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SUMMARY

Tquaticns are developed iur the yo-yo de-spin mechanism.
uUnder conditions usually met in a de-spin application, {hc Squa-
tions canbe greatly simplified. A computation: sheet is picouited
based onihe simplified equations. The designof a de-spin mecha-
nism is thus reduced to reference to a chart and a few simple
calculations.
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THEORY AND DESIGN CURVES FOR

A YO-YO DE-SPIN MECHANISM
FOR SATELLITES

by
dJ. V. Fedor
Goddard Space Flight Center

INTRODUCTION

The yo-yo de-spin mechanism is essentially two pieces of wire with weights on the
ends (Figure 1), These wires are symmetrically wrapped around the equator of the
satellite and the weights are secured by a release mechanism (Figure 2). At a pre-
selzcted time after satcllite spin-up and separation from the launching vehicle, the weights
are released, thus discarding enough momentum to reduce the spin of the satellite to the
desired value. It 1s the object of tlis nole to proseut the ye ¢ de-spin Lwory in eqration
and curve form so that the designer can readily apply the theory to *Fe dzsign of e de-gpin
mzchanisr |

Fer oive g vaiues of the sateilite moment of inertia and radius, «.ad for a given amount
of spin reduction, the designer wants to determire tne weights what inwst re uscl, Ui
length of wire, and the maximum tension in the wire, In what follows, equations will be
developed for these quantities, It will also be seen that under certain conditions usually
met in de-spin applications, a great simplification of the equations is possible, With
this simplification, all cf the design curves can be put onto one dimensioniess graph,

ANALYSIS

After being placed in orbit, the satellile travels at essentially constant velocity and
the centrifugal action is cancelled out by the gravity force. Since any equation of motion
written for the satellite would be independent of this constant velocity, the satellite can be
considered stationary and spinning about a fixed axis for the purposes of the present
analysis.

ha
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Figure 2 - Release mechanism
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There are two phases to the spin reduction process considered, In Phase 1 the wire
is changing in length and is tangent to the satellite. In Phase 2 the length of the wire is
constant but its position is changing from tangeni to perpendicular to the satellite, With
propes design, the wire can then be released when it is perpendicular to the satellite, It
should be noted that releasing the wires after Phase 2 is more efficient, weight-wise,
than releasing them after Phase 1.

Phase 1 Analysis

A sketch +{ Phase 1 with its coorlinate system is shown in Figure 3. Only one wire
is shown, as the system is considered symmetrical. Also, the system is considered
torque-free; small moments due to the earth's magnetic or gravitational fields are
neglected,

The total kinetic energy of the system, and also ihe Lagrangian, is

= Lig2
T-2I¢+

N[

m(:‘c2 + 3}2) f (1)

where » is the *otal mass of both weights and T is the mc . aent of inertia of the satellite
about the spin axis, Initiaily the wires are considercd weightless; lacer. 2 sretint wil
be d.veloped to tal:e the weight of the wire into account without disturbing the form of the
equations. Usmg the transformation cquations

X = acos & ¢ s P, 2)
y -~ asinf ~f cos 8, (3)
the Lagrangian can be put into the form y

l . 1 . .
T = 5167 + 5m(£292 +a%2) . ()

The length of wire unwound at any time
during this phase is

e = 80~ ¢). (5)

The equations of motion in Lagrangian
notation are

n"
o
—
[=2)
~—

4% -

d (3T 9T
a(a"é) "% - Q =0, (7 7 'qure 3 - Phase ! coordinate system




4
where ¢ and 6 are considered to be generalized coordinates, Equations 5, 6, and 7
can be integrated once to yield an equation which expresses the conservation of momen-

tum, FEauation 4, which is equal to a constant and represents the conservation of energy,

can be combined with the conservation of momentum equation to yield ¢ and & asa
function of the length of the wire during Phase 1:

L1 - £2/02
and
. 24,
¢ F TN (85)
where ¢, is the initial spin rateand 22 = I/m + a®. The above-mentioned equations

can also be integrated to give the length of wire as a function of time:

ety = adgt . 9

The {otr: tension in the wires is simply the product of the mass of the weights and the
wtccieration:

Fy = mA, = -m(ad +£62) . (10a)

where A, is thc acceleraiion of the mass m along the wire. Substituting Equations 8a and
8h inte kiquation 10a vields

_ dnd 2l (1 - a2/A2)
) a + eZ/Kz)z ' (10b)

It can easily be shown that the maximum tension during Phase 1 is

Fi = 23mE(1 - a2/02) (11)

or in dimensionless form

25X - 1.3 - a?/a?
mwg}\ ¢ a0 (12)

where wy = ¢, .
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Phase 2 Analysis

A sketch of the Phase 2 arrangement is shown in Figure 4, The total kinetic energy

in this phase is
T = —;—1&2 + % m[a%2 + 2af cos (6 - ) ¢y +0252]. 13)

where & = ¢ (from Equation 5) since £ is a constant, This phase i5 much more com-
plicated analytically than the previous one, Fortunately, we are mainly istorested in the
spin at the end of Phase 2 (at the release of the wire, when & - v = 0) and e * sion in
the wice, They k.th can be oktained by applying the conservation of momentum and of
energy, and an equation similar tc £quation 10,

The conservation of energy {at 6 - y = 0) gives

318 + dn@d, +tn)? = const. = (1 + ma?) g (14)
and the conservation of moementum gives
Iéfz Pod o+ on) (a;,-.'>2 +€7) = const. = (I + maz)¢.>°. {15)
Combining Equations 14 and 15 we obtain
g =
++1 = —=E2= (16)
V(l -1,
Tt L
ma*“
or, rearranging a bit, y //
/
m
G+ 1)? / W
Qi ©*D L\;\ 4
r = ’ (17)
G
Q
where r = ¢,/p, and G = (1 - r)I/ma?
for conciseness of notation and later 0
X

development. The force in the wire
just at release is

¢3
F, = m(a‘i)2 + 2y
2 v2
Y G D
CHR WA ¢ (18) Figure 4 - Phase 2 coordinate system
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Interms of G, r and ¢/a, the force is

2 12
o ofar? [es1-reas ]2
F o= "‘“’oz{'z‘ + [ @/ ¥ /A ) £19)

The force given by Equation 18 or 19 is a maximum for Phase 2 because the length of the
wire is constant and the angular velocity of the wire (7) is 2 maximum just before release
(the ar2/2 term contributes very li‘tle to the force).

S.mulitication of Equaiions

The equations developed thus far are exact in that no analytical approximations have
teon made in their derivations. A great simplification can be made by noting the follow-
ing: G in Equation 17 is large (in the order of 200 or more) for most practical spin weights
and spin reductions. Thus if G is replaced by G +1in the dezominator of Equation 17, we
have

KA
R AR TS (20)

T = 7
G-+ 1 ¢ 1y

Reas ranging Bquaznion 20 into a dimensionless form gives
-2
B S S (LR (21) ’
m(a + €)2 1 - ’ *
Now, if £/a is greater than 27 (¢ is one circumference length) the (¢/a + 1)~2 term in
Equation 21 is negligible. Hence, we have the very simple expression

1 . la+r
m(a + £)2 1-r1 (22)

Equation 22 has been plotted in Figure 5.

Calculations indicate that the maximum tension in the wire occurs in Phase 1 in most
cases; hence the simple expression of Equation 12 can be used to calculate this maximum
force. Since 22/A2is small in most de-spin designs, the maximum force is simply

Fo, = 1.3mod\ - (23)

max

Consistent with Equation 22, Equation 19 can ke simplified to

] 2
F, - mwgl{d—g:-+ [(r +1)(t/a+l)-r]}‘

L £/a (24)
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T =MOMENT OF INERTIA
m =MASS OF WEIGHTS PLUS
3 MASS OF WIRES

Figure 5 - Yo-yo design curves; plot of I/m(! + «)? as a functionof r = wg/ W




Distributed Mass of Wire

We shall now develop an approxi-
mate method to include the distributed
-veight of the wires without disturbing
the form of the derived equations., From
Figure 6 tie xinetic energy of ith par-
ticleis J pag(x2 + y2), where p is
the mass density per unit length of t"¢
wire. Svmr ‘ng over ali the particles,
we hm'e

FLAsGE IR - (2)
By using the transformation equations
X; = acos 0+ {cosy, (25) Figure 6 - Coorcinate system for distributed
y; = asin 8 + £ siny, @mn weight of wire

and replacing the summation by integration, the total kinetic energy of the wire is found
to be

o) =

KE‘wi re

S 2PN .. Y
l p\a""«ﬁz + 2af cesl - yypy + £°F ) dL
()

. .. 3,
= % p(faz¢2 + al? cos(f - y) ¢y +%—72) . (28)

3

Since ¢ is large just before release, -%—;‘2 is the largest term i Equauon 23, id iy ap-
proximate formula we should include alt of this term, Separating Equation 28 into two
parts results in the following;

z -;- %y-l 242 4 2at cos (0 -7)¢y 122y 2-1

Wl re

el |2a al

+—-——¢> +--cos(9-y)¢>7]
2 [3 3 | (29)
Just before wire release, ¢ is also small, so the seccr.? nart of Equation 29 is smali
compared to the first part. Hence,

|
KEyire 2

%[ 32 + 2al cos(6 - V) ¢y + 12y 2] (30)
where ptf/3 is one-third the mass of the wire, Note that Equation 30 is similar to the
second term of Equation 13. Note also that when 6 -y = /2 and y = & (that is, Phase 1),
Equation 30 is similar to Equation 4, With this approximation in Phase 1, the kinstic
energy due {o the change of wire lergth is alsc neglected. The change of length of the
wire does not contribute much to the total kinetic ¢nergy of the wire. Thus we can
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include the effect of the weight (imass) of the wire by including one-third the weight of
the wire in the weight of the mass term of the derived equations. We therefore define
m in the derived equations in the following way:

m'-'-'mo-fﬁg-

3 (31)

where m, is the mass of the spin weights and p is twice the normal mass density of the
wire (to tave into account both wires). This equation should be valid for large spin
reductions (r small).

APPLICA:iON COF DESIGN CUKVES AND EQUATIONS

We shall now apply the simplified equations to a practical case. In Reference 1, the
following information is given for the S-30 Ionosphere Probe Sateilite:

I = 2.5 slug £t?
= 1.25 1t

wy = 157 rad/sec

@ = 107/3 rad/sec

A calculziion for r gives
1= 10745 = 0,222

From Figur= 3, with r = 0.222, we read the vaiue 1 57 for I/m(€ + a)2, If we let
t = 20¢ inener, a simple calculation for the weight of the spin weights ~nd wire gives

Ig _2.5(32.2)
Z " 2
1.57(¢ + a) 1.57 (21_221_)

w = mg =

0.151 1b.

A check of the assumption that G is large gives a value of 266 which is more than ade-
quate. Reference 1 reports a value of 0,159 lb, calculated from the theoretically correct
equations.

Taking into account the weight of the wire, we have for the spin s2ights alonc

1
myg mg - 5 gol

1 206 _

0.151 - 3 (0.005) B F 0.121 1b.

where a double weight density of 0.005 Ib per foot has been assumed.
The calculated maximum tension in one wire is

; 2
F - 1.3%1_&)02}\ = 1.3(0.131) (47)° (23.12) = 156.6 lbs

max 7(31.2)
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The value read from a graph in Reference 1 is 155 lbs. A calculation of the maximum
force in Phase 2 (Equation 24) gives 150 lbs.

To aid in systematizing de-spin calculations, a computation sheet has been developed
(Appendix A). It has been found convenient to use in de-spin calculations. It is believed,
also, that this sheet helps to reduce human errors,

CONCLUSION

Th sir:plified equ-tions derivad here greatiy facilitate the application of zc-spin
mechanism thecry to a particular design,  With the calculatior sheet, the procedure
has been reduced to reading a graph and making a few routine calculations.

REFERENCE

1. Counter, Duane C., "Spin Reduction for Ionosphere Probe Satellite S-30 (19D),"
Mavshall Space Flight Center Document, September 12, 1960
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Appendix A

Yo-Yo De-Spin Calculation Sheet (Radial Release)

DEFINITION OF SYMBGLS AND UNITS:

I - moment of ineriia about spin axis (slug ft?)

a - radius of satellite (ft)

¢ - length of one yo-yo wire ({t)

m « total mass of both spin «eights + 1/3 mass of both wires (siugs}

F,.. - maximum tension ir wive (lb)

w, - miiial #pin rate (rad/sec)
w; = fmnal spin rate {rad/sec)

r - final spin rate divided L initial spin rate

g - acceleration of gravity (ft/sec?)

gO C%LCULATE THE TOTAL MASS (WEIGHT) OF SPIN WEIGHTS AND WIRE (n):
ecor

I
a

rad/sec
rad/sec

__ slug-ft? @,
t

—_— 4 ft. “s

Calculate

With this value of r, read the value of I/ +a)2 irom the desigu curee; « i1l thic value
B. ‘¢hea calculzate the foilowing:

g . _( )32.2 _ = lbs.
BE +ay  ( )Y( )

TO CALCULATE MAXIMUM TENSION IN CNE WIRE. Calculate A by

w = omg =

2—._1_ 2: =
A-m+a )

or
No= o ft
Also
wg = /sec?;
Fopx = 1353020 = 13 L )¢ Y ( y = lbs.

CHECK OF UNDERLYING ASSUMPTION OF THE EQUATIONS: Calculate G as follows:

G:M: =

ma2

I G 2 100and €/a > 27, the answers are accurate to about 1-122 percent of the theo-
retically correct value,

NASA - Langley FielMd, Va.
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