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Classical torques are the first to come into one’s mind when thinking about sources
of systematic errors in Gravity Probe B (GP-B) Relativity Science Mission, which
is why they have been most thoroughly investigated. In this paper we give a brief
survey of these studies and their results. First, the classification of all known
non-relativistic torques that is used in ‘the GP-B Error Tree is given, and the
Error Tree spreadsheet is described. Second, the theory of electrostatic support
dependent torques is outlined, including the universal expression for the housing-
fixed components of the torques, the definition of the fifteen torque coefficients
and their relation to the rotor shape. Examples of the final formulas for the drift
rates of several particular support dependent and support independent torques
are presented. Finally, contributions of different groups of torques to the total
expected experimental error are compared, and the top contributing torques are
discussed.

1 Introduction

The Gravity Probe B satellite, which is planned to fly in the year 2000, con-
tains a set of high-precision superconducting gyroscopes (the outline of the
GP-B experiment is given in 1). They are to test the predictions of general
relativity that a gyroscope in a low (altitude~ 650 km) circular polar orbit
will precess about 6.6 arcsec/year in the orbita) plane (geodetic precession,
East-West (EW) direction) and about 42 milliarcsec/year perpendicular to
the orbital plane (frame-dragging precession, North-South (NS) direction; for
the theory of both effects, see c. f. %). The required total error of the gyro drift
rate determination is 0.5 milliarcsec/year; we expect even a better accuracy,
about few parts in 10° for the measurement of the geodetic effect.

Non-relativistic torques on the GP-B gyroscopes had been primarily con-
sidered as the most important source of experimental errors; that is why the
experimental hardware is required to provide the performance allowing not
more than 0.3 milliarcsec/year contribution of all the classical torques. To
prove that this is possible, as well as to develop proper verification procedures,
the classical torques have therefore been extensively investigated for a long
time. Earlier GP-B classical torque studies are reported in 3; this paper is a
brief survey of state of the art results from ¢ and 5, A large part of it is
devoted
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to the theory of electrostatic torques as developed in 4; unlike the previous
versions, it is based mostly on symmetry considerations and thus avoids lengthy
technical complications characteristic of earlier approaches (see sec. 3).

2 GP-B Error Tree and Classification of Non-Relativistic Torques

There are two different types of torques: support dependent (SD) torques,
which are caused by control voltages of the electrostatic gYTO suspension sys-
tem, and support independent ones (SI), which act on the gyro even if it is not
supported (the torques due to position bridge voltages belong here). Extensive
results on torques of either group are given in 4 and 5, respectively.

A complete classification of all non-relativistic torques and evaluation of
the gyro drift caused by them is done in the GP-B New Error Tree (NET)
(see®, 7) implemented as an Excel spreadsheet workbook. The NET consists
of two main parts describing non-relativistic drifts and measurement (read-
out) errors, respectively. The NET is a ‘live’ one, i. e., one only has to
specify (type in) numerical values of all necessary parameters in the ‘input’
sheets (”Constants”, "Parameters”, ”Coefficients”, "Preloads”, and, partly,
" Accelerations” and ”Accelerations Squared”), and the values of all classical
drift rates are immediately computed by the spreadsheet. After combining the
result with the measurement error and the uncertainty in the proper motion
of the Guide Star, the total experimental error is also calculated. The three
resulting errors and their total (in milliarcsec/year) are seen in the ‘top’ sheet
of the NET, fig. 1, for the drift rate in.the NS and EW directions (the way
those totals are computed is explained below).

Each error there and in all boxes of all the ‘lower level’ sheets is represented
by two numbers corresponding to the so called worst and plausible case, re-
spectively. The numbers are calculated from a different sets of parameters in
the input sheets mentioned above (only the table ”Constants” contains one
set of values, because those are either fundamental constants, like the speed
of light, or have a well specified value in the GP-B project, such as the rotor
radius). The total number of parameters is around one hundred. The worst
case values are either taken directly from the requirements, or derived from
them, or else are the result of our estimate of what the worst case value may
be for a particular parameter in reality. The plausible case values either are
already achieved experimentally, or are expected to be achieved ‘with the 99%’
certainty. So, the plausible case shows what we strongly expect to have in the
real experiment, while the worst case represents the upper bound of errors:
they definitely are not going to be worse than that if all the hardware works
as required. Naturally, the NET book is arranged in such way that a change
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of a worst case value automatically implies variations of dependent worst case
values only, not affecting the plausible case at all, and vice versa.

The principal classification of the torques is found in the next (after the
‘top’ one) sheet of the NET shown in fig. 2, along with the drift rate con-
tribution of each particular group of torques. SD torques are first subdivided
in two major groups. The first group contains the torques which depend on
accelerations, i. e., which stem from how the suspension system reacts to the
forces applied to the gyro when trying to keep it centered. The second group
consists of torques which depend on the preloads, in other words, on the volt-
ages provided by the suspension system when it is just turned on, even if no
force at all is acting on the gyro. The next subdivision in both major groups is
related to the rotor’s position in which the torques are produced, namely, the
nominal, misaligned, and miscentered position. (We call the rotor’s position
nominal when the rotor is perfectly centered in the housing and its spin axis
is aligned with the roll axis of the spacecraft; accordingly, in the misaligned
position there is an angle between the spin and roll axes, while in the miscen-
tered position the center of mass of the rotor is displaced from the center of
the housing.)

Therefore there are exactly 6 = 2 x 3 sheets with SD torques from ”Sheet
1” (acceleration dependent, nominal position torques) to ”Sheet 6” (preload
dependent, miscentered position torques). In each of the sheets, torques are
again subdivided into several larger groups, such as those caused by accelera-
tions either parallel or perpendicular to the spacecraft roll axis, or by preloads
or preload differences, etc. Finally, the torques are sorted out by their physical
source, and every such particular torque is represented by its own ‘lowest level’
box. There are over a hundred of different torques in the NET now; even more
are known, but quite a few of them are not included in the NET because their
contribution turns out to be entirely negligible.

The boxes are connected by lines in an ascending way, so that the structure
of every sheet with torques is that of a tree graph: each box of a lower level is
connected to a single upper level box. An example of "Sheet 2”7 with acceler-
ation dependent, misaligned position SD torques is shown in fig. 3; this sheet
has been chosen because its structure is rather simple, other sheets include
more branches and boxes than that one.

SI torques are first classified as housing fixed and inertially fixed, fig. 2.
The former (sheets 7-9) are again sorted relative to the nominal, misaligned
and miscentered rotor’s position; all inertially fixed torques are listed in sheet
10. Particular SI torques are dealt with in each of the sheets 7-10 in a similar
manner as SD torques in sheets 1-6, except that the grouping is done now
by the physical origin of the torques (electrostatic, magnetis, etc.). As an
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example, "Sheet 7” with SI, housing-fixed, nominal position torques is shown
in fig. 4.

All the ten sheets with the torques are filled in in the following way. The
lowest level boxes of every sheet show drift rates due to a torque which belongs
to some particular group and is caused by a particular physical source. The
four values of drift rates given in the box (NS worst, NS plausible, EW worst,
EW plausible) are calculated by the proper formula from 4 or ° in which
either worst or plausible values of the pertinent parameters from the input
sheets are used. As soon as the values of all the input quantities are specified,
the numbers appear in the lowest level boxes, as well as in all upper level ones,
all the way up to the top sheet shown in fig. 1. The numbers in the upper level
boxes are automatically computed by means of a built-in procedure operating
by the rule based on the assumption that different torques act independently.
So, say, the squares of EW, worst case drift rates from all the boxes of a group
at any given level are summed up, and the square root of this sum is inserted
as a value of EW, worst case drift rate into the next level box to which the
group is attached. This operation is repeated level after level from the bottom
to the top of a given sheet with torques, which results in the numbers given in
the uppermost box of the sheet representing the combined contribution of all
the torques included in it (for instance, SD, acceleration dependent, misaligned
position torques from ”Sheet 2” in fig. 3). Those uppermost boxes of sheets
1-10 serve as the lowest level boxes of the sheet in fig. 2, whose uppermost
box, containing the total drift rate from all classical torques, serves, in its
turn, as one of the three lowest level boxes of the top sheet (fig. 1), along with
the box containing the total measurement error and the other one with the
contribution of proper motion of the Guide Star.

So, one needs some formulas to calculate every separate ‘lowest level’
torque; in the next two section we outline their derivation as given in 4, 5
and discuss various related questions.

3 Theory of Support Dependent Torques

3.1 Derivation of Housing-Fized SD Torques

GP-B gyro suspension system consists of three pairs of electrodes (labeled
a+, by, ci) positioned symmetrically as shown in fig. 5. Cartesian coordinates
{z,y, 2} are fixed in the housing, with the 2 unit vector pointed in the direction
of the roll axis of the spacecraft. Thus the unit vectors to the centers of the
electrodes are given by

A v2,. . . V2, . . .
6oy = 42—2—()' —2); &y = (I +2);  eex =4% (1)
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The first complete and consistent derivation of GP-B SD torques had been
carried out by G.M. Keiser in?, whose approach was independently checked
later in 1°. An approximate explicit expression for the capacitance and a rather
complicated technique of spherical harmonics and rotation matrices was used
there. Here we follow another version of the theory developed in 4 which is
based on the symmetry arguments and thus avoids explicit expression of the
capacitance (until the very end, when the torque coefficients are calculated,
see sec. 2.4), allowing one to establish the structure of SD torques without it.

The calculation of SD torques starts with the general formula for an elec-
trostatic torque acting on a conducting body (c. f.8, 3.14, (6)):

1.,0C .
which is a direct implication of the energy conservation. Here V is the electrode
to rotor potential, C is the electrode to rotor capacitance, and 7 is the rotation
angle about the direction 4.

The orientation of the rotor may be described by any three Euler angles
a, B, 7. It is convenient to choose them as shown in fig. 6 , so that « and g
specify the position of the gyro spin axis, &, = w,8, relative to the housing,
while + represents rotation about &,. Since % points along the roll axis, the
angle £ is the spin-roll axes misalignment. The spin axis unit vector is given,
evidently, by '

~

§ = s(a, f) = (Xcosa + ¥sina)sin B + 2 cos 8

By applying formula (2) to each of the Euler angles for any electrode and
then projecting the obtained equalities on the {z,y,z} axes using

a=3 (= —Xsina+ ycosa, A= (Xcosa + ysina)sin 8 + zcos 8,

for the housing-fixed components of the torque we obtain:

g . ocC 0C  cosa 6C
T, = 2V ( sin a 57 cosa cot 3 £ +§l?1—ﬁ”5’;>
1o oc | dC  sinadC
T, = 2V (cosa a5 —mnacotﬂ—a—;-{-WE) (3)

(we are not interested here in the torque T, which changes the rotor spin speed,
so we do not give its expression). The primary simplification of these formulas
comes from the first of our three basic assumptions. All the assumptions are
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good approximations under the GP-B conditions, and they were used in all
the previous versions of the theory, sometimes implicitly.

Assumption 1 (spin averaging) Instantaneous spin azis direction § coin-
cides with the (inertially fized) direction of the angular momentum, the voltage
does not vary at the spin frequency.

Under Assumption 1, the torques (3) averaged over the rotation of the
rotor become

‘ i i
T, = —lV,-2<sina6£ +cosacotﬂa£)

2 ap da
e act | act\
T, = EVi (cosa a7 sin a.cot 8 a), 4)

the index i enumerates the electrodes, i = ay, by, cy; C* is the spin averaged
value of the capacitance which, given a real rotor shape, depends on the rotor’s
position in the housing. The latter can be described by the misalignments
relative to the housing-fixed axes,

0 =sinfBcosa = Bcosa 0y = sinfBsina ~ Bsina

which are small because 8 ~ 105 in GP-B, and another small parameter, the
relative miscentering, r, = (ToX + Yo J + 20 2) /d. Here d is the nominal gap
between the rotor and the housing, and vector r, goes from the geometrical
center of the housing to the rotor’s center of mass,

So, generally, C* = C¥(a, B, To), and we need its derivatives in the angles
involved in (4) to the first order in B (or 0, 6,) and r, = Iro|. According to
our classification of torques, the derivatives are needed for the three positions
of the rotor: 1) nominal position, (8 =0, r, = 0); 2) misaligned position,
(B # 0, small; r, = 0); 8) miscentered position, B=0; r,#0, small). Of
course, no progress can be made unless we somehow restrict the functional
dependence Ci(a, 8,r,). The suitable restriction can be formulated as

Assumption 2 The spin-averaged electrode-to-rotor capacitance depends only
on the angle between the spin and electrode azes, and on two projections of
miscentering on those directions:

Ci = 01(61,, /\, ui)y i= as, bis Ct
where §; = ¢; - §, A=5§-1,, Hi = &; ' To.

This is a natural conjecture confirmed by direct calculations in?,19; it reduces

the number of independent arguments of function C* from five to three,
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Assumption 2 allows us to essentially simplify dC*/da, 8C%/8p and to
write the housing—fixed torques for the three positions as follows:

. \ 722 A o
Thom = - B [~(& 9)%+ (& - 2)7] )

. V2. .. R . " o .. . .. .
Trnieat = 5 { K (66 8) 0%~ 0:9) + FF [ (& 90,5+ (6 2)%0.9] ) (6)

i ‘/iz =1 Yo.. To. =: Zo miora PN PN
Trnisc = —2—{D1 (—7X+ Ti-y) +[Dj 5 T3 (& “To)] [—(&: - 9%+ (& 'x)}’(]7})
B=% V=% D=3 Di=gmg Di=gg
(8)

the derivatives here are taken at 3 =0, r, = 0.

This is an intermediate answer, and it looks rather simple. However, there
are still 30 coefficients involved in it; our last assumption, which has always
been used in GP-B, slashes their number twice.

Assumption 3 (electrode symmetry) Capacitances between electrodes and
rotor averaged over the spin period, as functions of their arguments, coincide
pairwise:

CH(E, A, 1) =C°(6, A\, 1) = C(€, A, u)

CoF (& M ) =CM (6, A 1) =CH(E, A, p)

Co (€, A ) =C* (&, A, ) = C (€, A, 1)

According to this assumption and the definitions (8), the number of coefficients
is reduced by way of

Kt=K~ =K, K®=K't=K+ Ko =K\-=K-
LH=L"=L, L*=LY=L[+ [ =p-=L,
etc.
Using the new and consistently denoted coefficients, the housing-fixed

torques (5)-(7) in all the three positions can be written as sums of terms
of the standard form:

K, x (VfF + Vf_) X (position factor), i=a,b,c, (9)

where the position factor equals to 1 for the nominal position, to one of the
misalignments 6,6, for the misaligned position, and to some projection of
the miscentering r, for the miscentered position; K, v =1,2,...,15 are the
fifteen torque coefficients studied in sec. 2.4.
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3.2 8D Torques in the Inertial Frame. Relation to Accelerations and Preloads

To obtain the final formulas for the drift rates used in the NET from the ex-
pressions for the housing-fixed torques based on (9), one needs to 1) transform
the torques to the inertial frame; 2) relate the squares of voltages to either
accelerations or preloads (and specify the latter); 3) average the result over
the roll period.

The first step, though cumbersome, is otherwise straightforward, since,
with enough accuracy, we can consider the inertial frame just rotating with
the roll frequency about the z axis of the housing-fixed frame. At the second
step we make use of the expression for the net force on the gyro exerted by
a pair of electrodes® which relates thus the differences of squares of opposite
electrode voltages to the acceleration g (see?):

2

d
VA -V2 =-4g, A= my 7!'86 5 = 5.09 x 10* volts? /m sec™2
oTg

(mg and ry are the mass and radius of the rotor). The corresponding sums,
on the other hand, define the preload acceleration h; according to

V2 +Vv2 —1A<h-+£>
14 Ti—- T 2 T hi

(acceleration is also involved here, but typically the second term on ther. h. s.
is much smaller than the first one. Nevertheless, such terms are also taken care
of in the NET, and the inclusion of the input sheet ”Accelerations squared” is
caused by them). The values of preloads are specified by GP-B requirements;
the exhaustive list of forces acting on the GP-B gyro (and the expressions for
the corresponding accelerations used in the NET) has been compiled in 1. jts
shorter version is also found in 4.

The roll averaging is significantly complicated by the fact that, along with
the D.C. components, accelerations, preloads and the miscentering may also
vary at roll, twice roll, and some other frequencies, which variations gener-
ally do contribute to the average SD torques. That is why even the list of
expressions for the averaged inertial SD torques in terms of voltages (and not
yet accelerations and preloads!) occupies almost five pages in4; it is thus not
included here. Instead, we give just two examples of the final expressions for
the drift rates which are typical in their structure and, we think, give one a
good idea of all the formulas exploited in the lowest level boxes of sheets 1-6
of the NET.



3.3 Two Ezamples of Formulas for SD Torques

For brevity, we give the expressions only for the East—-West (geodetic) com-
ponent, EW, of the drift rate; the North-South component looks absolutely
similar.

1. Preload dependent, nominal position torque due to variation of preload
difference hy — hy at roll (NET sheet 4, box 1.2.1; see fig. 4) Here

=K yayr oy _Ka A,
EW‘st ((V )a. (V )b)co—Iw84(hac hbc)’

where I is the moment of inertia, h;. is the amplitude at cosine of roll of the
i-th preload, we denote (V2):k = V2 & V2, and the angle brackets mean
the averaging over the roll period with the factor of either cosine (‘co”) or sine
(“si’) of the roll phase.

2. Acceleration dependent, nominal position torque due to Earth gravity gra-
dient (NET sheet 1, box 1.2.1) In this case

o Kl 2\~ K4 2\ — 2y — _K1+K4\/§£
EW = T, <(V )c )co+ T, ((V )a. (v )b )sz = T ) Ge

where the acceleration g, is given by (1,4)

_3ueD | (ReN?
ge—ﬁiJz(E> sin 26

Here p. is GM value for Earth, D is the distance of the gyro in question to
the unsupported gyro, J; is the Earth oblateness, R, is the Earth radius, R is
the orbital radius, and § is the declination of the Guide Star.

Same as these two, all the final expressions of the drift rates are sums of
ratios of products of various input parameters.

3.4  Torque Coefficients and the Rotor Shape

To finish with the SD torques, it remains only to describe how the torque
coefficients are evaluated. Suppose that the exact shape of the rotor is known
in terms of the spherical harmonics expansion,

[o% l
r=RO,¢)=3 Y rYi=S .Y, (10)

=0 m=-{ lL,m
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Here the primed frame is fixed in the body of the rotor, T|m are called the rotor
shape coefficients, and

[2L+1 (1 —m)! ;
/o LR AN — m mep,
Yim =Yim(6',¢');  Yim(6,¢) = yT 1 P™(cos f)e*™v;

P["(cos6) are the Legendre functions. If the spin axis is oriented along the 2’
axis, which is, we emphasize, randomly fixed in the body when measuring the
shape, i. e., if § = ', then, as shown in*,

Ki=rx 3 K i=12..15 =21 ()
l=even/odd, I>0 .

where f(,- (1) are known functions of I, such as

Ki0) = [ PO [Pes (VB12) - P (VB12)], 150,

etc. (the complete list of expressions for the multipliers K;(l) is found in ).
Note that no electrostatic torque acts on a perfect sphere, and, accordingly,
no ! =0 term with ryy = v/47r, is present in (11).

However, we need to know the torque coefficients for an arbitrary orienta-
tion of the spin axis in the body of the rotor, that is, when the unit spin vector
8 is at any Euler angles a, 8 to the body fixed axis 2. The problem of their
determination was solved in 2 with the result (* means complex conjugate):

) /2 1
Kp=r 3 RO(za) Y rdes )
m=—|

l=even/odd, >0

Analytical formulas for the torque coefficients including polhode motion of the
spin axis are also obtained in 12; they prove that polhoding reduces torque
coeflicients and thus the total drift error.

The only difficulty with using the formula (12) in practice is that it is
impossible to precisely measure the shape of the coated GP-B flight rotors
without a serious damage to the rotor’s surface. To circumvent that, three
coated GP-B flight class gyros have been anodized, to strengthen their surface
layer, and then their shape was measured, giving the set of the rotor shape
coefficients r{, ., [ < 16 for each ball. Then the torque coefficients as functions
of the spin axis position in the rotor’s body have been tabulated by means of
formula (12). Thus, the ranges of their variation with the spin axis direction
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have been determined. The details of this study, as well as the theoretical anal-
ysis of the torque coefficients, are given in'2. Here we emphasize the following
results: 1)the mass unbalance (I = 1) due to nonuniformity of the rotor coat-
ing extends the ranges of odd harmonics torque coefficients; 2)the centrifugal
asphericity (I = 2) due to the equatorial bulge of the spinning rotor just shifts
the ranges of even harmonics torque coefficients; 3) with the measured mass
unbalance and centrifugal asphericity included, all the three rotors meet the
GP-B requirements on the classical drift with a good margin (almost an order
of magnitude for the plausible case). The last result is obtained, naturally,
with the help of the NET.

4 Remarks on Support Independent Torques

In contrast with SD torques, it is impossible to develop a uniform theory of SI
torques on the GP-B gyro, because of the difference in their physical origin.
With this lack of a unifying structure behind, we face a large variety of SI
torque derivations collected in . One can though detect some similarities
in calculation of torques of the same physical nature, such as electrostatic,
magnetic, differential damping torques, etc. Our first point here is that several
electrostatic SI torques are expressed in terms of the same torque coeflicients
as the SD torques. For example, let us consider

1. Housing fized, misaligned position electrostatic torque due to rotor charging.
The drift rates caused by it are shown to be

EW = —2NS, K—ziﬁfi V2, NS =2EW, K—zg;lK—s V2,

where V. is the rotor to ground potential, and N S, EWy are the NS and EW
misalignments, respectively.

As another example of the SI torques we present the largest of them,
namely
2. Housing fized, misaligned position magnetic torque due to coupling of the
London moment (ML) with the local shield. In this case the drift rates have
been originally calculated in [] as

. » 2
EW, NS} =76 x 105 “ML (no  pyaT ,

3

TwsRy

where Ry is the pick-up loop radius, the misalignments are in marcsec, and the
numerical coefficient produces the answer in marcsec/yr as soon as all other
quantities in the r.h.s. are in the MKS units.
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An interesting example of calculation of the torque caused by eddy currents
in normal metals surrounding the rotor due to the magnetic field of fluxons on
the rotor’s surface may be found in 4.

5 Discussion. Top Contributing Torques

The ‘top’ sheet of the NET in fig. 1shows that our estimates of the drift caused
by the classical torques in both the worst and plausible case meets the GP-B
requirement of 0.3 marcsec/yr with a good margin. It also demonstrates that
the largest expected GP-B error is the measurement error (see !5 for details),
and that the classical torques contribution is on the level of the uncertainty in
the Guide Star proper motion. ’

From the sheet with the non-relativistic drift in fig. 2 it is clear that the
contribution of the SD torques dominates that of the SI torques, and that the
nominal position, preload dependent torques lead among the former.

Finally, the top torques contributing to the drift in either direction are
found in the table in fig. 7, also taken form the NET. The selection includes
all torques with the drift rate larger than 0.001 marcsec/yr. It is seen that only
two of eight (EW) or nine (NS) top torques are support independent ones, and
only one of them (given in the previous section) makes the third place in the

" case of the NS drift. i

The torques listed in fig. 7 provide well over 99% of the classical drift
rate, and only seven of the fifteen torque coefficients are involved in them.
Moreover, the contribution of only three largest torques is slightly below 99%,
and just three torque coefficients and few other parameters are present in
their expressions. On the one hand, this fact makes our estimates of the
torques 'robust’, that is, less sensitive to parameter changes; on the other hand,
it indicates priorities of the post-flight verification regarding non-relativistic
torque errors of the experiment.
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Gravity Probe B Error Tree

Relativistic Worst | Plausible
Drift Rate Motional (EW 3.74E-01 | 2.22E-01
marcsec/yr Geodetic (NS 3.72E-01 | 2,20E-01
]
I1. ~Je.
Drift Rate Relative | 3.43E-01[ 1.93E-01 Proper Motion of 1.50E-01 | 1.10E(
to Guide Star 3.40E-01 | 1.90E-01 Guide Star 1.50E-01 | 1.10E«
1.1, __J12
1.85E-01 | 8.40E-02 Measurement 2.89E-01 | 1.73E-01
1.82E-01 { 8.33E-02 Error 2.87E-01 | 1.71E-01
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Acceleration Dependent, Misaligned Position Torques

Misalignment Worst Plausible

EW 1.32E-03| 1.38E-04
(V)P NS 1.32E-03| 1.38E-04

1.

Accel. Parallel to Roll Axis 1.32E-03 | 1.38E-04

1.32E-03 | 1.38E-04
1.1, Kg

D.C.Voitages 1.32E-03 | 1.38E-04

1.32E-03 | 1.38E-04

1.1.1.
Gravity Gradient, 1.23E-03 | 1.37E-04
Earth -1.23E-03 | -1.37E-04
1.1.2.

Gravity Gradient, -4.76E-04 | -1.41E-05

Sateliite 4.76E-04 | 1.41E-05
1.1.3.
Rotor Charge -2.41E-05 | -8.03E-07

2.41E-05 | 8.03E-07

Fig. 3



Support Independent, Housing Fixed, Nominal Position Torques

Nominal Worst | Plausible
Postuon EW | 7.67E-02| 2.23E-03
NS | 7.68E-02| 2.24E-03
2 b
1.46E-02 | 2.15E-03 Magnetic 2.726-03 | 2.74E-04 Direct Gravity Gradient 7.52E-02 | 5.01E-04
1.526-02 | 2.17E-03 Torques 2.726-03 | 2.74E-04 7.52E-02 | 5.01E-04
2.1, 3.1.
.in Vs 1.46E-02 | 2.15E-03 Var. in Resldual | 2.72E-03 | 2.72E-04 lsmeune Roll Phase | -3.76E-04 | -1.25€-05
Roll 1.46E-02 | 2.15E-03 Fleld at Roll 272603 | 2.72E-04 Var, at Roll 3.76E-04 | 1.25E-05
2.2, 3.2.
.In Roll Phase | -1.176-05 | -2.156-06 Var. in Roll Phase af -1.36E-04 | -3.40E-05 Liquid He 7.52E-02 | 5.01E-04
oll and Vs 1.17E-05 | 2.153E-06 Roll and Residual Fi| 1.36E-04 | 3.40-05 7.526-02 | 5.01E-04
LNV, 4.09E-05 | 2.73E-06
Roll 4.09E-03 | 2.73E-04
In Roll Phase | -6.14E-05 | -1.02E-05
oll and V, 6.14E-07 | 1.023E-07

Fig. 4
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_ Top Torques (plausible case)
ory | Sht.| Box Name / Position Dr. R. marcs/yr
_ l. EW
4 1.2.1. ha-hy, at roll, Nominal 8.23E-02
j 8 2.1. Coupling with local shield, Misaligned, Housing fixed 6.70E-03
5 1.1.1. hgthy , he D.C., Misaligned 6.85E-03
— [ 1 [ 12t Gravity gradient, Earth, perp. to roll axis, Nominal 1.04E-02
6 2.1.1. hathy , he D.C. + Miscentering at roll 7.91E-03
[0 1.1, Direct gravity gradient, Earth, Inertially fixed 3.56E-03
7 1.1. Var. in sensing voltage at roll, Nominal 2.15E-03
6 2.2.1. hathy , he at roll + D.C. Miscentering 1.23E-03
IIl. NS
4 1.2.1. ha-hy, at roll, Nominal 8.23E-02
_ 8 2.1. Coupling with local shield, Misaligned 6.70E-03
5 1.1.1. ha+hp , he D.C., Misaligned 6.85E-03
4 |1223. Gravity gradient, Earth, g°,-g% , Nominal 6.31E-03
3 | 22.2. Difference in Miscenter. Amplitudes at w, +/- 2a, 2.99E-03
; 7 1.1. Variation in sensing voltage at roll, Nominal 2.15E-03
6 2.1.1. hathy , he D.C. + Miscentering at roll 4.29E-03
4 | 2.2.1. hathy , he at roll, Nominal 1.67E-03
6 2.1.1. hathy , he at roll + D.C. Miscentering 1.23E-03

Fig. 7



