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Abstract: This paper is concerned with the control of carbon fiber sail structures
that are being studied in a series of experiments at the Jet Propulsion Laboratory
(JPL). The passive dynamic stability in the one-dimensional (1-D) case is studied
in terms of the fixed points of the trajectories for the governing equations of motion.
The simple 1-D model introduces the possibility of controlling a microwave-
propelled sail using various nonlinear control strategies. In the case where the
velocity is not available, we use a novel feedback that employs delays of the position
measurements to stabilize the sail about an equilibrium position.
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1. INTRODUCTION

Microwave-propelled sails belong to a class of
spacecrafts that promises to revolutionize future
space travel. As an example, NASA’s Gossamer
Spacecraft Initiative focuses on developing space-
craft architectures for very large, ultra-lightweight
apertures and structures. A goal of this initiative
is to achieve breakthrough enhancements in mis-
sion capability and reductions in mission cost, pri-
marily through revolutionary advances in struc-
tures, materials, optics, and adaptive and multi-
functional systems. Solar and other types of sails
will provide low-cost propulsion, station-keeping
in unstable orbits, and precursor interstellar ex-
ploration missions. For a general introduction to
solar sails and similar structures the reader is
referred to McInnes (1999). For an introduction

to the notion of beamed microwave power and
its application to space propulsion the reader is
referred to Benford and Dickinson (1995). This
paper is concerned specifically with the stability
and control of carbon fiber sails propelled using
microwave radiation.

The notion of beam-riding , i.e., the stable flight
of a sail propelled by Poynting flux, places consid-
erable demands upon a sail. Even if the beam is
steady, a sail can wander off the beam if its shape
becomes deformed, or if it does not have enough
spin to keep its angular momentum aligned with
the beam direction, in the face of perturbations.
Generally, sails without structural elements can-
not be flown if they are convex toward the beam,
as the beam pressure would cause them to col-
lapse. On the other hand, the beam pressure



keeps concave shapes in tension, so concave shapes
arise naturally while beam riding. They will resist
sidewise motions if the beam moves off center,
since a net sideways force restores the sail to its
position. Therefore, we concentrate on a conical
shape for the sail and study its dynamics in 1-
D. We have previously shown using the Poincare-
Bendixon theorem that such conical shapes will
oscillate when a constant microwave power beam
is used Abdallah et al. (2001). We present in
this paper feedback controllers to show how to
stabilize such shapes about a given height, using
only position measurements.

This paper is organized as follows: Section 2
presents the 1-D system dynamics, while section 3
discusses the controller design using position mea-
surements. Section 4 summarizes our conclusions
and presents directions for future research.

2. 1-D PROBLEM STATEMENT

The problem we are concerned with is that of
controlling a sail that is only allowed to move
in the vertical direction, under the influence of
a microwave power source placed either on earth
or in orbit. The 1-D dynamics of the sail are given
by Benford (2000):
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where g is the acceleration of gravity (constant in
the appropriate units), P0 is the power necessary
to overcome gravity, P is the power control input,
z is the elevation of the sail’s center of mass
referenced to z = 0, R is the beam radius, Φ is
half of the total beam opening angle, and θ is the
angle at which the microwave photons strike the
sail. In the case of high altitudes, θ is close to
zero and cos θ = 1. In addition, tan Φ = 1 and
therefore, equation (1) is reduced to,
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The equations of the sails are then written in
state-space form as
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where x1 = z and x2 = ż, and u = P .

In the case where cos θ is not close to 1, and letting

cos θ =
z2

z2 + r2

and averaging over the disk radius r we obtain the
following dynamics,
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A more typical fall-off in beam power is as P =
P ∗cosmθ where m = 1, 2, · · · is used to describe
different fall-off rates. In a similar fashion to the
previous development, and averaging over r we
obtain the following dynamics,
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leading to the state-space representation
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where x1 = z and x2 = ż, and u = P . In either
case (3) or (6), we obtain the following general
system:
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where x1 = z, x2 = ż, and u = P . The term
h(x) denotes either g
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Note that in either case h(x) can never be zero as
long as x1 ≥ 0. Note also, that h(x) is only a
function of x1, and that it is invertible, two facts
that will be important later.

3. CONTROL DESIGN USING DELAY
FEEDBACK

Consider again the system (3) but with u = P
where P is a constant such that P > P0. Note
first that the only equilibrium point of the system
(3) is at
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On the other hand, and for system (6), we have
the unique equilibrium point
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As discussed earlier, we showed in Abdallah et al.
(2001); Schamiloglu et al. (2001) that using a
fixed power P will result in oscillations about the
equilibrium point xe. On the other hand, and due
to various practical factors, we do not have access
to the measurements of the velocity ż.

Let us define the error as e1 = x1 − xe1, e2 = ė1,
and express the error system in state-space as
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Fig. 1. Feedback stabilization of oscillatory sys-
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For the system (9), and since h(e1) 6= 0 for
all e1, we can use a feedback-linearization based
controller Isidori (1995) as follows:

u(e) =
1

h(e1)
[g − k1e1 − k2e2], (9)

where k1 and k2 are positive numbers that then
make the closed-loop system stable with a charac-
teristic polynomial s2 + k2s + k1. We can use the
freedom in the choice of k1 and k2 to specify the
closed-loop behavior of the system.

However, in our case, we do not have access to the
velocity measurements needed to compute e2. The
question then becomes, is it possible to control the
sail using only position measurements?

Calling on results from an earlier paper, we were
able to show that one can stabilize various sys-
tems using time-delayed feedback Abdallah et al.
(1993). In order to describe those results, assume
we are given a linear time-invariant system

G(s) =
1

s2 + α2
(10)

and the positive-feedback, time-delay compen-
sator

C(s) = ke−sτ (11)

where k < 0 in a simple unity-feedback loop as
shown in Figure 1, and such that the closed-loop
system is given by:
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In reference Abdallah et al. (1993), we showed
that stability is guaranteed for
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for n = 0, 1, · · · . let us then go back to our sail
dynamics and consider the feedback-linearizable
system
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Fig. 2. Feedback stabilization of oscillatory sys-
tems.
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and let us choose u = 1
h(e1)

[g + v]. Let us also
assume that only position measurements are avail-
able so that the measured output is: y = e1. Thus,
the open-loop transfer function from the new in-
put v to the output e1 is given by G0(s) = 1/s2.
Next, consider the output feedback

v(t) = −k1e1(t) + k2e1(t− τ) (14)

leading to the closed-loop transfer function

Gcl(s) =
k2e

−sτ

s2 + k1 − k2e−sτ
(15)

so that by letting k1 = α2, k2 = k we recover our
earlier results.

The controller for the nonlinear system is then
given by:

u(t) =
1

h(e1)
[g − k1e1(t) + k2e1(t− τ)] (16)

which depends only on position measurements.

4. CONCLUSIONS

In this paper we have studied the control prob-
lem of a conical-shaped microwave-propelled sails
in the 1-D case, when only position measure-
ments are available. The example is interesting
in its own right but also suggests that many
feedback-linearizable systems nay be controlled
using output (and delayed output) measurements
only rather than the more standard approaches
of building nonlinear observers or using state-
feedback controllers. The class of systems to which
our technique applies is that for which the lineariz-
ing transformation depends only on the output.

In an ongoing extension of the results of this
paper, we show that we may be able to use an all-
delay feedback (as opposed to one that includes
delayed and current output measurements) to
achieve stability, thus more realistically modeling
the case where output measurements incur a delay
as they are transferred to the actuators.
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