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A tether sling holds tremendous promise as an energy-storage device, permitting space transportation systems that
are capable of injecting a large number of payloads with low incremental costs. This paper develops motor and tether
deployment controls to go from rest to a desired final tether length and end velocity. Oscillations in the tether
deployment angle are minimized to avoid additional tension in the tether. Open-loop control laws are developed for
both power-unlimited and power-constrained cases. For unlimited power, the time-optimal mission profile dictates
deployment at large angular velocities. The opposite is true when power is constrained: spinup and deployment time
are reduced by deploying at very small angular velocities.

Nomenclature
T hub inertia, kg m?
L = tether length, m
m = payload mass, kg
P = electrical power input at the hub, J/s
r = hub length, m
T = Kkinetic energy of system (hub, tether, payload), J
o = constant acceleration of the hub, rad/s?
B = ratio of the final tether length at which deployment
angle is linearly reduced
0 = angular position of hub, rad
¢ = angular position of tether with respect to hub, rad
Subscripts
d = time or conditions at end of deployment phase
f = time or conditions at end of initial spin phase

time or conditions at end of initial spin phase

1. Introduction

ANY papers in the literature investigate the use of a
nonconducting tether to transfer momentum to a payload.
In one scenario, the gravity gradient between the tether end bodies
(sometimes assisted by the natural librational motion) is used to
boost one end body while the other loses orbital energy [1-6]. This
concept depends on the transfer of orbital energy from one body to
another and generally takes place over short time frames (minutes to
hours). This type of momentum transfer is relevant only to orbiting
systems. The fundamental concept was recently demonstrated on the
Young Engineers Satellite 2 [7].
The tether sling concept explored in this paper uses electrical
power to build up momentum over long periods of time (hours to
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months). The tether rotates around a hub that can be stationed in orbit
or on a body with little to no atmosphere, such as our moon. The
tether is, in effect, an energy-storage device, harnessing the kinetic
energy until it is ready to be directed along a desired orbital injection.
Several papers have considered preliminary design requirements and
feasibility of the electric-powered sling [§—11]. Puig-Suari et al. [8]
and Jokic and Longuski [9] focus on the power requirements of the
system to achieve specific orbital transfers. This research assumes
that all the power input into the tether sling is converted into useful
kinetic energy to compare the system performance when using
conventional propellant. Muller [10,11] considers other aspects of
the design, such as the tether sag, and possible designs for achieving a
tapered profile in the tether mass and strength.

This paper considers the spinup and deployment dynamics of the
tether sling with the motivation of 1) further investigating the concept
feasibility at a higher engineering fidelity than in [§-11] and
2) providing baseline designs to determine system requirements such
as power. Although Puig-Suari et al. [8] and Jokic and Longuski [9]
both investigate power requirements, they do so from an energy
balance that is shown in this paper to exclude power losses resulting
from the deployment dynamics, which may be as large as the power
input (effectively doubling the power requirements). There are only
two papers that deal with the dynamics of the tether sling [12,13].
Kuchnicki et al. [12] develop a simple dynamic model consisting of a
rigid hub and tether and put forth the first development of a tether
sling deployment law. Link and Longuski [13] include the first
dynamic analysis of a tapered tether. Both of these references assume
a fixed angular velocity for the hub during the tether deployment and
a constant deployment rate. Since neither of these references analyze
the power required to dynamically drive the system (Kuchnicki et al.
[12] plot power, but use an energy balance similar to [8,9]), these
deployment laws are not optimized with respect to either the
maximum power output or the total power output. Therefore, this
paper investigates the spinup and deployment control in greater
detail. For an unlimited amount of motor power, the minimum-time
deployment law is shown to be identical to the law suggested in
[12,13]. When considering constraints on power, however, a large
energy loss from the tether tension significantly increases the spinup
and deployment time (or, alternately, the requirement on electrical
power) over the requirements first developed in [8] and shown in
[12,13]. A more-power-efficient deployment profile is suggested in
this work, dictating deployment at slower spin rates.

II.

For both constrained- and unconstrained-power cases, the system
is modeled as a point-mass payload, a massless rigid tether, and a

Unconstrained Power
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h

Fig. 1 Tether sling model (top view).

rigid hub. The hub is anchored to an inertially fixed point. Gravity is
neglected, and so only planar motion is considered. In reality, gravity
causes significant sag in the tether, which may require the sling to be
stationed on an area of elevated terrain [11]. If the sling is not
stationed along the spin axis of the main body, there may also be
significant out-of-plane oscillations, although this issue has not
been studied. Aerodynamic drag is also neglected. Therefore, the
following analysis is most applicable to a body without an atmo-
sphere, but the general concepts are still relevant to a body with a low
atmospheric density (e.g., Mars). As shown in Fig. 1, the displace-
ment of the hub is given by the angle 6, and the displacement of the
tether with respect to the radial direction of the tether interface with
the hub is given by ¢. The hub angle is measured positive counter-
clockwise, and the tether angle is positive clockwise. Nominally,
both angles will take on positive values as the system is spun up. The
radius of the rigid hub is a constant, r. The variable tether length L
will be specified by a deployment law to achieve the desired final
length with a minimum of oscillation in ¢. Oscillation in the tether
causes additional undesirable tension in the tether.

A. Equations of Motion

If unlimited power is available to drive a motor on the hub, then
any desired motion of the hub can be specified. Therefore, 6 can be
arbitrarily specified and there is only one generalized coordinate for
the system, ¢, shown in Fig. 1. The kinetic energy for this system is
given by

D L L
T=im(r’0" + L* + L*(0 — ¢)*) + mrLO(0 — ¢) cos ¢
— mrL §sin ¢ (1
where m is the mass of the payload.

Using a Lagrangian formulation with no nonconservative forces,
the governing equations are obtained from

d (9T T _
3 (5¢) 30 >

Substituting Eq. (1) into Eq. (2) and taking appropriate derivatives
gives the single equation of motion:

¢ =32LLO — ) + rLbcos — rL@ sing]+6  (3)
where 6 and 6 are prescribed.

B. Candidate Deployment Strategies

The objective of the sling spinup and tether deployment is to
achieve a desired final angular velocity of the hub and final tether
length, with no libration in the tether. These terminal end conditions
are

0(tr) = 0y,

$1)=0.  L(p=L, @)

This end state can be achieved through many different mission
profiles. We consider three possible phases for the mission profile:
1) an initial spinup during which the tether is fully retracted (L = 0),
2) a deployment phase in which the tether is fully deployed from
L =0to Ly, and 3) a final spinup with the tether length constant
(L =L;). Even within this restricted mission profile, there are
several possible schemes leading to the desired end state, as shown
in Table 1. For the first phase of duration ¢;, the initial spinup can
terminate in a final angular velocity that is equal to or less than the

final desired value 6. Accelerating the hub to an angular velocity

greater than 6, is also possible, but will not be considered in this
paper. For the case in which the initial spinup reaches the final desired
angular velocity, the angular velocity remains constant for the
deployment phase from time #; to #,. Therefore, at the end of the
deployment phase, the terminal end conditions from Eq. (4) are
satisfied. This is scenario A in Table 1. This is the approach that was
developed in [8]. This mission profile is subsequently shown to be
time-optimal for unconstrained power. However, in the next section,
it is shown that deploying at lower angular velocity is preferable
when considering the limited-power case, thereby necessitating
investigation of other potential profiles. For the case of an initial
spinup to a lower angular velocity, several options exist for the
deployment phase. If the hub angular velocity remains constant
during deployment, then a final spinup phase (from time ¢, to #;) is
necessary. This is scenario B in Table 1. For the remaining two
profiles, the hub is accelerated at a constant rate during the deploy-
ment phase. In scenario C, the spin rate at the end of the deployment
is less than the desired final angular velocity, and so a terminal spinup
phase is required. In scenario D, the hub is accelerated to 6, during
the tether deployment, and so no final spin phase is needed. These
four profiles represent all possibilities of constant and linearly
increasing angular velocity during the deployment and final spinup.
These various options for the mission profile are evaluated in
Sec. IL.D.

C. Open-Loop Control Laws

Throughout the spinup and deployment, the libration of the tether
should be kept to a minimum. Oscillation in the tether tends to
increase the tether tension, requiring a larger cross-sectional area to
accommodate the material stress. Any libration in the tether after the
final spinup would need to be damped out to avoid injection errors
as the payload is released onto the transfer orbit. To keep tether
librations small, the following constraint is enforced when the tether
is deploying or fully deployed:

p=¢=0 )

Three different operating conditions are encountered in the four
mission scenarios: 1) deploying the tether with a constant hub spin
rate, 2) deploying the tether with an accelerating hub, and
3) accelerating the hub with a constant tether length. In this section,
the open-loop control laws for the tether deployment rate and tether
angle are developed for these three conditions and are referred to as
controls I, II, and III, respectively. For control I, the tether deploy-
ment law is determined as a function of a constant prescribed
deployment angle. For control I, the deployment law is determined
for a constant prescribed deployment angle and hub acceleration. For
control III, the nominal tether angle is determined for a prescribed
hub acceleration.

Table 1 Possible mission scenarios for constant and linearly increasing angular velocities

Scenario A Scenario B Scenario C Scenario D
Initial spinup (0 <t <) () = 6, 0(t,) < 6, 0(r;) < b, 6(t;) < 6,
Tether deployment (#; <t < t;) 6=0 0=00(t;) < 9f 0=ad(t,) < Qf 0=a6(ty) = Gf
Final spinup (t; <t < 1) N/A f=a b=u N/A
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1. Control I: Tether Deployment with a Constant Hub Spin Rate:
p=¢p=0=0

For this case, we wish to find the deployment rate L that permits a
constant tether angle while the hub angular velocity is constant. From
the equation of motion (3),

0=2LL6O—rL6 sin¢ (6)

Solving for L shows that the tether angle can be kept at an arbitrary
nominal constant value by choosing the constant deployment rate:

L= %gsind) @)

This control law is identical to the deployment law developed by
Link and Longuski [13] after simplifying their result for zero tether
mass.

2. Control II: Tether Deployment with an Accelerating Hub:
p=¢=00=a

For this case, we wish to find the deployment rate L that permits a
constant tether angle while the hub angular acceleration is constant.
From Eq. (3),

0=2L6+rbcosp— r6* sing + L6 8)

Assuming a constant hub acceleration « and rearranging Eq. (8),
we find

206y + at)L + aL = r(6, + at)? sing — racos ¢ )

This is a nonhomogeneous differential equation with time-varying
coefficients of the form

((11—1; + P(t)L = Q(1) (10)

Using the integrating factor
() = (6 + an)'/? 1D
the differential equation (10) can be expressed as
d
3 PIOL@) = p0 o) (12)

Integrating both sides, dividing by the integrating factor, and
applying initial conditions yields the solution for this case:

L(t) = (rcos¢—%9€ sin¢) p i(-)at
0

+5L(éo+at)2 sing — rcos ¢ (13)
o

The tether deployment law is determined by taking the derivative of
this solution:

. 2r . 1 [«
L(t) =— (6 +ott)sin¢——(.—)
50 2\4,

X ) 3/2
y (rcos¢_Le§sin¢)(. % ) (14)
Sa 90"—(1[

For the degenerate case of zero hub acceleration, Eq. (14)
simplifies to the control I deployment law in Eq. (7).

3. Control lll: Hub Acceleration with Constant Tether Length:
p=¢=L=00=a

For this operating condition, the hub is accelerating at a prescribed
rate o while the length of the tether remains constant. The equation of
motion (3) simplifies to

0= (1 +icos¢)a—i(az+éo)2sin¢ (15)
Ly Ly

where éo is the hub angular velocity at the start of the phase. Solving
this equation for the nominal open-loop tether angle yields

. c b
i) ) o
where

r . r
a=—(at+0,)>, b=——au, c=a (17)
Ly Ly

For a nonzero acceleration of the hub, the parameter a is time-
varying, and therefore ¢ is time-varying. That is, the tether angle
cannot be kept constant when the hub is accelerating for a constant
length tether. Although this condition violates the assumptions, this
pseudoequilibrium tether angle varies slowly with time for small ¢,
and the solution in Eq. (16) is valid for a large range of cases and
provides a useful nominal condition.

The solution in Eq. (16) does not exist for large hub accelerations.
Setting the argument of the arcsine in Eq. (16) equal to unity at t = 0
(which gives the limiting case) admits the following necessary
condition on the hub acceleration:

r 1 193
<— |———f 18
a_Lf 1—}’2/L§ 0 ( )

Controls I-1III are implemented during the appropriate phases of a
mission scenario. A mapping of the control laws to the mission
scenarios and summary of the control equations is given in Table 2.
There is no control identified for the initial spin, since the tether is
fully retracted and the system is ideally rigid.

D. Minimum-Time Mission Scenario

Of the four mission profiles shown in Table 1, we determine which
requires the minimum time to meet the desired end state in Eq. (4).
Since power is unlimited, the hub acceleration is limited only by the
tether dynamics; that is, the acceleration is restricted only to keep
from inducing librational motion in the tether. This restriction is met
via the three open-loop controls developed earlier.

Using the open-loop control, we can analytically calculate the time
for each of the mission profiles. For all profiles, the initial spin phase

Table 2 Open-loop control laws for unlimited power

Scenario A Scenario B Scenario C Scenario D
Initial spin Rigid-body motion Rigid-body motion Rigid-body motion Rigid-body motion
Tether deployment Control I, ¢ is an arbitrary Control I, ¢ is an arbitrary Control 11, ¢ is an arbitrary Control 11, ¢ is an arbitrary
constant, and L is from constant, and L is from constant, and L is from constant, and L is from
Eq. (D) Eq. (D) Eq. (14) Eq. (14
Final spin N/A Control I, L = L. and Control I, L = L. and N/A

¢ is from Eq. (16)

¢ is from Eq. (16)
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is assumed to occur instantly, since the initial configuration is a rigid-
body motion with an infinite torque.

1. Scenario A

The total mission time results from the deployment from L = 0 to
L. The deployment rate using control I is maximized by deploying
the tether at an angle of ¢ =90 deg. The deployment time is
obtained by integrating Eq. (7) with a constant hub spin rate of é_f:

2L
(t)a=—L (19)
raf

where (t), denotes the minimum total mission time for scenario A.

2. Scenario B

This profile consists of a deployment using control I followed by a
final spinup. For the spinup control law (control III), the maximum
acceleration of the hub (and therefore the minimum spinup time) is
the upper bound of Eq. (18). The spinup time for this constant
acceleration is obtained from

o= éf - é(fd)

2
ly=la 0

Substituting the maximum « from Eq. (18) into Eq. (20) gives the
time required to increase the hub spin rate from 6(z,) to 0,:

L, ” ( 0, )
=t 1y 21
YN VT 2\ @D

Adding the time for the deployment gives the total mission time for
scenario B:

Ly r ( o, ) 2L,
Vp=—7-— [l ———"—1 - 22
o=V B Ty @

For é(td) < éf this expression is always greater than Eq. (19), and
SO

(tp)p > (tp)a (23)

3. Scenarios C and D

These profiles consist of a deployment using control II followed by
a final spinup using control III. A similar expression to Eq. (20) is
used to find the time for the hub spinup using a control I deployment:

, b = ba)

24
P— 24)

Substitute this expression into Eq. (13) evaluated at t = ¢, to get

_ r(ty—1t) S ooND ) é([i)
b (rc°s¢ 5@ — b W)
rita = 1;) 6(t,)? sin g — rcos ¢ (25)

5(0(1,) — 6(1,))

Solving the preceding equation for the deployment time ¢, — #; gives
the total mission time for scenario D:

5(0, — 6(t,))

rsin ¢(9% —/ [é(ti)/éf]é([i)z)
I

(tp)p =

X (Lf + rcos¢>(l —

Adding the time for the final spinup yields the total mission time for
scenario C:

5(0(t,) — 6(1,))

rsing(8(1,)> — \J[6(1,)/0()16(2,)?)
_ |6y Ly _’_z(i_ )
X(L‘f+rcos¢(1 é(rd>))+ré<rd)vl 2\Ga,)

@70

(t)e =

The intermediate spin rates and the deployment angle can all be
varied to minimize the mission times for these two cases. Using
I"Hopital’s rule, the right-hand sides of Egs. (26) and (27) equal zero
as é(td) — oo and é(t,-) — 00. Since these optimal intermediate spin
rates are not feasible, a good practical limit is 6 ¢, for instance, to keep
tension levels from exceeding the nominal tension at the final length
and spin rate. Evaluating Eqs. (26) and (27) for the constraint
é(t[) = é(td) = é_/ requires another application of 1’Hopital’s rule,
yielding

2L,

(tp)e=(Up)p=—""—+ (28)
rsin¢0;

Therefore, the (constrained) optimal values for scenarios C and D
degenerate to scenario A. We conclude that scenario A is the
minimum-time spinup and deployment strategy when intermediate
spin rates are not allowed to exceed the final spin rate. This is the
same strategy as proposed in [8].

The analytic theory is validated with a numerical simulation of the
equation of motion (3). The integration is performed using the built-
in function ode45 in MATLAB with default tolerances on the
accuracy. The optimal mission strategy is plotted in Fig. 2 for the
desired final state:

0(t;) = 0.05 rad/s, L(t;) =20 km 29)
which gives a payload velocity of 1 km/s. The payload mass is
1000 kg and the length of the hub is 500 m. The tether is deployed at a
constant angle of 90 deg, and the tether is deployed at a constant rate
of 12.5 m/s. The duration of the mission spinup and deployment,
given by Eq. (19), is 1600 s. After the deployment is complete, the
equilibrium is along the radial direction, or ¢ = 0 deg. Since the
deployment occurs at a tether angle of 90 deg, a large librational
motion about the new equilibrium ensues for # > 1600 s. This causes
peak tension of 76 kN, which is nearly 50% higher than the nominal
value of 51 kN with no libration. The next section develops a
modification to the mission profile to help alleviate this problem.

100
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5 "
F oo
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Fig. 2 Scenario A mission results. Total spinup/deployment time is
1600 s. Peak tension is 76 kN.
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t

t tg
Fig. 3 Modified nominal tether angle to reduce libration.

E. Modified Nominal Open-Loop Tether Angle

Scenario A has a discontinuous nominal value for the tether angle,
transitioning from an optimal deployment angle of 90 deg to a
equilibrium value of 0 deg at the end of the mission. To smooth this
transition, a linear profile for the tether angle is initiated when the
tether length is some ratio § of the final length. The point at which this
transition begins is denoted as #,. Figure 3 depicts the modified
nominal profile for the tether angle.

The modified nominal tether angle is expressed as

Z O<t=ty
. (30)
(1 - tf,ft,) L<t<ty

where ¢, is obtained from Eq. (22):
28L
= 2Pl

t

P(1) =

(S

31

This profile leads to the modified deployment law:

A O0<t=<ty

. 2
L) = - -, (32)
Tsln 2 l_ﬁ t,<t<td

Integrating to obtain a relationship for the deployment time 7, yields

26L
b= (L, - BL) + L (33)
ro; ro;

The modified nominal tether angle is simulated for 8 = 0.6 and is
shown in Fig. 4. This gives a transition time of 960 s and increases the
deployment time 23% to 1960 s. The libration in the tether angle is
significantly reduced from the example in Fig. 2. This reduces the
peak value of the tension to 57 kN, or 12% above the nominal value
(versus 50% for the constant deployment angle).

III. Constrained Power
A. Equations of Motion

To calculate the power required to drive the system, the dynamics
of the hub must be considered. Instead of a prescribed motion, the

100
[o2)
(0]
2
- 0
-100
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)
T 20
=3 /
-1 10
0
0 500 1000 1500 2000 2500 3000 3500 4000
. Time (s)
§, 100
s
g 50
@ "
0
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Fig. 4 Scenario A mission results with modified nominal tether angle.
Total spinup/deployment time is 1960 s. Peak tension is 57 kN.

hub angular displacement 6 is a generalized coordinate. The hub
inertia is given by /;,,. Adding the kinetic energy of the hub to Eq. (1)
yields

T = %Ihubéz + %m(i’zé2 + 17+ Lz(é — §)?
+ 2rLO(0 — ¢) cos g — 2rL Osin ¢) (34)

A moment 7 is applied at the hub by an electric motor. The power
input to the motor is assumed to be constant, under the assumption
that a minimum-time deployment will use the maximum power
available at any given instant. For a given power input, the motor
torque is

T=- (35)

P
0
where the induced electromagnetic force generated by the angular

velocity of the hub is neglected. Applying Lagrange’s equations with
the generalized force t gives the equations of motion:

d)—(1+£cos¢)é=2L(é—<j})—£ézsin¢ (36a)

(It + mr® + mL? + 2mrL cos §l6 — (mL? + mrL)¢
= mrLsing — 2mLL(é - d)) —2mrL cos qb(é - (fb)
+md¢m@@—@+§ (36b)

where the first equation is identical to the unconstrained-power case.

The same mission phases are considered as for unconstrained
power. Each of the three equilibrium configurations is developed
subsequently.

B. Open-Loop Control Laws

As in the case of unconstrained power, a minimum libration in the
tether angle is desirable. Unfortunately, the constraint

p=¢=0 37)

is not achievable for a constant power; that is, both Egs. (36a) and
(36b) cannot be satisfied. However, for large systems with realistic
power levels, a pseudoequilibrium tether that is slowly varying can
be found using Eq. (37).

1. Control I: Tether Deployment with a Constant Hub Spin Rate:
p=¢=0=0

Solving the equation of motion (36a) yields the same solution for
the deployment rate found in Eq. (7). However, the tether deployment
angle cannot be chosen arbitrarily; instead, it is dependent on the
input power via Eq. (36b). Simplifying this equation for the
assumptions of this case and substituting in the tether deployment
rate from Eq. (7) yields

—mré’(Lsing + rsingcos¢) + P =0 (38)

where L is a time-varying quantity. An analytic solution can be found
by assuming a small tether angle, which is valid for large systems
with practical input power. Solving Eq. (38) gives

P

= 39

mré® (L+7r) 59
Assuming a time-linear relationship for L(r) (i.e., constant
deployment rate) leads to a solvable time-varying system, but yields
inaccurate results. (A constant deployment rate in Eq. (7) is consis-
tent with the assumptions for the pseudoequilibrium, but it is clear
from the results in Fig. 5 that a constant deployment rate is not valid.)
Better results are obtained by substituting ¢(L) back into Eq. (7) to
get a differential equation governing the tether length:
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Fig. 5 Scenario A results for 5 kW power. Mission time is 58 h.

L(L+7r) = ﬁ (40)

Equation (40) can also be obtained directly from the equation of
motion. Integrating leads to a quadratic equation that can be solved to
obtain the tether length as a function of time:

Mﬂ=—¢+‘HL+l%t 41)
mo

This expression can be substituted into Eq. (39) to get the tether angle
as a function of time:

-1/
p=—" (r2+i.) P 42)

mr@’ mé”

This is a higher-order solution. We have assumed a constant tether
angle to get a time-varying expression for the tether angle and
substituted that new expression back into the governing equations to
solve.

2. Control lI: Tether Deployment with an Accelerating Hub:
¢=¢=0b=a

Solving the equation of motion (36a) yields the same solution for
the deployment length and rate found in Egs. (13) and (14), respec-
tively. As with the preceding case, the tether angle cannot be chosen
arbitrarily, but must satisfy Eq. (36b). For this case, that governing
equation is

[T, + mr? + mL?* 4 2mrL cos ¢](at + ég)a
+ 2mLL(at + 6,)* + 2mrL cosp(at + 6,)2 —P =0 (43)
Because the explicit time dependence of this equation and the more
complex form of the tether deployment law, an analytic solution to

the tether angle is not easily found. The nominal tether angle can be
arrived at via numerical integration.

3. Control lll: Hub Acceleration with a Constant Tether Length:
¢p=¢=L=0

Solving the equation of motion (36a) yields the same solution for
the tether angle found in Eq. (16). However, for constant power, a
constant hub acceleration is not possible for this case. The hub
motion can be solved by simplifying Eq. (36b) for the given assump-
tions to get

166=P (44)
where
I =1, +m(r* + L? + 2rL cos ¢) 45)
Integration yields
. 2Pt .
0 = /= + 6, (46)

Controls I-III are implemented during the appropriate phases of a
mission scenario. A mapping of the control laws to the mission
scenarios and summary of the control equations are given in Table 3.
There is no control identified for the initial spin, since the tether is
fully retracted and the system is ideally rigid.

C. Minimum-Time Mission Scenario

The numerical solution for the tether deployment angle using
control II precludes an analytic determination of the mission time for
scenarios C and D, and so we will limit the minimum-time analysis to
the scenarios A and B mission approaches.

1. Scenario A

Since the majority of the energy for a practical system is input
during the deployment phase of this mission, the time required to
initially spin up the undeployed system to the final desired angular
velocity is neglected. The time for the control I deployment is easily
obtained by evaluating Eq. (41) at the final time to get

m(L;6,)* 2T,

p P “n

o

(t)a =5 Ly +2Lyr) ~
where T'; denotes the final kinetic energy of the system, and the final
equality assumes that the tether angle is small. Rearranging shows
that Pt, = 2T, or the total energy input into the system, is twice the
final kinetic energy. The loss of energy can be explained by consid-
ering the negative work done by the tether tension acting opposite the
deployment displacement. From Newton’s second law, the tension is

T = m(rfsing + r6” cos¢ + L(6 — $)* — L) (48)
Again assuming small tether angles and hub acceleration, then the

third term on the right-hand side of the tension expression dominates.
The work done by the tension force is approximately

W:/T.adm/mw'zidz (49)

Substituting the tether length from Eq. (41) and its derivative into
Eq. (49) and integrating over the deployment yields

W 1Pt — 1) (50)

Table 3 Open-loop control laws for constrained power

Scenario A

Scenario B

Scenario C Scenario D

Initial spin Rigid-body motion

Rigid-body motion

Rigid-body motion Rigid-body motion

Tether deployment Control I, ¢ is from Eq. (42), Control I, ¢ is from Eq. (42), Control II, ¢ is from Eq. (43), Control II, ¢ is from Eq. (43),

and L is from Eq. (41)
Final spin N/A

and L is from Eq. (41)
Control III, L = L.
and ¢ is from Eq. (16)

and L is from Eq. (41) and L is from Eq. (41)
Control II, L = Lf. N/A
and ¢ is from Eq. (16)
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Fig. 6 Scenario B results for 5 kW power. Mission time is 36 h.

So the work from the tension force during the deployment is equal to
half of the energy input into the system from the motor. Some of the
negative work done by the tension in the tether could be recovered,
for example, by running a generator. However, there will always be
losses in such a system.

The simulation results for scenario A are shown in Fig. 5 for the
same system values as for the unconstrained case, with I, = 2.5 X
10® kg - m? and P = 5 kW. The simple deployment law from Eq. (7)
governs the tether length in the simulation. The numerical results are
accurately represented by the analytic theory in Eq. (41). The
maximum deviation for the data in Fig. 5b is 80 m, which represents a
maximum percent error of 8%. The tether angle is initialized
according to Eq. (42), but the tether angle is not controlled during the
simulation. The tether angle ¢ from Eq. (42) also closely matches the
simulation results in Fig. 5a. The maximum deviation is 0.2 deg and
the maximum percent error is 5%. The librational motion is well-
behaved, and no significant oscillation is excited during the deploy-
ment, even with no damping or control in the system. Consistent with
the assumptions for this deployment, the hub angular velocity is
nearly constant, as shown in Fig. 5c. The maximum variation in this
parameter is 1.1 x 107 rad/s (0.2% error). The kinetic energy
increases in a nearly linear fashion to the final desired value of
520 MJ. Calculating the input energy over the duration of the
deployment yields

Eqnpu = P1; = 5 KW(58 h) = 1040 MJ 1)

As analytically determined earlier, the input energy is twice the final
kinetic energy. From this analysis, we find spinup times that are
potentially double those computed in [3,8].

2. Scenario B

To get the mission duration for this profile, the time for the final
spinup must be determined. Evaluating Eq. (46) at the final time and
assuming a small tether angle, the time for this phase is

1 mL3(607 — 6(1,)%)

Adding the deployment time from Eq. (47) yields a total mission
time of

1 mL2(6% + 6(t,)?
(1) :Ew (53)

The mission time is minimized by letting the initial angular velocity
(before deployment) go to zero:

1 mL36}
(ty)p = P

(54)

This provides a mission time that is exactly half the result for
scenario A. Therefore, a scenario B mission approach is optimal
when power is constrained. This also yields an equal energy balance
between the input energy and the final kinetic energy. That is, there
are no energy losses during the mission. The mission times in [3,8]
were based upon this energy balance. However, the deployment
mechanics rely upon the angular velocity of the hub, and so this is not
a realizable scenario. Actual deployment times must be somewhat
larger than the resultin Eq. (54). Determining the lowest possible hub
spin rate during deployment would require a higher-fidelity model,
including tether flexibility and elasticity, as well as out-of-plane
motion to account for tether sag if the sling is stationed on a large
body. This is beyond the scope of this paper.

An example demonstrating the increased efficiency of scenario B
is shown in Fig. 6. The hub is initially accelerated to half of the final
desired angular velocity, or 0.025 rad/s. The deployment to 20 km
requires 14 h for the reduced spin rate. The system is then accel-
erated with a constant tether length to the final velocity over a period
of 22 h. During this time, no energy is lost due to tension in the tether,
because there is no displacement of the end mass along the radial
direction. The power input from the motor is 400 MJ (5§ kW x 22 h),
which is equal to the change in kinetic energy during this phase in
Fig. 6d. The total mission time of 36 h represents a 38% from
scenario A.

IV. Conclusions

Several deployment strategies for a tether sling have been ana-
lyzed. If unlimited power is available, the minimum-time scenario
implies an initial spinup to the final desired angular velocity followed
by deployment of the tether with a constant angular velocity. The
optimal strategy is reversed when power constraints are considered.
Energy losses from tether braking are shown to waste up to half of the
input power from the motor. The system dynamics dictate deploy-
ment at the slowest spin rate possible, with the main bulk of the
energy added to the system after the tether is fully deployed. These
mission profiles provide a baseline for assessment of feasibility and
system requirements for the tether sling concept.
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