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I ntroduction
SCISSORED-pair control-moment gyros have been ardiencbver a century. Brennan’s monorail used two

counter-rotating flywheels with gearing betweerirtggmbals to provide symmetric stabilization arduaft or right

turns [1, 2]. Also referred to as twin gyros, soresl pairs maintain equal-magnitude and opposipe-gimbal

angles for two control-moment gyros (CMGs) withgll gimbal axes [3, 4]. A scissored pair, likeyarray of

CMGs, provides attitude-control torque via momentxuohange with the body on which it is mounted. Bkglab-

era Astronaut Maneuvering Research Vehicle used@ad pairs for attitude control [5, 6]. Theseickew have also
been studied as gyrodampers of large space stescfdr 8]. A robot with single revolute joints rées output

torque along a single axis. The enforced symmetry scissored pair provides such a torque withpttbducing

large reaction torques in the robot. Such a systeutd be used to rapidly maneuver a payload wih feower than
rapidly maneuvering the entire spacecraft [9].

We consider a scissored pair that uses a mechaminatraint, such as gears or a mechanical linkagenforce
the gimbal symmetry. We compare it to a scissor@d @f independent CMGs. Each CMG in a scissordd gfa
independently driven CMGs has its own gimbal motehjch needlessly uses power to react what shoelé b
workless constraint torque. As explained in thisendhe gear cancels certain torques that wouldraike act on
the independent CMGs. The gear also replaces théntlependent gimbal motors with a single motorictwimay
represent improved mass and volume efficiency & dkectromechanical design. An early double-gin®sIG
concept with mechanical synchronization is desdribpe Liska [10]. This note discusses the reductiopower use
and the effect on motor size that a geared scidgmi provides as compared to an independentseidpair.

Scissored pairs attempt to mitigate some of thiécdlfies associated with traditional CMGs thatsarfrom the
changing direction of the CMG output torque. Accoodiating the changing output-torque direction is agithe

greatest challenges of CMG-based attitude-conyistesn design because this effect can lead to iateingularities
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[11]. When a CMG array is singular, it cannot proglthe commanded torque. Singularities in scisspag occur
only if the commanded torque exceeds the capalufithe scissored pair in magnitude or if the motmenstored
in the pair is at a maximum. These saturation $argies occur in any actuator. Scissored pairgtise offer a
singularity-free range of angular momentum, unltlker CMG array geometries [12]. Essentially asswisd pair
array provides a set of constant-direction, vagahhgnitude momentum vectors whereas typical CM@yar
provide a set of constant-magnitude, variable-tisecnomentum vectors. Scissored pairs also hawgigue zero-
angular-momentum configuration, which simplifiesnmaaver design. However, their singularity-free perfance
artificially limits the momentum envelope of a stsed-pair array by constraining the available outprque of the
pair to a single line instead of a disc. This mbdes not investigate the relative merits of suclarmay. Rather, we
focus on the internal torque cancellation and #wilting power savings for a geared scissoredgzagompared to

an independent scissored pair.

Analysis
In this analysis, the combined inertia dyadic @& gimbal structure and the rotigr of each CMG is assumed to

be spherical and hence constant in any frame. Ustogepresent the unit dyadic, the CMG inertiaxigressed as:

I+l =1 =11 (1)
The gimbal torque errors due to this assumptionsanell, as discussed below. This value also inaatps the
effective inertia due to output-axis compliance][13he gimbal angleg, the body rate relative to the inertial N
frame, ®®", and the rotor momenturh,, which is constant in the gimbal frame, are shawfig. 1. The gimbal

axis, g, comes out of the page. Taking the derivativehan gimbal frame and applying the transport theogaras

the derivative of the CMG angular momentum:
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An overdot indicates the time derivative of a scadaéd we use the following notation to indicatéeaivative in the

N frame:
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Fig. 1 Scissored pair geometry.
The torque applied by the gimbal motor on the firfsthe two CMGs acts only along the gimbal axid énthe

dot product of¢g and Eq. (2). For the second CMG of the scissoasd fhe gimbal rate is opposite the first. The
rotor momentum magnitude is identical for each CNd@, the direction is not. Therefore,# h,,. We construct a
control volume for each gimbal to isolate the indial gimbal torques as shown in Fig. 2. Anothentoa volume
including only the single motor for the scissoredr @mnd each of the gimbal torques shows that a gsalts in a

net applied torquez,, equal to the difference between the two gimbjues.
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We neglect the obvious disadvantage of friction badklash in the gears, but also note that gearsl ceduce

or eliminate misalignment of the gimbal angles [14]
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Fig. 2 Total torque and gimbal torquesfor a geared scissored pair.

The mechanical power used by the CMGs for a mandsithe product of gimbal torque and rate.

-

Y (7)

Both positive and negative power are assumed taineegnergy from the spacecraft power subsysterarefore we
consider the absolute value of power in our congpas. The sign would matter in a case where theespaft

power system efficiently recovered this energy exiiteire in a regenerative fashion, e.g. using ihgbgl motor as
a generator. We assume that such an architectummtisn place for purposes of this study. Here, @ovs

independent of the sign of gimbal torque and ginnatd. For a lossless system that perfectly retnegstive power
to the system, there is no distinction betweeneagtand independent scissored pairs.

The rotor-momentum terms typically dominate thedoiai-of-inertia terms in Egs. (4) to (6), justifgithe CMG

inertiain Eq.1_ +1 =1_=1_1 (1) and providing the following approximation five gimbal torque:

T, ~ (wB/N xh, ) g (8)
The body rate largely determines CMG power use Umaf this base-rate effect on gimbal torque. &kar
scissored pairs can reduce base-rate effects thrimtgrnal torque cancellation. This result negidosses due to
friction and electromagnetic inefficiencies undee tikely assumption that the gimbal torgper sedrives the
power design in an agile application. Such lossag make CMGs an inefficient choice for a generglljescent
robotic system.

From this result, the approximate power for thergéar the independent scissored pair is
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The portion ofw™ along the gimbal axis does not affect this resttierefore, we consider only the projection of
body rate onto the plane normalgoThis projection is represented as a magnitual, Hnd an angle;, at which
the rate is oriented relative to the output axishef scissored pair, as shown in Fig. 1. The madaibf the body

rate, rotor momentum, and gimbal rate can be fadtaut of Egs. (9) and (10) to define a nondimeraigpower
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The nondimensional power of independent and gescisdored pairs is shown for one quadrant of thebgl-
angle, body-rate-angle space in Fig. 3a&b. Symmefty abouts anda equal ton-72 is apparent from Egs. (12)
and (13). P* repeats every-z.) The product #||-h, is the same for every point on each surface sb daha

independent scissored pair can be compared to eedygmir. This result is relevant if considered rowgany
maneuvers, in which the gimbal rate and body regeuaiformly distributed over the body-rate and lgahangles.
At the origin the power is at a peak, as expedtedause the scissored pair is directly respon&iblthe work done
on the body. When the scissored pair saturateshantiody rate is perpendicular to the output agian(d « each
approach #/2), the opposing torques add for the independeiss@ed pair but are canceled internally for the
geared scissored pair. In the quadrant shown,dheed scissored pair offers a clear advantagetbgendependent
scissored pair for+¢>n/2. For a+¢<n/2, the two require the same power. The peak torqdepawer of the motor
on the geared scissored pair is theoretically twhet of the independent scissored pair. Howe¥erp imomentum
bias exists in the spacecraft system, then the baidyis zero when all gimbal angles in an arr&yzaro. In this
likely case, the geared scissored pair has a lpaek power at the origin while the independentsseedd pair must

still account for the second peak in powefdaty)=(7/2,7/2).
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Fig. 3 Nondimensional power of scissored pairs. a) Independent scissored paip) Geared scissored paic)
Power ratio.

The ratio of power for the geared scissored papdwer for the independent scissored pair as aibmof ¢

and« is found from Egs. (12) and (13). The body-ratgnitude, rotor momentum, and gimbal rate divide out
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This ratio is shown in Fig. 3c as a function ofdaate anglex and gimbal anglg. The volume of the region where
the ratio is less than one represents the powéngsavlhe volume enclosed by the surfaces in Fagb3represents
simplistically the total power over many maneuverth uniformly distributed body and gimbal anglexdarates.
The ratio of the total enclosed volumes, found ritggrating Egs. (12) and (13), isz2These results do not show
the contribution of output-axis compliance, whicda an offset to Fig. 3, dependent on the particOMG design.
These results can be used to optimize the desigm @MG array and maneuver planning for power usagd,
therefore agility, of a spacecraft controlled byssored pairs. Other design considerations, eta| thass, motor
size, fault tolerance, and system complexity, e kkely impacted by this strategy but are naicdissed here.

For a spacecraft with three rotational degreesesfdom, an array of three orthogonal scissored jpagvides a
cube-shaped singularity-free region with sideseofjth 4h,. We use this array architecture to illustratepbesible
advantages afforded by a geared scissored pairmBhxémum angular momentum is/3h, at the cube’s corners.
The gimbal angles for a given spacecraft momentieeasily found by projecting the spacecraft mommentector
onto the output axis of each scissored pair. Likewthe body-rate angteis the arccosine of the dot product of the
body-rate unit vector and the output axis of thiessired pair. For a spacecraft with spherical iagthe body rate is
proportional to the spacecraft momentum. In thisecahe geared and independent scissored pairsqarealent
when the array momentum lies within a momentum sploé radius 2. The geared scissored pairs outperform

their counterparts near the corners of the mometwvelope. For a time-optimal maneuver with actusaduration



[15] this region would be well used and represdi®% of the total momentum volume. Abrupt changeatiitude
before the spacecraft comes to rest would furthereasea and ¢ in favor of the geared scissored pairs. This
comparison considers only two types of scissoredgraays. The added power cost for the independeissored

pair array is due to an enforced null motion [18], Indicating that not all null motions are crehegjual.

Simulations
We simulate the agile spacecraft described in R for a simple rotation about an axis. Threehogonal

scissored pairs provide actuation. The spacecraftea rate, and acceleration with finite jerk for38 degree

maneuver are shown in Fig. 4. The peak rate iggée@s per second [18]. We calculate the CMG monneaisi

20 =1 s0™| (15)
The CMG momentum is 0.1314 kgf/m To utilize the corners of the momentum cube,pbak body rate is scaled
by V3 for those maneuvers. The spacecraft inertiaGsl Xg- nf. The scissored pair's output axes align with the
spacecraft frame basis vectors.

The spacecraft rotates smoothly about the [1 Gaje(normal) or the [1 1 7B (corner) axis to represent the
range of loads on the scissored pairs when opgratithe momentum envelope. The maximum gimbaleaisg85
degrees. We calculate the peak torque and powanyfsingle gimbal motor in the array, the peak powfethe
entire array, and the total energy used for theemeer. The results are summarized in Table 1. Mbdependent
scissored pairs have the greatest peak torque sethey must work against the base-rate effectewdwing little
work on the spacecraft; i.e. the scissored paisttaimt enforces a costly null motion. The geamdsered pair has
a higher peak power by only 20% over the independeissored pair because of internal torque caticata
indicating that one motor with gearing reduces n@&s two independent gimbal motors in a scissqaid The
spacecraft power subsystem can also be smallehdogeared scissored pair since the peak powe&%sI8ss than
for the independent scissored pair. As expected e analysis, the geared and independent scispaiie arrays
use the same amount of energy when operating aneadf the momentum cube, but the geared scispaiesl use
less energy at the corners. The body rate effactesathe peak gimbal power of the geared scisgmiedo be less

at the faster corner maneuver than the face manewea though peak torque is the same.
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Fig. 4 Commanded spacecr aft angle, rate, and acceleration.

Tablel Peak torqueand power for geared and independent scissored pairs.

Location on Peak body Peak torque per Peak power per Peak total power, Total energy, mJ
momentum  rate, rad/s motor, mN-m motor, mW mw
cube Gear Indep. Gear Indep. Gear Indep. Gear Indep.
Face center 0.1049 13.9 7.0 6.0 3.0 6.0 6.0 27.5 .5 27
Corner 0.1816 14.0 16.8 4.5 5.0 13.6 21.4 82.5 129
Conclusions

A seemingly inconsequential use of a mechanicakitamt between the CMGs of a scissored pair pesvid
internal torque cancellation when otherwise the groused would increase. This advantage occursthedimit of
the scissored pair's momentum capacity, a vitaloredor maximizing performance. A small satellitditade
control system illustrates the effects of the in&ntorque cancellation provided by a mechanicakt@int on peak
torque, power, and energy used. A geared scisgme@dmay reduce the overall mass of the scissoesd hyy
replacing two motors, and the extra housing, haresd connector mass, with one motor and the ctingegears.
Non-linearities in the gears or mechanism conngdtiie CMGs may affect these results; thus actuakepsavings
would depend on the hardware implementation. Thkependent scissored pair performs poorly relatovéhe
geared scissored pair in simulations because tedgnm costly null motions that are affected by tzese rate. The
base rate effects are cancelled internally viamieehanical coupling. This conclusion may have iogilons for

mull motions of arbitrary CMG arrays, although sweomcerns are not investigated in this note.
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