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A Small Low Angular Momentum Inertial Gyroscope
M. S. SAPUPPO* AND P. J. PlJOANf

Charles Stark Draper Laboratory, Massachusetts Institute of Technology, Cambridge, Mass.

A single-degree-of-freedom gyroscope, less than 1^ in. in diameter, less than 2 in. long, and
weighing less than J Ib, has been developed for inertial guidance applications. Small size,
high reliability, low power consumption, and ability to withstand extreme environments are
achieved through use of a low angular momentum (2—8 X 103 dyne-cm-sec) wheel. A dis-
cussion of advanced material technology, subassembly design, and a computer-executed
analytical model of the wheel and hence instrument performance are discussed. These are
presented in terms of how they relate to the magnitude and stability of the gyroscope coeffi-
cients.

Nomenclature

D = total drift rate about output axis
Dp — gyro drift rate that is insensitive to accelera-

tion
DU = gyro drift rate proportional to linear accelera-

tion
DK = gyro drift rate proportional to linear accelera-

tion squared
DR = random gyro uncertainty drift rate
ai,as,ao = linear acceleration along input, spin, and out-

put axes, respectively
Di,Ds,Do = drift coefficient due to linear accelerations

along input, spin, and output axes, respec-
tively

Dn,Dss,Dio, = drift coefficients due to square and product of
Dis,DoS)Doo linear accelerations along input, spin, and

output axes, respectively
w0,<o/,o>,s = case angular rates with respect to inertial

space about output, input, and spin axes, re-
spectively

o>o,o>/,co,s = case angular accelerations with respect to in-
ertial space

Ioo,Iu,Iss, = float moments and products of inertia
Ios,Ioi,Isi

H = gyro wheel angular momentum (expressed in
thousands of dyne-cm-sec)

M = total drift torque about output axis
MMF = magnetomotive force
P = permeance
0 = angle about OA
Ims = magnetic suspension current
N = number of suspension turns
Vms = suspension excitation voltage
Zms = suspension impedance
Tn — compensation winding torque
Ic = compensation winding current
0 = phase angle between Ims and Ic
Rx,Zc = compensation resistance, and impedance, re-

spectively
Us = unblance along spin axis
Ui = unbalance along input axis
gi = component of gravity along input axis
gs = component of gravity along spin axis
dpf/dT = flotation fluid density temperature coefficient
V = float volume
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T = temperature of flotation fluid
Uo = apparent unbalance along output axis
go = component of gravity along output axis
KAB = deflection along A axis due to a unit load along

B axis
m = effective mass displaced (may be different for each

term)
d = deflection along input axis
KA = axial stiffness of bearing pair
KR = radial stiffness of bearing pair
ao = acceleration along output axis
Mw = mass of wheel
A a = attitude angle
R = running torque in dyne-cm

Introduction

THE concept of the low angular momentum gyro was de-
rived through experience in the design and development

of high-performance Pendulous Integrating Gyroscopic Ac-
celerometers (PIGA). By utilizing the basic design princi-
ples of the gyroscopic element of the PIGA, an inertial gyro-
scope was obtained which has the ability to withstand high
linear acceleration and high slew rates about the input axis.

This paper describes the small low angular momentum
(SLAM) gyroscope. It is less than lj in. in diam by 2 in. in
length and weighs less than \ Ib. Basically, the SLAM gyro
consists of three separate cylindrical structures (Fig. 1).
The innermost structure is the spinning wheel (angular
momentum generator), which is supported by the middle
structure (the float). In turn, the float is supported by the
outer structure (main housing and two end housings) by
means of electromagnetic suspension and flotation in a damp-
ing fluid. With this single-degree-of-freedom construction,
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Fig. 1 SLAM gyro, cutaway view.
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the gyro wheel is free to precess only in response to compo-
nents of angular velocity received along the gyro input axis.

The SLAM gyro has an angular momentum of 8 X 103

dyne-cm-sec as compared to those gyros with comparable per-
formance but having a higher angular momentum from 30 to
250 X 103 dyne-cm-sec. In general, the lower the wheel
angular momentum, the smaller the size. Also, the lower the
wheel angular momentum, the lower the power to drive the
wheel, and for a given input rate, the lower the torque motor
power required when the unit operates in the torque-to-
balance mode. Thus, advantages of small size and low power
both result in this gyro design.

Generally, high performance has not been associated with
low angular momentum. For a given input rate, the lower
the angular momentum, the lower the precessional torque
about the output axis, and the higher the ratio of uncertainty
torques about the output axis to the precessional torque or
information containing torque. Therefore, to achieve high
performance with low angular momentum requires low un-
certainty torques about the output axis of the unit. The
manner by which the SLAM gyro achieves this requisite is
the major area of discussion in this paper. The design of the
SLAM gyro entails a tradeoff between angular momentum
and power to achieve small size and weight, without sacrificing
performance.

SLAM Gyro Technology

Characteristics of Drift Performance

The technology of the SLAM gyro is a combination of ma-
terial, fluid, electromagnetic, and hydrodynamic gas bearing
developments. How the technology in these fields relate to
gyro performance can, for the most part, be shown by relating
them to the equations for the torque about the output axis of
the single-degree-of-freedom floated integrating gyro operat-
ing in the closed servo loop, inertially stabilized mode.1 To
simplify the analysis by including only those terms pertinent
to the discussion, cross-coupling, cylindrical, and anisoelastic
resonance effects, and coning torques are neglected for the
inertially stabilized case. The resulting and basic gyro drift
equation is given as

D = DF + Du + DK (1)
The DF drift coefficient is a fixed term dependent on the

electromagnetic-element reaction torque and the flex lead
torque. Reaction torque is involved in the magnetic suspen-
sion of the float and in the microsyn structures of the torque
generator and signal generator.

If the acceleration and acceleration squared coefficients are
expanded, Eq. (1) becomes

D = DF D0a0 + Dsas

DR (2)

When the gyro is in the torque-to-balance mode of opera-
tion, for instance in a strapdown system, terms resulting from
dynamics must also be added to include the angular motion
torques (since the gyro is no longer on a stabilized member)
and the rebalance loop errors. These terms involve other
SLAM gyro parameters that are affected by the design. The
linear acceleration torques for the strapdown case are identi-
cal to those described for the inertially stabilized case.
Since the rebalance loop errors are essentially a function of the
torque-to-balance electronics, they are not relevant to this
discussion. The angular motion torques remain to be con-
sidered. First the torque (Mo) on the float assembly is writ-
ten in the form

Mo = (dHf/di)i (3)

equation may be derived the complete equation involving the
gyroscopic torque acting along the output axis of an "ideal"
single-degree-of-freedom gyroscope (ZZco/) and the other
torques resulting from rigid body rotational motion; namely
the output axis acceleration torque, anisoinertia torque, gim-
bal product of inertia torques, cross-coupling torques, and
gimbal and rotor misalignment torques.2 To simplify the
discussion, the latter two will not be considered.

Rewriting Eq. (3) relative to the gimbal frame, applying
the law of Coriolis, writing the angular momentum of the float
assembly as the vector dot product of the float moment of
inertia tensor and the angular velocity of the gimbal with
respect to inertial space where the float angular momentum
is the vector sum of the gimbal angular momentum and the
rotor angular momentum, and performing operations with the
float and gimbal moment of inertia tensor yields the following
equation :

MO — I oo($o + coo) + (In — Iss)usui — ZZco/ +
+ 707 (<0/ + COoCOs) — Zs/CO/2 (4)

Gyro drift, Eq. (1), may be rewritten in terms of torques
about the output axis as

= M MK

and

i = DiH:i = F,U,K,R

(5)

(6)

which describes the rate of change of angular momentum of
the float (H/) relative to inertial space. From this basic

The drift coefficients (Z)'s) are normally expressed in deg/hr
or milliearth rate units (0.015°/hr = 1 meru) and the torque
coefficients (M's) in dyne-cm. Without conversion factors
for Eq. (6), Z); must be in rad/sec and H in dyne-cm-sec for
Mi to be in dyne-cm. For a given value of 7)t-, the lower H
is, the lower Mi must be. Thus, a gyro with ten times less
angular momentum than a high H unit has ten times more
difficulty in achieving a given performance than the high H
unit.

Substituting Di = 1 meru into Eq, (6) yields an expression
for the uncertainty torque about the output axis vs wheel
angular momentum for a 1-meru performance criterion; M
= 73 H judyne-cm.

Unless a single-degree-of-freedom instrument, whether it be
accelerometer, gyro, or viscous integrator, has a torque sta-
bility about its output axis commensurate with its desired
performance in a benign environment, there is little point in
considering its performance in a dynamic environment. In
the case of the gyro, this means that the Dp and DR coeffi-
cients must be considered before one considers the Z)/, Z)//,
. . . unbalance and compliance terms.

Ideally it is desirable to be completely free of error terms,
but in practice this is impossible. Short of this, the approach
is to quantify each of the error coefficients and depend upon
their magnitude remaining constant such that they may be
compensated or accounted for by means of an onboard com-
puter. The magnitude and uncertainty of each of these
error coefficients may be related to the design of one or more
of the SLAM gyro subassemblies. In terms of those error
coefficients involved in the acceleration-insensitive, the
linear acceleration, and angular motion error torques; the
coefficients of interest are: DF, DR, Z)/, Ds, Do, Z)//, Dss,
Doo, Dio, Dis, Dos, loo, In, Iss, los, Ioit

 and Isi> a11 as de~
fined previously. These error coefficients are discussed in
terms of which aspect of SLAM gyro technology affects their
magnitude and stability, and specifically which gyro tech-
nology has been applied to optimize the SLAM gyro per-
formance. Table 1 summarizes each error coefficient and the
design technology influencing its magnitude and stability.

Float Suspension

The float of the SLAM gyro is supported in the same man-
ner as most conventional Draper Laboratory single-degree-of-
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freedom instruments, by the buoyant force of the flotation
fluid, and by a passive magnetic suspension.3 The suspen-
sion rotor is fabricated from ferrite, the permeance of which
may not be uniform throughout due to the nonhomogeneity
of the ferrite material. As a result, the magnetic suspension
produces a torque about the output axis which becomes the
major contributor to the reaction torque (TR) influencing the
DF error coefficient;

TR oc MMF*dP/dB cc (ImsN}*dP/de (7)
TR = K^V/Z^Y (8)

The variation in reaction torque with suspension excitation
voltage is given by

dTR = 2(dVms/Vms)TR (9)

This variation in reaction torque due to suspension excita-
tion voltage variation affects the performance of the SLAM
gyro in the following manner. For TR = 0.5 dyne-cm, and
dVms/Vms = 0.001 (0.1%), the variation in reaction torque
equals dTR = I X 10~3 dyne-cm. For an angular momen-
tum of 8000 dyne-cm-sec, the variation in the acceleration-
insensitive drift term corresponding to this variation is dDF
« 2 meru. Thus, the variation in DF due to a 0.1% suspen-
sion voltage stability would represent a serious performance
limitation of the SLAM gyro. For a gyro with an angular
momentum of 50,000 dyne-cm-sec, the same value of TR and
variation in suspension excitation voltage would produce a
variation in DF of less than 0.3 meru.

The design of the SLAM gyro circumvents the large dDF
problem by means of a compensation winding that is wound
integrally with the suspension windings.3 The magnetic
suspension with the addition of the compensating winding is
similar to a two-phase motor winding. When the windings
are excited with time-phase displaced currents, a rotating
magnetic field is developed. The rotating magnetic field,
induced in the ferrite suspension rotor, interacts with the
hysteresis ferromagnetic material to create a rotational torque.

The reaction torque magnitude, Eq. (8), and variation with
suspension excitation voltage variation, Eq. (9), are com-
pensated so that torque coefficient MF due to reaction torque
and dMF due to the variation in reaction torque become
nearly zero. Hence, drift coefficients DF and dDF corre-
spondingly become nearly zero.

Currently under development to replace the passive mag-
netic suspension is an active magnetic suspension. The pas-
sive suspension requires a constant input power, and has a
nearly linear displacement vs force characteristic. In gen-
eral, more stiffness means more power and/or a larger volume.
Active suspension is a major advance in float suspension tech-
nology in that it requires very low power when low force in-
puts are applied to the float, and it has a lower power require-
ment than passive suspension for the same force input. The
force vs displacement curve for active suspension can be a
high-order function of displacement, and, in general, can be
tailored within certain broad limits to achieve a much higher

Table 1 Design aspects influencing error coefficients

Error
coefficient Design aspect

DF Output-axis float magnetic suspension, signal gen-
erator, and torque generator design; flex lead
torques

Float balance capability along spin and input axes
Angular momentum generator (spin motor) design
Float design

Di,Ds

DR

Doo

Thermal and total assembly stability, fluid homo-
geneity, basic material stability

Negligible magnitude

ATAM SUSPENSION

-10
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-40
-50

+50 +100 +150
RADIAL DISPLACEMENT

(microinches)

Fig. 2 Radial stiffness, passive vs active suspension.

stiffness. Active suspension can be utilized to minimize the
float displacement radially and axially when the gyro is sub-
jected to extreme environments.

The lower the float displacement and the lower the suspen-
sion power for a given force input to the float means that, in
general, the lower will be the uncertainty torques about the
output axis. Ideally, it would be desirable to have no suspen-
sion force with no force input to the float and, thus, no uncer-
tainty torques due to the suspension. This is particularly
ture to space applications where force inputs to the float near
zero are achievable.

The active suspension utilizes the same suspension stator
coil and rotor configuration as the passive suspension, except
that the volume may be made smaller by decreasing the num-
ber of stator turns and the volume of stator iron and rotor
ferrite. Such a change in the SLAM gyro could halve the
float output-axis inertia.

Figure 2 shows a plot of the stiffness of the active suspension
vs the passive suspension.

Signal Generator and Torque Generator

The signal generator (SG) of the SLAM gyro is a variable
reluctance angle-to-voltage transducer known as a microsyn.
The rotor is a ferrite material secured to the float and the
stator is an assembly of bonded laminations containing twelve
poles with wirewound coils interconnected to provide an
E-type configuration.

Normally, the performance of the single-degree-of-freedom
gyro is affected by the elastic restraint (KER) of the microsyn;
however, the design of the SLAM gyro eliminates elastic re-
straint by compensation. This is achieved by subtracting
and adding the necessary amount of energy from the appro-
priate poles as the rotor is displaced angularly. A capacitor
is added across the secondary winding to load the winding and
draw a given current (in-phase with the primary current) that
is proportional to angular displacement.

The SLAM gyro employs a dual permanent-magnet torque
generator, one on each end of the float. The permanent-
magnet structure consists of an N-pole composite magnet with
a soft-iron return path and a torquing coil assembly. The
magnet is composite in that the magnet ring and poles are
made of different materials. A high permeability material
such as Carpenter 49 is used for the ring and Alnico IX poles

CENTER OF
BUOYANCY

Fig. 3 Float balancing
analysis.



974 M. S. SAPUPPO AND P. J. PIJOAN J. SPACECRAFT

HYSTERESIS RING

THRUST PLATE

Fig. 4 Angular mo-
mentum generator.

are mounted to it. The advantage of the soft-iron ring is
that due to its high permeability relative to a normally used
hard iron (25 X 103 larger), fringing between the permanent
magnet and the suspension inside of the ring is eliminated.
The coils are mounted on a holder attached to the float, and
they are excited through flex leads.

Viscous Integrator

The preceding paragraph discussed the torques about the
gyro output axis that contribute to the drift coefficient DF.
The evaluation of the uncertainty of these torques and the
contributors to DR) such as flotation fluid thermal torques,
and random components of the electromagnetic element
torques can best be accomplished by means of a viscous
integrator. This interim test vehicle consists of a solid float
with ferrite rotors on each end supported by flotation fluid
and magnetic suspension. A microsyn signal generator is at
one end and a torque generator at the other end. Thermal
control of the instrument is identical to that of the final instru-
ment; integrally wound heater-sensor windings are on the
ends and belly of the case as part of a proportional-type tem-
perature control system. Flotation fluid and electromagnetic
element gaps are identical to the final gyro design. The float
is balanced about the output axis by using the techniques de-
scribed later.

The performance of the viscous integrator (operated in the
torque-to-balance mode by means of an analog servo) evalu-
ates the magnitude and uncertainty of all compensated
torques previously described and all of the contributors to the
Dp term, except flex-lead torque and those torques produced
by the internal float thermal conditions generated by wheel
power. (However, a viscous integrator with flex leads has
been tested.) Test results to date indicate a long-term (days)
OA torque stability of 200 /xdyne-cm peak-to-peak (the
equivalent of 0.3 meru) for a unit with an angular momentum
of 8000 dyne-cm-sec. Short term (hr) torque stability is 80
jLtdyne-cm peak-to-peak with both the microsyn and suspen-
sion reaction torque and the microsyn elastic restraint com-
pensated.

Float

The float consists of the main gimbal structure, the angular
momentum generator and its supports, flotation weights, two
magnetic suspension and microsyn rotors, and flex lead termi-
nals. The design of this structure is critical to the perfor-
mance of the SLAM gyro since it is the torque summing mem-
ber. Design of the float encompasses many facets of engi-
neering technology such as material behavior, magnetism,
strength of materials, chemistry, heat transfer, and thermo-
dynamics. Some of the considerations in the design of the
float are that it be as symmetrical as practically possible
about the output and spin axes and that the float inertias, dif-
ferences of inertias, and product of inertias be as small as pos-
sible. Choice of float materials is extremely important from
the standpoint of dimensional and thermal stability, ease of
machining, surface finishes obtainable, and compatibility with
the materials such as adhesives, potting compounds, and flota-
tion fluid. This last item is particularly important in light of
the degree of activity of some of the high-density gyro flota-

tion fluids. Float material properties which are particularly
desirable are low porosity, nonmagnetic, high strength-to-
weight ratio, and high thermal conductivity (to minimize
float hot spots). Other considerations in float design are the
use of materials with matched thermal coefficients of expan-
sion and the assurance that all parts of the final assembly be
as stress-free as possible to minimize creep.

The error coefficients relative to the float are the unbalance
terms, the inertia terms, most of the compliance terms, and
D0. The first terms to be considered are unbalance terms D/
and Ds, which result from float unbalance about the output
axis along the spin and input axes, respectively4;

= Usgi/H, Ds = Uzgs/H (10)
Using the terminology and considering the orientation of the
unit with respect to g defined in Fig. 3, the unbalance torque
about the output axis in a one-gravity field is

Mus = -g(aM + dM) (H)

This equation is true only if the flotation fluid density is such
as to put the float at neutral buoyancy. If the float is not at
neutral buoyancy, Eq. (11) becomes

Mus = -a[Mg + (dpf/dT)VAT] - dMg (12)

From Eq. (12), it can be seen that the unbalance sensitivity
to temperature is:

AMUS/AT = -a(dpf/dT)V (13)
The quantities dpf/dT and V are known, and for a given

gyro temperature change, terms AT and AM may be mea-
sured. Thus term a. may be computed. Further, by know-
ing MUS at its flotation temperature, term d may be computed
fromEq. (11).

The task of float balancing involves making both a and d
as small as possible to minimize the float unblance magnitudes
and temperature sensitivity. The means by which this is
accomplished in a gyro of larger size is through the use of
adjustable balance weights on the float. In the SLAM gyro,
this becomes impractical because of the small float size and
the instability of typical unbalance correction hardware when
the unit is subjected to extreme environments. For example,
a 10-juin. shift in a 30-mg balance weight produces a gyro
unbalance coefficient (Di,Ds) shift of 1 meru/gf (H = 8000
dyne-cm-sec). The approach to balancing is to first perform
a coarse balance in a tank by means of a limited number of
weights which are then permanently fixed. Following this,
the unit is final-assembled and then tumble-tested to deter-
mine precisely the gyro unbalance coefficients and values of
a and 5. The gyro is then fine balanced (making a and d as
nearly zero as possible) by removing a controlled amount of
material from the float.

By using electrical discharge machining (EDM), the mate-
rial removal can be achieved without disassembly of the gyro.
The gyro is placed in a fixture with EDM probes that go
through small holes in the case. Fine balancing is achieved
with the gyro in the flotation fluid and operated in the torque-
to-balance mode while being tumbled about the output axis.
A vacuum system on the probes removes the machined mate-
rial from the gyro. The advantage of this method is that the
gyro does not have to be disassembled, which can cause
changes in float balance. Flex lead changes can change the
unbalance by as much as 1 meru/gr (H = 8000 dyne-cm-sec).
Initial experiments with EDM indicate that a resolution of
less than 0.5 meru/0 is feasible.

The last unbalance term is D0, which is due to an apparent
unblance along the output axis;

Do = Uogo/H (14)

Unlike the other mass unblance terms whose physical signifi-
cance can be easily grasped, the physical source of this term
that is proportional to acceleration along the output axis is
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difficult to identify. The cause of this term was identified on
a larger inertial gyro to be primarily due to thermal convec-
tion forces of the fluid around the float balance hardware.
Since the SLAM gyro has no float balance hardware, and
since the float is completely free of any holes or indentations
around its periphery, it presents no known mechanisms for
the DO term.

The remaining compliance terms to be discussed are Dw,
DII, Dss, and D0o- There is no known gas-bearing wheel
mechanism for any of these terms. The compliance coeffi-
cients relative to the float may be expressed as

(15)

(16)

wheel, a gas bearing need not deflect in the same direction as
the load. The angle between the load and the deflection is
called the attitude angle. Thus, loading along the output
axis can give rise to a deflection along the input axis of

DIO = Dn =
DS8 = -KIsm*/H, Doo = K0om*/H

There is no known mechanism for displacement of a gas bear-
ing along its spin axis due to an acceleration along the input
or output axis. Test results from larger gyros, when com-
pared to similar tests on viscous integrators, indicate that two
possible mechanisms exist for these terms. The first is the
true float compliance, and the second is due to the variation
in wheel power with acceleration. An acceleration force on
the gyro affects its operation by changing the gas-bearing load
on the motor, which in turn changes the motor torque applied
to maintain wheel synchronism. A change in power flowing
to the motor can furthermore have a secondary influence on
gyro torque because of the difference in thermal dissipation.
This thermal change may affect the gyro unbalance due to
thermal deformation and cause fluid flow torques. No mea-
surements have been made in the SLAM gyro to ascertain to
what degree such an effect is present and whether it varies as
<72 so as to appear as a compliance term.

The error coefficients I0o, /// — Iss, I so, loi, and I si are
associated with the float design. The difference of inertia
term (/// — Iss) and the product of inertia terms (I0o, I0s,
and loi) can be made very small. The computed value of the
product of inertia term indicates that they are less than 0.005
g-cm.2 From Eq. (4), the error torque due to these terms for
the strapdown system case is the product of the product of
inertia with either a body angular rate squared or the product
of two orthogonal body rates. When the product of inertia
term is 0.005 g-cm2 and the body rates are 0.5 rad/sec, the
resulting gyro output is equivalent to 2 meru for an H — 8000
dyne-cm-sec.

For the application of the SLAM gyro (or any gyro) to a
strapdown system, the gyro outputs resulting from the prod-
uct of body angular rates with the difference of inertia term
should be compensated with a computer (depending upon the
system accuracy required) . The same is true for the product
of the OA inertia and angular acceleration about the output
axis. The computer compensation of both these terms is part
of the strapdown mechanization. For the SLAM gyro, a dif-
ference of inertia of 0.1 g-cm2 coupled with body rates about
the input and spin axes of 0.5 rad/sec results in a gyro output
the equivalent of 40 meru (H = 8000. dyne-cm-sec) . On the
other hand, the OA inertia of the SLAM gyro coupled with a
tyipcal space vehicle body angular acceleration results in a
gyro output the equivalent of greater than hundreds of meru.

Angular Momentum Generator

Error coefficients related to the angular momentum genera-
tor are the compliance torques due to the anisoelastic struc-
ture of the float (DK) as given by Eq. (2). Two of the terms
in Eq. (2) are affected by the design of the angular momen-
tum generator: namely, terms DIS and D0s- This is par-
ticularly true for hydrodynamic gas-bearing wheels such as
the spool gas-bearing design in the SLAM gyro. Before de-
scribing the spool design and its design features that enhance
the performance of the SLAM gyro, a brief description of the
mechanisms for the terms is in order.

The DIS and DOS terms result from the fact that, for a
radial load such as acceleration on the rotating mass of the

di = KRa0Mw siuAa (17)
If a force exists along the spin axis, this gives a drift rate of

Wd = diasMw/H = KRasa0M2 smAa/H (18)
or

DOS = KffMw2 sinAa/H (minor compliance term) (19)
In a similar manner, the major compliance term is

DI8 = (KA - KR GOsAa)M2/H (20)
Note that KA and KR are not to be confused with Kn and K$s,
which are the reciprocal of KA and KR, respectively.

Using the wheel parameters of KR = 50 juin./mg, Mw = 5
g, H = 8000 dyne-cm-sec, assuming a maximum allowable
value of DOS = 1 meru/02, and solving Eq. (19) for Aa yields
the maximum allowable value of Aa = 11°. This attitude
angle and less has been achieved in the wheel design. Con-
sidering the major compliance term, with an 11° attitude
angle, KA may be mismatched from KR by 18% to yield a DIS
term of less than 1 meru/02. Again less than this degree of
mismatch has been achieved through careful design of the
radial and axial bearings of the SLAM gyro wheel.

The gas-bearing gyro wheel for the SLAM gyro is an end-
thrust type, spool, hydrodynamic gas bearing. The basic
principle of operation of this wheel is that the rotor rides on a
thin film of pressurized gas, between the rotor and stationary
journal and thrust plates. The rotor is gas-borne, with low
friction, the only rubbing occurring during starting and stop-
ping.

The gyro wheel consists of a journal, two thrust plates, a
rotor, and a hysteresis ring (Fig. 4). The journal is a solid
shaft which contains herringbone pumping grooves to elimi-
nate rotor half-frequency whirl and to generate supra-ambient
internal rotor support pressures. The thrust plates have
whipple grooves extending to the outside diameter for maxi-
mum pressure flow, and with a dam on the inside diameter to
minimize gas leakage. The rotor is a simple annular cylinder
which operates free of contact from the thrust plates and
journal. The hysteresis ring is a laminated ring which has
hysteresis properties to provide wheel driving torque. The
journal, rotor, and thrust plates are fabricated from fine-grain
boron carbide, which appears to be virtually wear-free. The
main feature of the boron carbide wheel is the manner in
which the material enhances the wheel performance. The
grade of boron carbide used was designed particularly for the
SLAM gyro application. The characteristics of the boron
carbide material are discussed later.

The rationale behind the wheel design is that there are
inherent benefits resulting from gas-bearing miniaturization.
Because of the low angular momentum, a high slew capability
is achieved. The low rotor weight combined with a high sur-
face area of support per unit of volume, compared to a high
angular momentum wheel, means a high acceleration and
slew capability. The small size of the wheel also enhances its
thermal and mechanical stability, resulting in low thermal
expansion and creep characteristics. Even with more than
adequate torque reserve from the hysteresis motor, which re-
sults in no hunting, the input power is low due to the low
drag torque. The wheel does not require overvoltage to start
and has a rapid run-up and run-down time with the rotor not
rotating at the stopping point during run-down due to pre-
touchdown oscillation. Therefore, wear during the stop-
cycle of the rotor is practically nonexistent. As a result, no
lubricant is used on the gyro wheel. High-performance gas
bearings require microinch geometric tolerance of the critical
surfaces that determine the degree of gas pressurization avail-
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Fig. 5 Gas bearing compliance terms vs angular momen-
tum (wheel speed variation).

able for support of the rotating mass. The wheel design used
has been exclusively the spool-type configuration for ease of
fabrication; that is, the plane and cylindrical surface are
easily manufactured and inspected. The machining toler-
ances are on the order of 5 /-tin., which is now achievable in
production. In conjunction with the design, manufacture,
and testing of miniature-type gas bearings, a theoretical
analysis has been used by means of a computer program to
facilitate predicting the performance and to optimize the de-
sign of the spool-type gas bearing. The slew capability of
the wheel vs wheel angular momentum (wheel speed vari-
ation) over a range of 4000-9000 dyne-cm-sec increases
linearly from 110 to 120 rad/sec. The radial g capability
increases linearly from 275 to 650 g and the axial varies
linearly from 400 to 900 g over the same angular momentum
range.

Figure 5 shows compliance terms as a function of wheel
angular momentum. The nominal running torque is given
by the following equation, except for values of H <4000 dyne-
cm-sec :

R = 371H - 184 (21)

The boron carbide wheel technology replaces a wheel manu-
factured in high quantity which has beryllium shaft and thrust
plates and a rotor of a glass-ceramic material, pyroceram.
Although that wheel has operated in thousands of units for
millions of hours with a low failure rate, the design has definite
deficiencies. Specifically, the main deficiencies are that pyro-
ceram does not have sufficient wear resistance and tends to
deposit itself in the thrust plate grooves when high speed
touchdown occurs; this results in a decreased gap and sub-
sequent possible failure of the rotor to start. The other defi-
ciency is that it is difficult to control contamination on the
machined surfaces because of the porosity of beryllium. Also,
the beryllium thrust plates and shaft require the application
of a boundary lubricant for stop-start reliability.

Boron carbide (B4C) is a hard, stiff ceramic with a specific
gravity of 2.52, readily lending itself to gas-bearing and other
precision-instrument applications. Commercially formed by
biaxial hot-pressing of fine B4C powder (formed by a number
of chemical processes) at temperatures typically in the 2000° C
range, the resulting material has greater than 99% of theoreti-
cal density (2.52 g/cm3 or 156 lb/ft3). It is also possible to
achieve a total of boron and carbon content of greater than
99% (that is, total impurities less than 1%), although some of
the carbon may be uncombined with boron. This free carbon
can be of the order of f % to 1%, and never more than 2%.

Typical of this polycrystalline material is a hardness of 2800-
3000 on the Knoop100 scale (second only to diamond at -7000,
and the newly developed and introduced cubic boron nitride
at «4400). Hardened bearing steels are typically in the
Knoopioo 700 range. Also, the Young's (or elastic) modulus
for boron carbide (65 million) is greater than that for beryl-
lium (44 million), lending to the usefulness of boron carbide in
both bearing and structural loads. Figure 6 shows a plot of
the modulus of elasticity vs specific gravity for various mate-
rials.

One supplier currently has a high-density, high-purity
boron carbide with a 5-ju average grain-size, while most com-
mercial samples typically show an average grain-size of 20 to
30 ju or more. Two development programs have been insti-
tuted with the intent of producing a superior quality poly-
crystalline boron carbide. One program goal is the achieve-
ment of an average grain-size of less than 1 /x (40 millionths
of an inch). It is, of course, desirable to improve other prop-
erties as well as grain-size (porosity, purity, hardness, etc.),
but they are often related to a fine-grained material, and
grain-size often indicates these other parameters.

Boron carbide wheels do not require a boundary lubricant
as the beryllium-pyroceram wheel did. Initial wear-testing
of unlubricated boron carbide against boron carbide led to a
somewhat perplexing discovery—that the surface finish of the
boron carbide improved considerably as wear-testing con-
tinued. Further investigation and development of this phe-
nomenon led to what is now called the boron-carbide, high-
speed dry-lapping technique. This lapping technique has
advanced to the point where surface finishes attainable on
boron carbide are equalled by those of only a few other mate-
rials.

The characteristics of the boron-carbide dry-lapped surface
are the following. 1) Surface finish: the surface finish of a
sample after dry lapping is less than 1 /xin. A A, and estimated
to be 0.1 juin. A A and scratch-free. 2) High reflectivity: dry-
lapping produces a mirror-like surface on the sample. This
is very helpful in showing up dust particles, fingerprints, and
other forms of contamination that would be detrimental to
the operation of the gas bearing. 3) Coefficient of friction:
preliminary tests indicate that the coefficient of friction of
two boron carbide samples sliding against one another is ap-
proximately 0.09 (uniform slip on an inclined plane). 4)
Geometry: critical surface conditions (roundness and flat-
ness) are easy to produce with the dry-lapping technique.
Extensive testing in this area has shown that small parts can
be rough lapped to a flatness of 10 jLtin. and final lapped to a
flatness of less than 5 /un. with no difficulty. 5) Decreasing
wear-rate: the wear produced by the dry-lapping technique
is probably the most interesting feature possessed by boron-
carbide. Test data indicate that for a constant force applied
to a sample with a constant surface speed, the wear per unit
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Fig. 6 Modulus of elasticity vs specific gravity for various
gas bearing materials.
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to time decreases during the lapping operation. This feature
if of particular importance in gas-bearing performance; typi-
cal operating clearances in a high-performance gas bearing are
40 /iin., and these clearances are considerably reduced under
load. If at any time the bearing were to be overloaded and
moving parts touched, wear particles could be generated and
cause catastrophic failure of the gas bearing. A bearing made
of boron carbide with dry-lapped running surfaces, however,
reduces this possibility considerably.

Conclusions

The feasibility of the SLAM gyro is very dependent upon
the magnitude and stability of drift coefficients DF, DU} DK)
and DR of Eq. (1). Due to the relationship stated in Eq. (6),
to achieve this requisite with a low angular momentum means
that each term's contributions to uncertainty torque about
the output axis must be small compared to the signal torque.
This must be true in a benign as well as an extremely dynamic
environment (external accelerations and angular accelera-
tions). To quantify small, an input rate of 1 meru to a gyro
with an angular momentum of 8000 dyne-cm-sec results in a
torque about the output axis of about 600 /-tdyne-cm. The
achievement of a torque uncertainty about the output axis
due to DF, Du, DK, and DR of this value is the technology of
the SLAM gyro.

The SLAM gyro is well suited for strapdown guidance sys-
tem applications for the following reasons: a) the ability of
the angular momentum generator to withstand high angular
rates; b) a low angular momentum, which means the TG
generated torque to balance the torque due to the input rates
is low when compared to a unit with a high angular momen-
tum; c) because of item b and the use of a dual permanent-
magnet torque generator, the power required by the torque
generator for high rates is extremely low (less than f w for
60°/sec); d) the permanent-magnet torque generator design
has the linearity, hysteresis, and scale factor stability com-
mensurate with the requirements of high accuracy strapdown
systems.
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Frequency Stability Characteristics and Stabilization
Techniques in an SSB-FDMA/PhM Multiple Access System

S. J. ANDRZEJEWSKI*
Westinghouse Electric Corporation, Defense and Space Center, Baltimore, Md.

The system is described and its frequency stability characteristics and stabilization tech-
niques are investigated and analyzed. Utilizing Fourier analysis techniques, the
causes of the test tone frequency instability are identified and measured. The system's
present AFC unit is described in detail and its shortcomings from the standpoint
of reducing the instability factors are presented. Alternate AFC configurations are discussed
and the most promising technique (called the reference carrier technique) found to date is
described in detail. This entails a description of the instrumentation of the technique and
its advantages and disadvantages from a system standpoint. Also the equations that deter-
mine the degree of stability compensation are derived and the requirements for optimum
compensation are determined. Measurements are presented to show the degree of compensa-
tion obtained and the various factors that affect it. It was found that the technique has an
amplification effect on thermal noise thus causing an increase in the noise components at
frequencies greater than the test tone frequency. Because of the aforementioned effect and
the fact that the baseband noise spectrum varies linearly with frequency, the limiting condi-
tion for the reduction of the instability is thermal noise.

Introduction

ONE of the communication experiments that is being
conducted on a series of Applications Technology

Satellites (ATS) utilizing three ground stations (Mojave,
California; Rosman, North Carolina and Cooby Creek,
Australia) is the testing of a unique SSB-FDMA/PhM multi-
ple access system.

The experiment is being conducted on two spin stabilized
geostationary satellites (ATS-1 and ATS-3) as a part of the
NASA/Goddard Space Flight Center Applications Tech-
nology Satellite Program. During the test phase, it was
noted that an excessive amount of short-term frequency
variations were present on the test tone at the output of a
receive multiplex channel. These variations are due in part
to incidental angle modulation impressed on the test tone
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