems,
The five state least squares filter used second harmonic sine and cosine, first
harmonic cosine, average value, and ramp., The ramp state was added to describe
MUM magnitude variation while torquing, The filter is initialized once per polhode
period at 27u-deg phase whieh is near the -1 axis.

A sampled data phase locked loop was used to track polhode frequency and
maintain phase lock, The frequency and phase outputs of the phase locked loop are
used to correct the sine, cosine signals used as the reference to compute the
Fourier coefficients for the next sample, The error signal, ¢, to the phasc locked
loop is

s

1, Sy
5 tan (C2) (B1)

where Sg and C2 are the Fourler coefficients of second harmonic sine and cosine,
respectively, A block diagram of the phase locked loop is shown in Figure B-9, The
sampling pertod is T which is also the polhode period, The effective sampling time
is the midpoint of the data collection interval since the best fit criterion of least
squares measures the average phase error in the presence of changing frequency,
The lag of half a sampling period is introduced sinee the data are not available until
the end of the data taking interval, Using modified 2 transforms (Ref 2) system
response is computed,

K, (4-1) 88(2) -
“‘w(x) - '2 —= . R . ( )
4% -2@2-Ky=K,T) + (1K)
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For a time congtant v - ‘T and a damping ratio of 0, 7, the phase locked loop gains
ary
K, = 0,866

K, 2 0. 795/, ' (1)

Polhode frequency varies with polhode tatitude as shown in Figure 2 and sinee
torquing changes polhode Iatitude, it is of interest to determing how po*“ade frequency
varies with torquing to determine whether or not phase lock van be maintained, A
control law must he assumed to establish these relationships,  Therefore, it is
nssumed the toeque (8 always applicd normal to the teajectory which is the unit vector.

L wSw ] ’
s T r ~ (34

The torque vector, Tgg will be defined (n units of precession vate as

QA/A ‘ : ,
L 135)
IQ =3 Qn/)ll (
Qc/ ¢
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where (QA, QB, Q) is the physical torque vector defined in Eq (2) and w, is the
magnitude of rotor angular rate when in the A-C plane. The change in polhode latitude
introduced by a unit torque impluse at time t is

Torque Efficiency = %Q w (BS)

W

where @ is polhode latitude, This function is a measure of torquing efficiency vs
polhode phase and latitude, The function is plotted in Figure 16 vs polhode phase for
several polhode latitudes, The average torquing cfﬁcienc\‘ is computed by averaging

ge w over the polhode period which will be called "'-w. For an infinitesimal torque,

dT ,, acting over the entive period, 'l‘p.

Q

df T P d’I‘Q (B7)

To obtain a quick answer for these preliminary relationships, it will be assunied that

pdT, =T dt (B8)
The result of the above approximation is that relationships will be computed for
an ensemble of trajectories with starting phase uniformly distributed (0, 2 =)
insteud of the desired single trajectory with starting phase of zevo degree,

- Equation (B7) can be integrated as

/“2 L do T | B9

80 given a starting latitude a,. the final latitude, 6,. after one polhode period can

he computed (rom the above equauon. The average freguency over the polhode
period can be computed ,

62
fxpw 18 7% / fig)do (B10)
3 ln o‘

as well as the average froequency over the previous polhode period
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Figure B-11 shows fmi 1 blotted ve ff 5 x‘mcl Figure B-12 shows (INEW=fO L)

orquing rate 1 vad/see and rotor parmuowr
Ta © 2,83 sec and 0g - 15 dey,

If the frequency used for phase tracking is only lmsul on the nwasnrml frequmw)
of the previous polhode period, the resulting ptms:e errot will be

Phase Ervor = ({tnpw - foLp)/Ingw) (360 deg)

The phase ervor is plotted in Figure B-13, A means of frequeney prediction
is clearly required, The frequency pradiction spproach used is to curve fit Fig-
ure B=12, Two functions are requived sinee the curve is double valual,  The curve
fit was pevformed by weighted loast squares to yiekd for the -A and C families
(l)om)m segment of curve)

" " 0.6604 x N (0 Hlﬁ - [(’l !L_M

xewfoLn ” — (B12)
‘fm. v-9 um)((n 1677~ rm "; PO, T X w

awd for the *A family (top segment of curve)

) )
) 0, 1837 x 10 “UI.D - 0. 1200

oy . - ' (B13)
NEW “OLD (o. ““"()l ")‘: 10,3779 x 10 ')
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' Fignrs [ell. Phage Erior Witheut Frequency DPrediction for Torquing
EE Hate of 0,01 Rad/See (0g = 40 deg Ty 2,81 seg)

The pﬁ;“isv ereGk using the vurve i frequency prediction is less than 9 deg, The
curve B cauid be imiproved with minor modification, '

-At this point one should notice that the Fourier analysis mechanization is
evolving into a form that has many of the objections af the shmulation siechanization,
The primary concern is the heavy dependence on rotor smi fotsmer paramoeters for
frequency prediction,  The sensitivily to the major paramoters g, TA, and sng-
nitude of T was compuied. The problem to be analvavi can be stated s given

aF (g, =[ =f

New " logn i

Find the change in OF {or a change in parameter, 1", for a given value of forn.
The sensitivity in :

dag SIS ¥ LAY S f()! D s’fn[ b

L e . 1315
ap gt a6 AP oh . (B13)
aid the phase ereur Rensitivity is
Phase Frior Seasitivity LV 533 360 dey (Blu)

sew 90




The computed phase sensitivities are plotted in Figures B-14 through B-16 for
parameters dég, (d TA/Tp), and (d|TQl/ITQ!), respectively vs polhode latitude at
the beginning of the polhode period., The sensntmtles onlv predict phase error changes
for infinitesimal parameter changes. Because of the large singularity at the separat-
ing polhode, the results cannot be extended to large parameter changes in this region,

. The Fourier mechanization with prediction was simulated in spite of the sen-
sitivity results. The simulation used the A femily, +C family, and transition contra]
laws, The only difficulty encountered was in crossing the separating polhode, 1t was

. not possible to maintain phasc lock if the separating polhode was crossed near the
R axis which is where the singularity exists, This is due in part to the assumption
made in computing the predicted frequency as stated by Eq (B8). There is also a
feedback coupling from control to estimation since the frequency change over a polhode
period is related to torquing efficiency. . Torquing efficiency in turn is degraded if the
estimation mechanization has phase crrors. Under certain conditions this can be a
positive feedback loop, _

The problems listed in the above paragraph are not insurmountable, However,
it s hecoming clear that the computer mechanizatior will be complex and this is
therefore an undesirable solution, The-difficulty is completely related to the singu-
larity on the B axis and a mechanization that avozds the sm;;ulnm\ is preferable to
one tlmt mu mpts tn com;wusutv fur it, . :
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APPENDIX C

AUTOMATIC POLHODE DAMPING MECHANIZATION

The mechanization described here has been programmed in Fortran and
assembly language on the IBM 1130 computer and operated successfully, A listing
of Fortran subroutine CNTLR, is presented in Appendix D. The operation of the
subroutine dircctly corresponds to the discussion presented here. The subroutine
is an example of one possible implementation of the mechanization cqyuations, All
of the details of implementing automatic damping logic are presented in the subroutine
listing, -The text will coneentrate more on the functional description of the logic.

The principa] variables used in automatic polhode damping are listed in
Talle €i and the constants used are listed in Table CIL

_The automatic damping routine attempts to locate the spin veetor on the rotor

~ - so that un appropriate control law ean be applied. 1t is only necessary to locate

the spin veciur in one of five possible regions of the rotor and determine the phase

- of the pothode motim. ‘The five regions, which do not have sharp boundaries, are

‘ ';I.- ¢ Khhd - a small region about the =¢ axcs that does not enclose the
pendulosity veetor

2, € Family - the central part of the total = C families

J. lrnn.smon Zone ~ a band about the separating polhode containing
both the C and A families

4. A Family = the central part of the total « A families

3. A\'bh(l a small reglon nl)out the = A axes

1. READ MUM DATA
The MUM data is read from the A/D converter ovmcn; as is done in the
navigation computatons,  Two three olement vectors, o | ave obtained for

cach gyro, 121, 20 Apply de offsel correction wl eom\;luw Yai for the gyro beim;
damped, _

Ot "% M

"‘oi “Pyg = gy @ % 1) voctors
Voi * i ¥ Poy
i = lor2

B0y B0 g 0 previously stoved de ofiset compensation vectors.
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Table C-1. Principal Variables Used in Automatic Polhode Damping

Variable Definition
AMM Current value of MUM magnitude
AMPK Latest max or min value of AMM found in max/min search
PEAKX Latest max  value of AMM
PEAKN Latest min value of AMM
pp Difference between latest max  and min value of AMM
P Latest ohsevved polhode periocd (0, 1 see steps)
PINO Time ol occurrence of latest min value of AMM (0.1 sece slops)
PTO Time of occurrence of min 360 deg back in polhode phase
from latest min (0. 1 sce stops)
ARMNO Vilue of min 360 dug back in polhmli: phase from latest min
AMXO Value of max 360 deg back in polhode phasoe from latest max
AMKXI Value of max 150 deg baek in polhode phase from latest max
SMAX B Slope of max  values o
SMIN |  Blope of min values
liMAX - Ditference between high and fow max
NMIN - = _ Number of mintma per polthade pertod
I FE ' o Phase vartable extrapotation t_’t‘uguemy (rad/step)
CT, 8T , Cos, sin of phase variable
ANMAX Vilue of max threshold
| CMAX | , Valm: of threshold for ¢ Nbhe contiol law.
DNANG » Muaximum torquing angle for ANk control fuw
TORK,, TONKy  Control law commands |
SGN | signoarce family (+ 1)
ey Normallzed PP = PP/PEARX

920
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Table C-1 (Cont)

Variable Description
IFAM Region of polhode motion

1. C Nbhd

2. C Family

3. Transition zone

4. AFamily

5. A Nbhd

6. Undefined Region
IFRZ Phase variable extrapolation control

1. Extrapolate

2. Do not extrapolate

3. Do not extvapolate. cheek max  threshold
IPHAS Flaﬁ - 1 ladicates A axis has been ldentified
IDMAX “Flag = 1 indieates value of DMAX s valid

- ISMAX | Flag - 1 indieates value of SMAX (s valid

ISMIN | Flaz - 1 imiicates value of SMIN is valid

-9




Table -2, Constants Used in Automatie Polhode Damping

Constant Deseription
TMAN * TP th r(:slmldt—ﬁb—;"trauslrk;u Zone
| TAL TP threshold for NMIN change from 1 1o 2 in ANbhd
TAZ TP threshold for NMIN change from 3 to 1 in ANbi
TCl TB threshold for NMIN change from L to 2 in ¢Nbhd
T2 1P threshold for NMIN cluuxgé from 3 to | in CNhiul
;_' AMAP PP thrashold for ANbhd and CNbhd
' | AMAN Vl‘t-:AKX threshold for &\, ¢ {umily logio
l‘_ EPDS _ | ‘Throshold for testing DALAN for zopro
-’ CEPDMC ‘Chreshold for testing SMAN for nonzero
CRPDALA 1 Theeshold for testing SMAN for zoro
: -H_PSCN , E “Threohiokd for testing SVUN for hage posft!w v~zk;xtc
EPSAN o - "I‘lawslmhl for lusﬂm.; SMIN for large negative value -
Tro o  Masionan poriod of axmtpu!a-nc’m frequency,  !*‘1~2 _
. &y o R éhmg;n in -pnasa vrlablas l‘wnu.mu.ud HaxX tlu"es!tqh_t
GPANZ : A ANbhwd proportional control guin
PpeE | © PP theeshold for zhm:b'_l_a;g’ tcrmhmhm

s oA A L - G 3. AP W X VML 3 Raats WA - e S




Compute MUM magnitude, AM, and normalize @t Bo® Yoi'

By = By / m ~ {3x1) vectors

i=1lor2
AM is filtered by
AMM = AMM + 27P)(AN - AMM)

where p is a program variable with value p=1 everywherc except the ANbhd where it
- has values p=d or 3, MUM daia is read four times per computer cyele (0,1 see).

- AMM is the sole piece of information used for automatic damping cstimation. an,
Bpp Yy BEC used in spin motor control eleotrontcs outputs,

2. PHASE TRACKING

The purpose of phase tracking {s to maintain phase lock with the polhode motion,
The sin and cos of the phase variable is computed, Phase lock is maintained by
" requiring the phase variable to be at guadrature values at max or min poiats in MUM
magnitude, = The MUM magnitude data is continuously examined for local maxima
and minima, Phase varfable 1s extrapolated between max and min points based on
" previous ohservations of polhode period, Logleal oporations are porformed to deeide
whethor to extrapolate the phaso varlnblo. freoze ft, or reinitialize ft.

a Maximum/Minfmuny wm'ch

- The max/min search is based on & moving window least squares filtey uslng :
17 dnm points, The data are fitwoa quadrmlc funciion in time :

() = A-2Bn > ¢ n?

¥ Cne- DJC) + (A- B/C)
Bens8

where the midpoint of the window {8 tiken a8 Ume zoro, A max or min event occurs
only if the point of zero slope, n,, of f(n) rnns in-the rango '

o<, = WC<8




The point of zero slope is allowed to move to the leading edge of the window so that
the broad max as shown in Figures 7 and 18 can always be recognized. The best
estimate of the max or min parameters is obtained when the point of zero slope is
at the midpoint of the window and so the last recognition of the max or min is when
it is nearest the midpoint. Usually a max or min event will be recognized on 7 or §
suceessive cycles, '

The window size should be approximately half the distance between min near the
A or C axis or 1/4 the polhode period, It will be scen later that a minor simplifica-
tion oceurs if the window sfze, 2N+1, §s such that N(2N—1)/ d is an integer.

sometimes in the ANbhd an additive slope must be removed from the data
before the max or min can be recognized. The quadeatic fit is performed on
2

Ax\h\lu - (n) (USLOP) = A - @B + ISLOP) neCy

ahiere ISLOP is the slope to bo romoveds  Therelore o max op min ovent oceurs
only if ) e )
B+ ISLOP/2

°€.~T“-h £ 8

“The least squaros_compumuqns for AN+ window slzo (N=8)1is

oe N awny

2 ana
{5 .
VR AMM 01 Ny |

-
i‘:{
]

o

iu..,..‘ah bo redued to o vocursive form..
DY = D17 AMMGLD

D2° = D2 DL+ (N) AMMgLp

KR
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+ - ' ¢, N@2N-1) -

D3 = D3 -@2) D2 -M —3——-— (AMMNE“. AMMOLD)

p2* = D2’ +(N) M gEw

+ ]

Dl = D1 + AMMNE\\‘
R where AMM is the old data that fell inside the window on the previous computa-
tion cycle b 'tBis outside the window on the current computation cycle and AMMNEW
‘s is the new data obtained on the current computation cycle. The least squares solu-
1 tion is
1 45
5 ¢ = [N @Nen @ned @) D
1.5
. B = |Nwen) @ven) D2
i 1 N(N+)
A gm] o - | | ¢
o A min-event occurs it
| o< hemiorz
i '
- and C>0.

St flag IDPT = -1,

. A max event oceurs il

0« Brilowz g

_;md e
Set flag IDPT 2}

‘Otherwise no evemt oceurs and set flag IDPT = 0, ‘The peak value, AMPK, and time
ot the event, l"l‘NO. are wmpumd for max or min evenls

AMPR = A~ 1 /(.‘

LTI

4 pivo - mara-e o BRBLOPE S o
1 here IDATA fs the time that the last data point was obtatnod and LAG is the lag

e kv s te n r e

imroducod by the fillor of seetion 1.




For one min per polhode perfod in the ANbhd the data window is only half as
wide as it should be for maximum noise rejection. The window is widened by skip-
ping the least squares filter on alternate computation cycles.

b. Phase Tracking Logic

The phase tracking logic must frecze the phase variable after the maximum
point waidl MUM magnitude drops by 10 percent of the peak-to-peak value. Then
the phase variable is reinitialized and extrapolation is begun, The angle from
trajectory normal to MUM vector at the max, min, and 90 percent max points are
shown in Figure C-1 for 0. 03 and 0. 07 pereent pendulosity and A and B axes respec-
tively and 45 deg separating polhode. The phase at the 90 percent max points are
approximately 20 deg from the corresponding max points. The phase variable must

464
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90 oD
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Figure C-1. Angle Between MUM Vecior and
Trajectory Normal at Min, Max and 90'% Max
Pointy in +C and +A Families (@5 dog
- Scparating Polhode, 0,03, 0,07
_ Peadulostty on A and BAxoes
: Respectively)
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be extrapolated 70 deg from the 90 pereent max point to the min point.  The extra-
polation frequenet §s shown i igure C-2 plotied against the polhode freguency.
Also drawn on the figure is .. upproximation to the extrapolation frequency,

I Exuap’ which is defined by:

¥ - 1/‘1‘)}. if 1/'1‘p > 0,0549

Exuap

~ 0,142, if 1/‘1‘p « 0.0549

A flow dingram of the phase tracking mechanization s shown in Figure -3,
(1) MIN Evemt (IDPT -))

All of the basic compuations are perfopmed at the min cvent,  The max event
{s primarvily used for daia collection,  This {8 because the mintmum s always well
behaved while the maximum e be guite broad and fll-defined and its position on the
pultmdo uajectory varies whoen near the A mls as shown i xu.,um -1,

-Go : 1 ‘
O N I I O O Y e |
S R E G e s e s S
+ ) : - i E 2 N ) :
“0‘6 = - - . ‘ . ‘ .' . Bty s:-'r-;- ——x -
R R -
EXTRAPOLATION .
FREQUENCY - _ ot
() 0,08 1 “-j"l- -
; ] aa gmax
| ;l‘ . : l-d.
SR B S P B ; :
IR RERERE N RN BEay
0.00 - 0.04 v.08 o.12 0.16
POLAODE watIOD (42)

m,uw C-2. Extrtpolativa Frequeney vs Polhote Frogueacy
(45 deg separating Polhode, 0,03, 0.07 Pendulostty
on A and B Axes Respectively, 7. 86 see Pallide
Period Near A and C Axs)
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Data on the previous two min and max amplitudes and the time of the previous
two min events must be save’  ’he old data must be identified as that which occurred
360 deg back in polhode phasc .rom the most recent data and is called

PTO = time of old min event,
AMXO = amplitude of old max.
AMNO = amplitude of old min.

Also the amplitude of the maximum that occurred 180 deg back in polhode phase from
.the most recent data is identified (AMX]I).

The number of minima per polhode period is stored by variable NMIN which
can have value 1 or 2. Choosing the right value for NMIN is an identification function.

Phase lock is accomplished by remembering the sign of cos phase variable
CT af the previous min, This is called CTO which can have value £1, For NMIN=2
CTO reverses sign at every min, For NMIN=1 CTO keeps its same sign for cvery
min. As an added protection against phase loss in the terminal control mode only,
the sign of CTO with NMIN=1 is remembered and thereafter CTO must have the
same sign whenever NMIN=1,

Computc polhode period, TP, and extrapolation frequency, FE,

i

TP PTNO -~ PTO

i

FE 2 ©/TP, TP < TPO

i

2 n/TPO, TP 2 TPO
where TPO is a program constant,

Initialize the sin and cos of the phase variablo

TH = (IDATA - PTNO) (FE)

ST = sin (TH) CTO
—_'\C'l‘+ = cos (TH) CTO

82T = (CT) (8T) |

T "(_i‘q-m_putra poak to peak MUM, PP,

- - PP = PEAKX - PEAKN
~where PEAKX is the lact observed max amplitude and PEAKN is the min amplitude.

et 21 G A e e S, T

v e




P iyt v orinepaans v o

- ’ - .
e A Sl AN MO orinl o TR NG e A gt s T A

o ..

In the ANbhd with large slopes a more accurate peak-to-peak computation is
PPAN = PEAKX - 1/2 (PEAKN + AMNO)
if the rotor was not torqued during the last polhode period,

Compute the change in max and min values over 360 deg which ls used to
represent the slope of the max and min

il

SMAX PEAKX - AMXO

SMIN PEAKN - AMNO

i

The difference between the two maxima, DMAX, must be computed both with and
without torquing so tho slope is removed from the data

DMAX = PEAKX - 2(AMXD + AMXO

V. hen no torgue has been appliod during the data taking intorval the slopo does not
have to he removed so

DMAX = 2 (PEAKX - AMX]).
DMAX is twice Amax presented in Figure 9.

To avoid false minima In the transition zone, the amplitude of the minima must
ho below the provious max threshold (AMMAN).  Howover, the test cannot be per-
formed in tho A or CNbhds sinee the high minima may not be helow the throshold
villue. In the C or ANbhds lnrge torques produce sn,ulftumt roelative change tn tho
MUNM amplitude and can result in false minima at the initiation of torque. ‘Therefore,
apparent min ovents that occur within 17 cyelos alter inftiation of torque in A or

CNbhds are rejoeted. The sin/cos oxtrapolation is realarmd at & min evont by
sotting flag IFRZ = 1,

A minimum will be recognizod on several cyeles for the same min event. Due
to noise the min may not be recognized on consecutive eyeles. A serdes of minimum
rocognitions will be assumed to compose the same event if they are not separated by
move than 3 eyclos wm\ no minimum recognlzod,

(2) Maximum Event

At the maxtmum event the maxtmum value, AMPEK, is saved ag PEAKN,

If the maximum threshold (AMMAN) has not been passed ad polhode motlon s
not in the A or € Nbhds, the phase variable is frozen sl its curreat value by solun;.
flag IFRZ = 3. The maximum threshold is computed

AMMAX = PEAKX = 0. 06 {(PEAKX ~ PEAK N -
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where PEAKN is the previous minimum amplitude. Then if the current MUM ampli-
tude 1s less than the maximuw: (hreshold (AMMAYX) initialize the phase variable at
¢ +90 or ¢, + 270 deg whichever is closest and restart sin/cos extrapolation by

setting flag IFRZ =1, ¢ is 20 deg as shown in Figure C-1.

(3) No Event

At times during which neither a maximum nor minimum event occurs, phase
tracking is concerred with extrapolating the phase variable and determining whether
a quadrature point was crossed. Extrapolation is not performed when it is frozen as
determined by flag IFRZ. For IFRZ = 3 the MUM magnitude is compared to maximum
threshold. AMMAXK, as described in Para C.2.b(2). For IFRZ = 2 no computation
is performed. For IFRZ = 1 the phase variable is extrapolated by .

ST = (ST7) cos (FE) + (CT) sin (FE)
cTt = (CT) cos (FE) - (ST7) sin (FE)
®T = (ST) (CT) .

C2T = (CT)% - .5

A quadraturc point has been crossed by the phase variable if 82T reverses
sign during the extrapolation. Froeeze the extrapolation (IFRZ = 2) if a quadrature
point is crossed and if either: ' ' '

1. Polhode motion is not in A or C Nbhds, or

2. Polhode motion is in A or C Nbhds, and the quadrature point {s 0 or
180 deg (min cvent), and {t has been 360 deg since the last minimum
ovent was recognizod,

The reason for special treatment of the A and C Nbhds is that the maximum
events do not always sceur near quadrature points, \\hen there is only one minimum
pur polhode period, the phase variable can only be frozen 360 deg after tho minimum
event, - , ' ' :

After completion of phase tracking, the program always transfers (o the control
function except aftor a sequence of mintmum eventa. Thon the program transfers to
identificution for one pass. After inftialization, identification cannot procced until
sufficiont data base 18 built up by phase tracking to compute DMAN, -

¢) Singularides

Pollnde motion has six singular positions which are spin vector along the 24,
1, and =€ axes. The oceurrence of one of these ovents has zero probability, however,
an operational damping mechantzation should be able to handle them, U ncllgor
maxinmum or minimum event has been found for a long time, PTMAX computation
eyeles, a singularity is assumod to exist, If spin vector was last estimated to be in
the ANbhd with +A axis identified damping i8 complete, Otherwise reinitialize auto-

- matfe damplng and apply € family torque for 3/8 of o CNbhd pothode pericd.
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3. IMENTIFICATION

The dota generated in phase tracking which consists of:

PEAKN = minimum value

PEAKX = maximum value

pp = peak-to-peak value

DMAX = 2 tiines difference hetween high and low maximum o
SMIN = slope of minimum

SMAX = slope of maximum

TP = polhode poriod

is examined by the identification routine to select the appropriate control law,
Variables DMAN, SMIN, and SMAX aro not always valid, so logical variables
IDMAX, ISMIN, and ISMAX are cstablished to tudicate when the data is valid, The
conditions that invalidate the daia are listed in ‘Table C1H together with the data that
ts invalidated. Tho concern i» that enanges in the control law produce changes in
slope and henee invalida' . some of the data,

Table CHL  Conditions tUncer Which Kklentification Data Ave Invalid

Condbtion th, ~ Dt Nurmber of Pelhodo
lnvalidntes data . invalivated cycles data are not valid
No torquing : CSMIN 0.8
C SMAL 1.0
 Initiate torquing  DMAX 1.5
Iftinte torquing with | SMIN 1.0

polhode motlon in
transidion z2one

" Reverge C Family - . UsAX 1.5
vontrol ‘ ' ' SMIY ' 1.6
: ~ SMAX 1.0
= - . - P maﬂ oo
" Roverse A Family " uMIN ' . &6 S
T L control - - | ' - u
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The primary purpose of identification is to select one of five possible regions of
the rotor that contains tie sy’ ccior., The regions are assigned numerical code,
called IFAM:

®
o N AU e St e i 5 RS

1. CNbhd '
2, C Family

3. Transition Zone

4, A Family

5. ANbhd

6. Undetermined region (no torque applied)

The sixth mode indicates identification has not taken place and is used for initialization,
The A and CNhhd regions can have either 1 or 2 minima, Identiffcation must deter-
“mine the number of minima calied NMIN,

Identifivation is performed by comparing data to threshold values 1o make
deeisions, The threshold values are listed in Table C1I together with a brief descrip-
tion. The principals used in éstablishing the logic are briefly listed:

1. The transition zoie is & syminetric bund about the separating polhode,
Since both PP and TP are approximately symmetric about the separating
polhode, thoy are used to define the transition zone.

2. DBoth tic A and CNbhds arc identified by small PP values, The PP value
is alvays small wlien NMIN =1, A and CNbhds are difforontiated by the
magnitude of PEAKX, :

3. A change In NMIN is tdentified by the conditions of the A or CNbhds plus
- an ubsorved polhode period, 'I‘p. that is cithor too large or too small.

4. The A and C families consist of the lefiover regilons.. A portion of the C
' families is identified by small value of PEAKN. Noar the transitfon zone
“this is unreliable and {dentification is based on DMAX, U DMAX 18 not
vilid identification {s based on the previous family identification.

A flow chart of this portion of the fdentification problem {s shown in Figure C-4,
‘The only computation fnvolved is that necessary to change NMIN, When NMIN changes
from 1 to 2 a new minima has just appeared on the MUM waveform and there is no
past history on the minima so identification is skipped. The polhode period, TP, ia
-doubled and the extrapolation frequency is recomputed, ‘The sign of the phasoe locking
variable, CTO, is reversed. \Whon NMIN changes from 2 (o 1 the previous minimum
data is 360 dog old. The phase tracking data is recomputed on this basis as deseribod
fn Para C.2.0. (1). Ilontification is then ropeated with NMIN =1,

LA TN T S e e e 1
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The number of min can . ‘main at one very deep into the C family for large
pendulosity components on A - B axes. A constant TP threshold for recognizing the
change of NMIN from onc {0 «. v is not adequate as can be seen from the frequency
plot of Figure 2. Thercfore the threshold for changing NMIN from one to two in the
C family, TC?.X, is based on approximate polhode latitude as given by

TC2X = TCZ2 (1 +0.25 %ﬁ;‘)

The polhode period near the A axis varies significantly with rotor temperature.
Thresholds TAl and TA2 should roughly obey the relationship

TAl = (0.75) ATP
TA2 = (1.25) ATP
where ATP is the polhode period near the A axis. ATP is computed by the program
~ATP = ATP- (0.3935) (TP~ ATP)
which is a low pass filter with a time constant of two identification cycles. ATP
is only allowud to have values in a limited range of 25 percent of nominal polhodo
period near A axis, Figure C-5 illustrates the NMIN switching logic.

Aftor the basic identification is completed several special cases must be
resolved, A flow chart of these speciul cases is shown in Figure C-6,

2. Kemtify +A Axis

The +A axis is implicitly idamiﬂcd by resolving the 180 dog uncorta!rty in

" the phase variable. The 180 deg uncertainty can only be resolved in the C family

{IFAM =2), 8GNisa varinhlo (=1) indicating the estimated s.gn of the € fmnily
’me algorithm is:

1, (D\M.\) {SGN) >0
The phase vairiable is near 0 dog. ,

= {17l

,S'f* « I8t
CTO = 1

(DMAX) (SGN)< 0
The phase variable is near 180 dog. -

ctt o« - 10Tl -
s1° = - 1517)
CT0 = -1
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After the +A uxis is identificd a flag, IPHAS, is set
IPHAS = 1,
b, Kentify +C or -C Family

The C family control law should always torque to move out of the C family, If
the sign of the C family (SGN) is assumed wrong it will torque into the C axis as
indicated by a negative SMIN, llowever, in the C Nbhd the polhode trajectories that
do not enclose the pendulosity vector have a negative SMIN when moving away from C
as ean be soen in Figure 8. Under these conditions the sign of the C family must be
determined hy the slope of the max, SMAX, I SMIN and SMAX have the same sign,

the polhode trajectory encloses tho pendulosity vector and the moroe cfficient C control
law can be used.

If theo fival idertification of automatic damping locates polhode motion in the
C family the ANbhd control law is used until the C family sign is resolved, The
correct SGN always vesults in a large positive SMIN or SMAX so an incorrect SGN

is indicated by
SMIN < EPSCN or SMAX < EPSCN.

Since SGN was proviously involved in determining the +A axis tho phase variable is
in vxror by 180 deg and must be corrected whenever SGN {s reversod,

\\hen automatic damplng is oporating correctly, SGN should not be wrong
aftor the first identification of +C family, I a later change in SL:N is required, the
automatic damping has gotten lost and should he restarted.
¢. Torque Out of A Iamily

If the +A axis has not booen idontified (IPHAS = 0) and polhode motion is in the
A fumlly, the spin veotor must be torqued into the C family, Therofore, 180 deg
shifts in the phase variable ave fntroduced to keop

SMIN < EPSAN.

t. Provent P!mso Loss fn A Nbhd

Onee the polhode motion has boen placed fn the A fnmlly with the +A axis
- defined It should not bo allowed to leave the family due to automatic damping mal-

function resulting in phasoe loss, ‘Thorefore, 180 deg shifts In the phaso variable are
introduced to koop

SMIN > - EPSAN,

The phase loss may have been eaused by terminad control gain that was too
high,  If this mode {8 cutored the torminal control galn 18 veduced by one half,
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e. Detect Crossing off the Separating Polhode

In the transition zonc th. re are two cases based on the polhode region (IFAM) of
the previous identification cycle that must be considered.

(1) Previous IFAM #6

After the separating polhode has been crossed there is no longer a need to
apply the transition control law which is only half as efficient as the C and A family
control laws., The slope of the max, SMAX, is zero in the A family and nonzero in

the C family. When crossing from C to A families IPHAS is 1 and a crossing is
detected when

|SMAX| < EPSMA.
When crossing from A to C families IPHAS is 0 and a crossing is detected when

|SMAX]| > EPSMC.
After ceatering the C family, torquing is stopped for one polhode period to obtain data
to identify tho +A axis. The C family sign, SGN, is reversed to propare for torquing
out of C family after +A axis is identified.

(2) Previous IFAM = 6. |

If polhode motion is on the C side of the transition zone after a period of no
torquing, the +A axis can be identified before torquing starts. Polhode motion is
on the C side of the transition zone if

|{DMAX]| > EPDS.
f. Torminal Control Functions

Terminal control is used when the spin vector is in the ANbhd and the +A axis
has been {dentiffod. It is concerned with precisely computing the peak-to-peak
amplitude for use in proportional control, computing the control angle, and deter-
mining when damping is complote. '

The peak=-to-peak amplitude, PP, must be corrccted for slope offects due to
rotor speed changes, \When the peak=to-peak signal is largo relative to slope the
correction {8 based on average SMAX, ASMAX, computed

ASMAX = ASMAX + (0. 3936) (SMAX - ASMAN).
The corrected peak-to-peak amplitude is

PP = PP+ (ASMAX) (1T9)/@ NMIN)
For small penk-to-peak MUM signal the corrected PP value zan only be obtained

after a complete polhode period of no torquing in which crse the PPAN computed
in paragraph C. 2, b, (1) is the corroct value for PP. ror small PP values the -
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untorqued slope must be given to the least squares max/min scarch as ISLOP in
paragraph C.2,a,

ISLOP = SMIN/TP
if no torque has been applicd for one polhode period.

If the +A axis has been identified proportional control is used. The desired
angle to be torqued, NANG, is computed once per polhode period. Maximum torque
is applied immediately after fidentification and continues until the desired angular
change is introduced. No further toxque is applied until the next identification.

Angle to be torqued, NANG, is based on the estimated polhode colatitude.
Polhode colatitude is related .o peak-to-peak MUM, PP, as shown in Figure C-7
for pendulosity components on A and B axes of one percent and 45 deg separating
polhode. Gain variations and pondulosity length variations from gyro-to-gyro can
be oliminated in these computations if normalized poak~1o-peak amplitude is used

PP, = PP/PEAKX.

N
Figure (-8 shows the A-C plane cross soction of a polhode trajoctory with

colatitude A0 and pendulosity componont on A axis of sin 0y The figure Is drawn
for : : :

80 | | o f\
| so that NMIN & 1, The peak-to-peak amplitude is thon R
PRy = cos (0 - A0) - cos (@ *ao) -
= (goo) a0. |
\Whon
go that NMIN = 2, the peak-to-peak amplitude s
PPy = 1- o8 (40 * 0)

2

- (AQ + 00)°

~ ‘The colatitude at which NMIN changes from 2 to 1 s
ab  *-- Oy .

no




0,005 |

B

:

MUM MAGNITUDE SQUARED

0,00} ¢

85 "8 D 89 )
’ LATITUDE (DEG) _
Figure C-7. Poak-to-Peak MUM Magnitude in ANbhd (45 deg
: scparaiing polhode, 1 percent pendulosfty on A and B) :

e - .

*AAKIS  pyrREME COLATITUDE OF
o TRAIECTORY |

| LN ORTHOGONAL TO
""" pENDULOSITY VECTOR "

AsC PLANE

Figure C-8, Geometry of Peak-to-Peak MUM Amplitude 1n ANbbil
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and the peak-to-peak amplitude is

. 2
N‘200.

PP
Angle 6¢ is not controlled in the manufacturing process and will vary considerably
from rotor-to-rotor. On a perfect rotor 6g = 0. However, foy NMIN = 2

0 = VPP * J2se

so that control angle, A0 e is
5 -—(—;« )y >
a0, < g VPP

whove G is the control gain,  Maximum control {s applicd just before NMIN changes
from 2 to 1. ANbhd control is initiated when the spin vector is nearest the B axis.

In this region torguing efficlency is 70 percent {or 45 dog separaling pothode. There-
fore, G can be unity without danger of applying more than 100 pereent emidrol,  Just
l;ofor(zlz\')‘l IN changes from 2 to 1 the poak-to-poeak amplitude !’I‘Ng is approximately
toseribec

]

, . 1
0, = VPP

However PPya is not known preeisely beeawse in general uncontvolled slopes due

to ratox speed changes corrapted the dati.  Since the last NMIN = 2 point {8 not
rocogaized untll the fivst NMIN = 1 point s eblained, PPy, ta accurate peak~to-peuk
value of PPNy oan be obtained by applying no lorvgee for one pollinde perted. The
“problem now {8 o obtain 0g in terms of PPy, ~‘The control angle used o go from
PPna to PPy 1s saved as A0¢2.  ‘Therefore _ ' '

= PPy, /20,

99~ 80y
and solving for 0

I
0y = /2 (a0, + Vao,

5 vappy )
8o that the contrel angle for NMIN = 1

G

ooy + Voot vz

p
NiLj

N

. ‘This mochanization is adapﬂw in that the gain is avtomatically wijusted for 0y
without requiring 0y to be laput as & cidibration parameter,

12
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The control angle is nor malized on unit ferque angle which on tests presented
here is

68 = unit torque anglc - 1/8 (max torgue) (0.1 sec)
The normalized control angle, NANG, is - -

NANG = AGC/{)O

The proportional control mechanization can be reduced to three equations,
TFor NAMIN = 2

NANG = (GPAN2) /PPy

On the first NMIN = 1 compute PPNI so that

(GPAN2) V2

2
2+&0C2 + 2 PP

A8 N1

C

~ where

1

A8ca = /2 (NANGO)/GPANZ

to PP.... For

and NANGU is the previous value of NANG used to go from PPy, N

NMIN =

NANG = (GPAN1) PPN

GPAN2 is a hardwarc parameter and is defined
G
/2 60
The not controi gain as defined by &80-p/48 where adewp is the total control

angle over one polhode period and A6 is polhode colatitude at the beginning of the
period wiil be computed. First for NMIN = 2 the first control angle is

a8, = (nG/ 2) /PP

(nG/2) (AB %9

GPAN2 =

o

where 1 is the torque officioncy as shown in Figure 14,  Assuming the control is
accomplishoed bufore the second min occurs which {8 at colo.u_gudo a)
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the second control angle is
86, = (NGA2) /PP,

= ( nG/2) (A6~ av F05)

The total control angle AOCT is theu

AGC,!. = Ab

1
st

Vo df s s 1

et e vt 0 o IR LN it 11 Bt bt STt s

ek
e TR

(nG/2) [ao@-nc/2) ¥ o nG/i2)

1l

e

which is valid for A6 > §,. For NMIN =1 A0 = 6¢ the gain is frozen at the last

NMIN = 2 value. Figure %»~9 prosents the input-output plot showing tho range of
possible gaius that can oceur for nG = 1 and the large variation from run to run.
In practice smallor values of nG must be usod since n is unprediotable due to its
phaso dependenco, .

The phase variable extrapolation during torminal control torquing is unstable.
‘The phase variable i= used to diveet the torguo voctor and track the polhode motion,
If the phase varfable leads the polhode motion a torque vector component will point
in a direction to sluw down the polhode moiion thus inereasing the phase varicble
errvor, ‘The effeet occurs throughout the A fumily however the okxtrapolation period
is so shoxt and the polhode motion is so much stronger than tho torque that the
effect is negligible excopt for 4 small region about the A axis. The problem was
briefly investigated to determine if any real danger of phase loss exists, Starting
with the differential equations of polthode motion, BEquation (2), the motion in the
ANbk whore w A is ossontially constant is ' B

Yk

.. o, SR IR AT o p
o T v e T e N R AT M e O TR 4 P e T

vt

O O T T b I T PR LR P V- ST R At S 5

f wy * “Kywe + Ty
' et Ke wg Te o o
:" where |

Kp ;~..\ L\—éng YA

ke * 857

aml orque defined by the A contrel law

Ty = 1 c0s §

v 5t A ‘ A
‘IC = T sind

& = phase variable.
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NMIN = 1 NMIN » 2 .. 1,ﬂ
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' © Figure C-8. Terminal Control hiput-Output -ltolnuons'hip:‘
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Transforming into an oliptical coordinate frame with

1
Wi = ‘,KC r cos ¢

1
Ye T :7KB r sin ¢

gives
=3 T“‘“” sin (¢ - $)
t = - R@®) cos (b-8)
where
Jd = KB KC ,
R@) =

\v/co&z2 $ —-:-g-g + smz ¢
Phase variable & is extrapolated by
The phase variable orvor during m(mpolvauvon and poutrol. 54). is givon by

R TIG.

: It can be-seon that 5¢ has an xmsmmo cquilibrlum at zero and a stable

. oquﬂlbrlum at 180:dog which supports the Intultlve obsorvation made earlier, &4 hus

been.evaluated numerieally for varfous conditions of initial phase orror, balo)

- frequency orror, bJ, Inftial distancs from A, T(0) and torque magnitude, T. The
number of degreos of frecdom were further reduced in the numerienl cvaluation by

normalization.  The lagigost orvor at-the end'of the control period was 90 deg which

- “iwis cauged by an oxtrapotation frégquoney error of 0.3 vad/control period plus a

© 20 dog Initia) phase ervor and applying 10 percent of vstimated contiol, As an
- adkled pracavtion control is not amaluui if lhe phasg: hwmble has bum uxtrupolxuml
moro than 270 deg. . : _

'l(umhmuon of polhodu dmnpmg 18 bnsed scﬂoly o thu punk-to-p0t\k MUM

oo amplitude, A threshold s sot that 18 just above the nolse level, ‘The penk-tospeak
- .:mnpuluxlu uuml bo umksr the llweshokl for two cunauouuve polhode poriods.
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4. CONTROL

The control function ini. 1ves computing the appropriate control law and
commanding the approp: iite motor currents in the spin motor control electronics.
The control law commands 2 degrees of freedom, the amplitude of torque and direc-
tion of torque in a planc orthogonal to the spin vector. The control law computes
three scalar guantities

TORQ, = cos 0

[l

TORQ, = &in ¢

-  Desired Torque

FLUX Max Torque

where Amplitude is the desired torque amplitude and 6 is the angle from MUM
voctor to torque vector measured about spin vector,

a. C Family Comrol Law
The C family control law applies maximum torque along = MUM vector.
TORQ, = -SGN |

TORQ2 = 0

FLUX =1
~ b, CNbhd Control Law

The basic control law 1s the same as the C family control law except torgue
- 18 not applicd continuously under all conditions. Polhode trajectorics very close
to the C axts do not enclose the pondulosity veetor and so torquing can only be
performed near the max value of MUM magnitude. I the sign of the C family is
wrong, contimious torquing will slave the spin vector to be colinear with the pendu-
losity vector, Both difficulties ean be overcome with a simple mechmﬁzm!on. At
_ each ldentmcation compute threshold -

CMAX = PLAK.\OM -0. 25 (PE‘AKX old PEAKN)

where PEAKN is the value of MUM min last obsorvod and PEAKXp)q I8 the value of
MUNM max two obscrvations ago. \When initlally starting up C“A}s {8 the value to be
- . observed on the next max ovent reduced by 26 porcent of the peak-to-peak value,
Start torguing and continue 1o torque as long as -

AMM > CMAX,
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If after torquing has heen initiated the above inequality fails, further torquing is
prohibited by sotting

CMAX = 1
until the next identification period. This prevents limit cycling that might otherwise
occur, If the C family sign (SGNj is wrong the inequality will fail after torquing for
1/16 sec. Subsequent identification will resolve the SGN error.
¢, A Family Control Law

The A family control law applies maximum torque while rotating the torque
voctor with respoct to MUM.

TORQ, = CT
TORQ, = ST
FLUX = 1

d. Transition Zone Control Law

The transition zone control law must be compatibie wm: oither Cor A fu.mily
polliode motion. When C1 and SGN are of opposite sign

'rc'.le = (CT - SGN) (5/8 - 1/8 CT)
 T0RQ, = (ST) (5/8 - 1/8 CT)
FLUX =1 |
ancd whon CT and b(.N are of samo slgn :
~ . TORQ, a_'ronq,a =0,
o. ANbhd Control Law

' If the +A axis has not been fdentified the AN control law is fdentical to the
A family control law. Control 15 only appliod for half a polhaile period,

\Wheén the +A axis has boen tdentifiod controt is nppilcd as in the A conteol law

except the durauon of wmuo is ad]uswd to correspond to llm cuulml anglo eommund. N

~ NANG. |
- f, Rate Idmited Torque

‘the rate of change of torque is umuud to avohi large transtents {n the magnetie

flux tivld, Torque is quantized by the unit torgue which 8 1/8 the maximum torque.
_ Torque is raised ad lowored by one step change pur cqm;mnuoual cyele.
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 commands. would consist of veclors ag, p's. Ys ‘where

R R

This mechanization does not appear to be necessary. 1

g. Spin Motor Control Electronics Commands

Spin motor control commands consist of three vectors a g B Yg where

— ' ‘ r
o = [(TORK)) e} + (TORK,) ﬁN] FLUX

w
[

(TORK,) Py - (TORK,) oy | FLUX

Ys = IW FLUX

and ok, ﬁk, y}q corresponds 10 vectors ey, fin, Yy computed in Para C, 1 with
no phase shifts introduced by the clectronics. The net phasec shift introduced by
both MUM readout electronics and spin motor control eloctrm;ics is componsated by

| a;\, = cosé oy * 8ind Py
’
ﬂN 2 sip~¢a,N + cos¢ﬂN B
where ¢ is the nominal phase shift !hhorcm in the electronic design.

- I the x, v, and z gyro niotor cofls oxhibit a scale factor unbalancoe or axis
misaligoment they can be compcnsnwd by a (3.\3) mawrix, Cop. - The spm motor

Py * .CT Py
, Yé a_' C‘I' Ys
If this compensation §8 used ft would only bc' 4 nominial eompensation based on an

- ensemble of gyros, - Individual calibration of the motor coila is not intondcd. Motor
cofl compcnsaﬂou was not used in the tests mporwd hure. .

®

5, INITIALIZATION

. * Idtinl{zation of course ls performed at the. bcghmmg of polhodo dnmplng ‘l‘hom
m'e ulso two conditions \mdor which rcmmaliznum is performod, ‘l“lmy are:

1, ¢ family sign mversnl occurrcd after thy fnftiad sign- domrmlmuon wn.s

made,  Aviomatie dnmplng 18 lost, Reverse the C family sign aud
remitializo. (Para C3 b.) :
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2, The separating polhode was crossed from A to C and the +A axis has not
boen identified. Reverse the C family sign and reinitialize. (Para C. 3. 3. (1).

After reinitialization data is taken for one complete period before identification
and further torquing, Aftor the original initialization, data is taken until three minima
ave found before identification and initiation of torquing, The original initialization
must accumulate 17 data points before the maximum/minimum search can bogin.
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APPENDK D
AUTOMATiC POLHODE DAMPING SUBROUTINE LISTING

The IBM 1130 Fortran subroutine CNTLR listed here is called from anexecutive
routine 10 times per second based on an interrupt clock. MUM data is read and MUM
magnitude, AMM, is computed by the executive before calling CNTLR, CNTLR speci~
fies direction, TORQ(1) and TORQ(2), and magnitude, NTQ, of torque to the executive,
The executive sends the torque commands to the spin motor control electronics,

Other variables used to communicate with executive are:

(1) PARAM = a general parameter list 25 elements long. Each of the elements
is defined in the listing. The values used for the automatic damping tests
are: :

PARAM (1)

(2

(3)

(4)

{5)

©)

(7

- (8)

9

(10)

{11)

- (12)

(13)
(14
. (18)- .
(16)

(17)

(18)

- (19)
(0. 2
{2y - 6,
L {228) - 306,
(23) 99,
S T 21 - .
. S (26) - 200,

(2) JGAIN epécmcs'the MU M fﬂte:ru.me 'ct-n_umnt.

>
ge €8
[ <
[ -

® &
Fepsees

gee gg =

-

pMoNCSocOoOMoCooO®o

X

| 2
-

- {3 IJMODE specifies aﬁeeml test modes - -
IMDE = 2, MUM Phase calibrution mods - -

©© = 4, No Turque {s applied

.= 5, Normal mode. . -
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(4) MODLE specifies automatic damping modes
MGDE

1, Initialization

= 2, Normal Damping Mode

= 3, Damping Complete

= 4, Print automatic damping data after damping complete
= §, Stop torquing

= 6, Undamp from an equilibrium point,

Two assembly language subroutines are called from CNTLR.

(1) LSTSQ (SL.OP, IBOC, IPK, JPK, IDPK)

LSTSQ) mechanizes the max/min search of Para C.2,a where
IBOC - (B+.5ISLOP)Y/C

AMEK - [PK (6.4 x 1078 + JPK (19,7 x 1010y

LSINT is the initialization entry for LST8Q

(2) 8ICOS (ITI, ISIN, 1COS)

. SICOS is a sin/cus routine where

ITH = @ 215/n (input)
SIN = sin (0) 2" output)
1608 = cos (o) 2! (output)

~ Ong Fortran function routine enlled from CNTLR is
© FE = FXIRP (1P, FEO)
where -
PP s tho polhode poriod
Fhi is ﬂw phase varighle cxtmmlnﬁon’troqurnwy_

1’-‘20 is dummy variable not used,

~ Tho compution for FE in P_dru'c. 2.b. (1). is mechaoizod,




YT AN R TR MEB GRS D e

// FCR
#L1ST SCURCE PR{C=AV
#ONE wQRD IATFOISS
SUBROUT Ik CATL™
<EAL LAG
DIVENSTIUN TD NTUG o100 eFIDLTE Talb3)
DIVENSIC. FT N2 oA {2 A XLE)
COAM0ON TORQUZ) o7 T Q0 DARAM{ D) o m o9 JOAT NI nOLUE 9 IADE
DATA PRKYST FKLET /844490080 b gide0836uC0k2eE=10/
DATA Pl5eR1ae/10643043783506410351003C=5/
DATA CSLub/1069547524/
DATA R1D /1947656250 =4/
DATA CPKeTE"XePRPC i/ el5020e00e20/
TIVE LAG FOR ONEW YARN /7 M
SATA VANNCyVNXC/ =7 o=B/
FILTER THREASHMOLD
DATA POFLT/ 602/

[a BN !

pAQAV‘l?)G-l
GO TO (1010200 e2030236097000199) 90 0DE
SHUT NOWN VUDE
700 NTQD=Q
12aTA=IDATA+]
G0 TO *#62
C NMODE & =  UATANVD FIUY nuUILIAKRUN BCInT
169 IF (IDATA=IDATS) 14541964196
195 ISATAS[DATA+) o

0

GO TO 800
c .
C INITIALIZATION
C

101 CONTINUF

T TVMAX=RARAM{L)

. PPFReLARAM(2)
AVAXeBALAML D)
GPANZSPARAM (&)
AVARSPARAV(S)
GALOPePARAMIG)
MANGaPARANM( T4 &

 AVTPePARANLE)

~ NTQVASPARANM G ) »¢b -
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PAGE

161

162

163

2

PHASE=PARAM(10)
EPDS=PARAMILL)

EPDMA=PARAN(12)
GPHAS=PARRAM(13)

EPSCN=PARAN(14)
EPSANSPARANM(1S)
HTP=PARAMILG)
1D02=PARAM(18)
ID0=PARANEL19)
NPR NT=PARAM(20)
TA1O=RPARANM(21)
TAPOsSPARAN{27)
C1=PAMA - (23)
TC2=PARMN (26}
PTMAXSPATAM2S)

MODEC=2

IDAT1=C

MMINZ=D

ATPeTAL0/475%
[eTa(

AR T=

hgelol 1]
SWIND®1?

CALL LSINT

G0 TU 11619162)010C
Cral,

CTOml,

Sh'iz=l,

G0 TO 163
CTa=],

CTLU==},
CT1={T0

SGN®mle

CONTINUVE

§Tu0,

PTUN{1)=0,

PIMN(2)80,.
D§e0,
OCul,

FE=O0s
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T T T Y R T R R N D AR EREE

PACY 3 7 i

FE a0 ;
C°'X=Sl".(TH\’X‘.Sl7‘¥:'j'.‘,) i
SunzCCE(THYX® V17403 2) |
S Xnm2 o WCVANG 2 :
R |
vox=] | | | o
1¥R2=? , ' , o
17AT sy :
1n=l ‘ .
“F2sl 7 - \

. JTLe _ A : . ;

186 vInEe=?
JOAlN=12 7 ]
LAGmed : - : : ' :
1DrNTes] : ‘
[Fa20=d
[DAT2x ] DATASNGIND
DT\]1e]TATA4PTMAX
JYARe( T
_ YARED
140 SGNe=SON
"{FAvVeé
VANGO=C
15168
IwlDEwO
“$L.0Pe
tAleYAlO
- TA2=YAP0 o
JOENTH[DENT=Y -
ASAXsC :
§5PANE])
RS AN T
194Xu}.
RDVARED
T JSVAReED
KSVAXS]
{5 1Nl
T 45V iNe0
1PHAS=0 A
&C 10 l90)t902)'192
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PAGE 4

901 1PHASS)
902 CONTINUE
GO TO 791
C
C PHASE TRACKING
200 CONTINUE
[F (IDATA=RPTN] ) 190+190+191
C N0 MIN CAM RKF FOUND
© 191 IF CIPHAS) 19241928143
193 1IF ([FaA%=5) 19231960138
. 192 «JDEwH
O IDATSRIDATASTCL®ND
{FANR2
) TO 800
< QAM“t“a COMPLETE
- 194 NODE = 3
G0 TO #00
- 190 CCATINUE _ o
' tF {J*ODE=S5} 110.1110111 -
110 1S+Ax=Q '
S $13 £ 14
111 CONYINUF .
IDATA][DATAS]
RYYLEET O U
L R ILNTS B
JSLEPeNSLUP
riSKlﬁﬁld!DE*”OﬂlIDA?AOZ)
j LE L1S¥ 251 32243020202
302 CALL L%TSQClSLePolaﬁC.lPK.JP&nIUPII
S IF (falts) 30343030302
%05 195 Ce IR0CeI0C '
o JGALNN1G
LAGE84%
303 1IF tIOPT) 2010206-233
- € NONE
T 20k CONTINUE L :
S 202 6D TO (20bed 500206).1Fﬂ! _ L
209 CONYINUE
¢ SINZCUS UPDATE
STOsSY
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5 % 7
. SN i
7 N *
N, 9
gs %
3 %
;? PAGE 5 ;
; 1
3 s210=527 ;
K ST=ST#DC+CT*DS :
B CT=CT#DC=5TOXDS ;
- $2T=  ST#CT

I C2T=CT*CT~5

'% IF (§2T*S2TC} 20742074250

E C A/C NBHD LOGIC

3 207 CONTINUE

o GO TO (20842101210421092C89208)91FAN
il 208 IF (C2T) 25392539209 :
Al 209 IF (CT*CTC) 25042509210 ;

210 IFRZ=2
PARAM(171=04

r LIMIT TORQUE FCR 270 DEC = A NBHD
253 IF (ST#CTC) 25444544250
254 NANG=0
250 CONTINUE

IF (IDERT*#({1=ISKIR)) 800+8CC251
251 1F (MNN) POCB0019252
252 IDENT=C

GO TO 400

206 1F (AMM=ANMAX] 216402149250
¢ MAX THREASHULD
214 [FRZ=1
¥NXEMAXO
CT==CMX#CTC
STRSVX#CTO
§2T88§2MX
; PARAM{1T) =145
! GC TC 250
) ¢ “AX POINT
203 PEAKX=]PK#PKINST+JPK#PKLST
JMAX =]
g STX=ST
.. IF (MNX) 2024220+220
N 220 GO TO (2029221922192219202042C2101FAY
i S 221 CONTINUE
: S 1F (1FR2=3)}) 75247539752

~ %:-'.,zl- {.-C %
la¥al

AN AT NSRRI S a8 M e s gt




PAGE 6

T 752 PARAM(17)2145
i o 753 CONTINUE
i ' IFRZ=3
e - S CT=0,
f#' g 5T=CT0
O ANMAAXZPEAKX=DP K # { PEAKX=PEAKN )
A ‘GO TO 206
E. ; C MIN POINT
¥ 201 PEAKN-IPK*PKMST+JPK*PKLST
GO TO (2309301930193010230+230) ¢1FAN
301 IF (PEAKN=AMMAX) 23042309202
230 IF (MNN)Y 23242324231
231 IF (IDATA=1DAT2) 202.202.233
233 CONT INUE
TPOLD=TP
IDENT®IDENT+]
ID1=1D B
[D=aMOD{IDy2)+]
I1DO=MOD( ID=NMIK*192)+])
- IF (JFAM=6) 26142624261
262 AMMX{IDO)=PEAKX
261 CONTINUE
IF (MMIN=1) 26342630264
264 CTO==CTO
263 CONTINUE
PTOSP TN IDO)
AMXO®AMMX{ 1DO)
AMNO=AMMN( 100)
AMXLmAMMX(1D))
AMMX { 1D ) =PEAKX
PARAM{1 7)) ,%
IMAX = JMAX
KMAX #EMA X4 JMAX
JMAXR0 ,
222 1FR2w}
1DAT2=IDATASNWIND
MNN®=MNND
PTNOs [DATA=IBOC#10«LAG
PIN1ePTNOSPTMAX
TPuPTNO=PTO

R R L R ey
Vit s et i e

’ T

. A

- d
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PAGE 7
FEaFXTRPITP4FED)
) IFE=FE*P1S%

CALL SICUSUIFE#ISINGICTS)
0S8=1SIN#R]G

DC=1CCS#R1G

1TH= (IDATA~PTRCO)I#IFL

CALL SICOS(ITHoISINSGICLS)
STaISIN®RIG*CTQ
CT=]COSHR1L4CTO-

527s= ST#CT
PPPEAKX=PEAKN
PPANEPEAKX={PEAK \#A . 01 #e5
SHAREPEAKX=AMXO

SV INEPEARN=AMNND
OVAXaPFAK X =AM X A ] +AX0
PTVREID)I=PTNG
ASMNLID)Y=PEAKN

GO YO Aa00

N PN L RV WAL St 8 e g R TN g 2

e

S i A et 3 Fn ¥

IDENTIFICATIUN

FAILY IDENTIFICATION
400 CONTINUE

PHASE ADJUST “UDE
JYODE = 2
}1F (JVODE=2) 40101402040}
402 PHASEPMHASE=GPHASHSM]N
"TORQU1)=SIN(PHASE )
TORQ{2i==CUS{PHASE)
HTGDeNTOMX ‘
IPTalPTe)
FIDNTL{1oIPTInPHASE
FIONT(2s1PT ) uSMIN
IFLIPT=150) 40304050405
- 60Y MODEnY ,
‘0% GO TO 890
401 CONTINUE

NN NnAannn

129




PAGE 8

IF (6~IFAM+KMAX) 49101929491
491 CONTINUE

SMINPESMIN

1DAT2=1DATA

PPN2PP/PEAKX _
GO . TO (5119510} 00MIN
811 IF (PEAKN=AMAX) 51295134513
512 IF (TP=TC1l) 51445144515
513 IF (TP=TAl) 51445144516
€ CHANGE - NMIN 1 TO 2
" 514 NMIN=s2
- NMIN2=1
- CTO==CTO -
CTa=lT
(§Tams§T -
~TR=TPOLD - ,
FEsFXTRP (TPyFEQD)
IFE=FE#P]15 -
- CALL SICQS(IFE:IS!NoICG&i B ‘
S DS=]SIN#R1G :
©- DC=ICOS#R14
1 ]DMAX®Q
.o JSMAXEO .
T NANGeO
6010 47Y

510 IF (PEAKXnAMAXJ 521.521.522 , - ’
521 GO TO 524 - - "
524 TC2XaTC2eTC2%, 254PEAKK/AMAX
- IF (TP=TC2X) 52345254525
© 522 IF (PPNSAMAP) 52695261627
627 1F (TP=TMAX): 52798049504
526 IF (TPeTA2) 51645250525
527 IF (IDMAX) 52995294528 '
828 IF (ABSIDMAX )=EPDS! 53015309323
529 GO TO (3291523050415300530452€1 s IFAN

<€ CNANGE NMIN 2 T0 1
- _525 NM!N-I :
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TPePTNG=PTNMNIIN])
FESFXTRPITFS$FES)
CIF (W In2elR-aS) 625062500626
67% CTQO==(TC .
626 1FSAFE#PLS .
© CALL SICUSTIFE#ISINILLS)
DSw1S1.t#R14 o :
ICeslCCS*1h '
[Tea (IDATA=PTNG I#TFE
CALL SICUSIITmylnlteiCus)
STz 151 416w (T
CT=10C60 10t (T,
WP ANSHEAC Xm LA (@AY A ID) ) I*eS
vl mib AC  =AT T L(L0L)
TP CLINTS CRARS AR 8
35710 811

107 JTIFY sPECTAL CASES

TIALSITIC. 2UNE
514 Cu Tl
' [FA ‘hulFat=t
1EA 8%
L“:E':
RS- 1R L1 2 .
1F (IFLv6) h295050002
Gn2 LF 1157AX) babglhlgtng

nETLCT CYusSING OF Tht SLEAATL G PulH O
443 1F (1Pl 8) S63e5udeln o .
543 1F LARS{SHAX)=tDLS ) 4hbhonbtylbl
Sua JF (ARS(SHAX 1=l hVA) 5300430 0bkm
TRANBLITIC . RFGIUN :
5L5 <§TINel : :
IF (ABDLILYAR (i3 ) Ghbphtbe23s
it CONTENUL o :
1 L1PBASY 46CeLhLEa5Y

t '»."ua T

515 IFAve)

181
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[a¥a¥ el NN

DMAX=l,
SMIN=SMAX
GO TO 616

C FAMILY
523 1FAM=2

LOCATE +A AX1S
C NBHD LOGIC
616 1DCsMOD(ID+AMINY2)41
CMAX®ANMMX { IDC)=( AMMX { 1DC ) =PEAKH ) #PRCN
IWIDE=0
NSLOP=0
IF (ISIGH } 61746174618
617 IFAME]
GO TO 621 ‘
618 IF (SMINF=EPSCK) 62116200620
620 lFAMs2
SMINaGMTINP
621 [F (IDMAX) 45096500236
RESOLVE 180 DFG UNCERTAINTY
234 IF (DMAX #SGN) 23502354236
LOW MAX (PHIASE = 180 DEG)
235 CT==ARS(CT) :
- §Ta=ARS(ST)
CTCx=] "
60 10 237
HIGH MAX (PHASE = 0 DEG)
236 CT=ARSICTY =
ST=ARS(ST)
CTOs1 -
237 1PHASK]
STXa=(CT
450 CONTINUE

I0ENTIFY +C OR =C FAMILY :
RIS 3 IN ) 4T0WaT0408] ¢

491 IF (SHINEPSCH) 65296524453
o 482 P (ISIGN) 45496560150

456 SGKe=SG |




BAGF

ANANa)

Y

11

CT0==CT0
CT=a(T
STa=ST
STXs=STX
IDMAX =D
KD“AX=2
[SvAXu(
<SVAX=2
18%IN=Q
CSMIN=2
[S1GN\=]
GG TL 47

453

NHMD
516 IFAVsH
IF (IP=A8) Q40649460947

66 A JN\TE XuTE/2
62 T0 460
967 veuebi
. HeRPeASAXRTE 2 (20000
c .
C. SNRNBRAN RN AR NI RAE R G RArR
S IF (BB) 269476b0ck
. 265 PPud, ,
i : 92 T8 927
. 266 CONTINIE . ,
C IF (IKVIN=1) 62745270528
T 927 [WIDEs) o
928 CONTIAE _
. PPRePP/PEAKA
L o
CUHARUPLRTIONAL CUNTHLL CALS
LR NN D=l GPRANY 92)ewbnevl?

922 RPPeSQRYTIPEN)
NANG mGPAN2®RAP
CTisCYC

69 1O 923
[1GPoANE)

DTHCENANGS/(24%GPA D"
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GPAN1=0+
921 NANG =GPAN1#*PPN

IF (NMIN=1) 94399634923
943 CT0aCT1

923 CONTINUE
C HRRRRRRBRERRRRRRRR R RRE R

IF (IMAX) 9389938941
941 IF (NAMG=MANG) 93699392939
936 lF (PTHO=IDAT1=TP) 9389937+937
938 NANG=0
GO TO 940
939 ASMAX'ASMAX¢GSLOP.(SPAX/TP-ASMAX)
PPaPPO+ASMAX®TP /7 (28N IN)
NSLOP=0
GO TO 9a2
937 ASHMAXsSSMIN/TP
PPaPPAN
NSLOP=ASMAX#CSLOP
IF {GPAN1) 904499449942
944 GPANX'GPANZ/(DTHC#SQRT(DTHC“D?HC#PP/PEAKX))-
.C 9&2 CONTINUE
c "ﬁ"‘““"‘ﬂ.*a*'wb'ﬁbil A
IF {PP) 12650126601266
1265 PP=0s
. 60 10 1927
1266 CONTIHUE
C1E (NMTRe]) 192701927'1928
1927 IWIDEsl
. NSLOP-&SL&?#N&LUP
1928 COMNTINUE
pPNtPPIPkAKx

c PROPORTIONAL CONTRUL GALHS

T LF (NMIN=]GPAN) 1921.1921.1923
1922, PPsSART IPPN)

" HANG SGPAN2SKPD

60 1O 1923
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1921 NANG sGPAN]#PPN
© 1923 CONTINUE
C SRRBRRRARAR R R RN RRR RS

C

K

b
i
B
;;
5
i
5

ANF1aNF2
NF2s}
IF ((PPN=PPFI#IPHAS) 93009314931
930 NF2=0
931 IFINMIN=1) 9341934935
934 \Flz\F2
935 IF (NFlenF2) 93249320933
C DAMPIAG COMPLETE
932 “ODE=VODEC
“ODEC=3
_ GO TO 948
933 VODECe2
. 9640 COMTIAUE
o 1DAT2=IDATASNWIAND . ' ' , H
AAAGO =M ARG ' - : : , i
GO TC 460 - ' B :

e ot e w25 fuiega

C & FAVILY

630 IFAvm4
S IwiDE=Q
KSLOPwY

60 IF {187 1n) 46364630060
. Lbh IF (1PHAS) 46804LBYH6T
- € TORDUE OLT OF A FAMILY
T4kl IR (SUWINSEPSAN) 46306620062
T € PREVEAYT PWASE LCSS IN A NBMD
' 4b? [F (SYINGEPSAN) ﬂ65!563oﬁb3
Hbs dﬁt\\?.u‘"\ NL I B
GOAN] sGPAN]L RS _
G 15¢ANS] .
¢ 18CYOEG 9HASL SHlPT 10 UNOAWP A
: 462 CTee(T
. STewsy
-~ CToseCTC
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C

463
470

471

14

IS4INu0
KSMIN=4
CONTINUE

CONTINUE
NMIN?2=Q
CONTINUE

C SET TAl AND TA2

678
474
472
473

561

- 562
" LAGR K

SET

263

601
$32

- 60)

606

annn

557°x

645

606

ATPsATP+CTR#(TP=ATY)

IF (ATP=TAZU)} 47404744675
ATP=TA20

IF (ATP=TALQ) 472047314473

ATPaTAlD

TALaATH# 75

TA2=ATH#1,425

IFAMO= I FAK

IF (PP=PPFLT) 56105624562
JGAINa]5

LAGEG S

GO TO 563

JGAINR=]2

CONTINUE

FLAGS -
| RDEL®3=NMIN

10%AXR) :

1 {KD™AN) 6010601:602
10VAxX=] :

KDMAX sKDMAX=XDEL

1F (XS¥AX) 60 30603060&
[S¥ARe]

KSAXuX $MAXKDEL.

IF. {KSMIN) 60996051606
14350 TR
KS4INSK S NeKDEL

OUYP BATA

1SGNSSSN
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FAGE 15

1CT0=CTO
ATORK=NANG
t ATORK®ATCRK/NTQMX
PSMAX=ASH AX#1000
IF (NPR NT) 91509154916
G615 CONTINUE
iF (IFAM=5} 61149129911
' 911 WRITE t1930CL)IDATARIFANINNMINGIPHASoIVAAX LS AXe IS InelSINeICTU
¢ X TPoPEAKNIPEAKX PRy DMAX o SMAK 0 S Iin
: 3001 FORMAT(]69B124FHe2410FH¢5)
% 50 10 913
§ 912 WRITE (193002) IDATASIFAMINMALINGIPHAS JOMAA 9 TSNAX ISMINeLSGNe ICTuL
: X TPyPEAKNIPEAXK e PP ¢ PEMAX sSYAR Sy GPAN] s ATORA
i 3002 FORVAT(ICoR]2oFBelocFuebob9acs3FBe5020Geé)
; GO YO 913
i S16 IPTslPT+l
i IF (1PT=150) 91949194920
2 920 \PTsIPT. : -

B T T iR L
)

5 1pTs)
; 919 CORTINUE

; ID ATU10IPT)eIDATA
. ID NT(241PT)nIFA,
o _ : ID XT(3»IPT )N
1 19 AT(4sIPTIR]IPHAS
' 1IN NT{541PT)Ix]IDVAX
1C aT{6e10T )l SVAX
10 NT(7elPT)m]S™IN
10 NT(ReIET)®]SGN
IDNTI941PT)=ICTO
FISNT(19IPT)eTE
FIONT(SeIPTIwPEAKX
CFISAT LG IPT PP
CFIDAT(601PY ) eSMAX .
FISRTUTelPT SNV :
- CIF (1FAMaS5) 91749180417
91T FIDNT(20IPT ) ePLAKN
o L o FIDATISIPTIeDVMAK:
: 60 TO 913
. 918 FIDNTL241PTIwATORK
 FIONT (S IPTIaPSMAX




.
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PAGE 16

Tgma SRR A P

913 CONTINUE

CONTROL

N NN

800 CONT‘NUE

; IF (JMODE=Q) 881o890o881
! 841 CONTINUE '
; J ~ NTQD=NTQMX
! - CP=(CT
: $PagT ,
GO TO (801.802.803.80#.8050806).IFAM
C T NBHD
801 IF (AiM=CMAX) BO&»Blloﬁll
411 1€ 8D=}
C € FAv]ILY
302 TORQ({l)==§ GN
TORQ(2)mQy
QD 70 RAQ0
C TRANSITION

803 IF (SGM#STX) 80608060&13
813 TRAN:.&?S-.I?S*ABS(CP)
- CTORQUL) =t CP=8SGN) #TRAYN
TORQ(2)=SPRTRAN
G0 TN . 890
C A FAMILY
KL TORQGt)Y)eCB
TORQt2)ImSL
- 80 T0 ROV
C A NAMD
8\)5 uaAHG‘t NiGel s TQ®( QTG*I } ’/2
NTQD=NTQ
IF (NDANG) Blﬁoﬁl?oﬁlu
816 ATHD®RT(D=]
IDAT1=]DATA
GO T0 817
Al18 1F (MDANG=MTW) 81708199810
CB19 IF INTQeHTUYX) 3200817.&17
820 NTIDeATQLeL
C 41T NANSENARG=NTCD
- 1P INANG) 821e8220822
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I'"p} GOQW ~v%
PAGE 17 : : °%wm% :
821 NANG®D ' ;
822 TORQ(1)=CP j
TORQ(2) =8P 3
GC TO R90 K
C  UNDETERMINED FAMILY ;
BO6 HTQD=0 i
IF (ICNBD) 397.527.926 :
826 CVMAX=1s _ |
1¢hans=o g
IDAT2= IDATA®NAIND j
827 CONTINUE g
, IF (IFA%u=3) AO25B13sb0% :
C RATE LIMITED TORQUE ;
890 IF (TORQ(1)#TORVI+TONG(2) #TURW2) 497.395.595 i
897 IF (NTG) 8963R959894 i
B94 TORG(11==TORQ(]) :
© TORG2)%=TORG(2) ;
13020 - :
' GO TO #96 :
855 - TORGLaTCRA(1) j
TCRQ2=TORGL2)
896 1F (NTG=i.TLD) 89148924493
- 891 ATGEXTOeL . |
60 r0 892
.893.kTQ=NTGa1
892 CONTINUE . 7 IR o
- RETURN SRR - R P
C : : T S : B
~ € DUMP DATA ' !
360 [F (NPT=[PT) 30193k20362
341 \PTelPT
362 CONTINUE
O3 350 leloAPT
IF LUNODES2) 3@3.3ua.343
364 WRITE{193006) PIDNT(I.I)OF!Sx¥t2¢I)
~ 3004 FORMAT(2FRGS) .
60 Y0 250

343 CONTINUE
S 1IF LID NTU2e10=5) 35143524301
351 \\QITFCIOBCOIHID \T(Jvl)tdtlt‘ﬂo(i‘-’lﬁ#hﬂ&olh&*ln?)
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G3S TO 350
352 wRITE(L93003)0I0 NTHJelledzle) s (FIDNTIKeL)sK=147)
30063 FORMATII60BIZ29FPa29F8e39F8e50EVe206FBe502E922)
350 CO:TINUE - ' : -

WRITE (1930051 [DATA
3005 FORMAT ('3AMPING Tltdtse 16)

. RETURN R :
END ’ '

FFATURES SUPPORTED
ONE WORD INTEGERS

CORE REQUIREVEATS FOR CNTLR
CONVIY 62 VARIASBLES 3712 PROGRAM 331e

CRELATIVE ENTRY POINT AUDXESS 1S OEDS (HEX)

~ EAD OF COVPILATICA
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