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Synchronized Rotation of Multiple Autonomous Spacecraft
with Rule-Based Controls: Experimental Study
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An experimental study is made on the synchronized continuous-rotation of multiple air-levitated autonomous
model spacecraft about a � xed axis by means of simple rule-based controls. These controls differ from the conven-
tional ones, which require processing of numerical sensor data. The controls depend solely on the occurrence and
timing of certain discrete event sequences. Thus, the controlled model spacecraft is a hybrid continuous-time and
discrete-event system. Experimental results show that the proposed rule-based controls are effective in achieving
rotational motion with synchronized angular velocity and phase. A description of the experimental setup and a
brief discussion of the design of the air-levitated model spacecraft is given. Then, the details on the development of
rule-based controls and the derivation of a dynamic model for the resulting hybrid system are presented followed
by the presentation and interpretation of the experimental results.

I. Introduction

R ECENT interest in formation � ying of multiple autonomous
spacecraft led to a number of studies in the coordination and

control of multiple spacecraft.1¡5 A particular mode of operation
is to rotate the spacecraft synchronously about a given axis.6 This
mode is useful in the continuous observation of a planetary surface
using cameras attached to a number of spacecraft. To simulate the
space environment in the laboratory, it is necessary to levitate the
model spacecraft. In this paper, we present the results of an ex-
perimental study of synchronized rotation of multiple autonomous
spacecraft simulated by air-levitated spheres equipped with lasers,
optical sensors, infrared transceivers, and motor–� ywheel systems
for control. The main objective is to demonstrate that synchronized
rotation can be achieved by using simple rule-based controls ac-
tivated only by the occurrence and timing of certain sequences of
discrete events.

The use of large air-levitated multiarm mobile robots for per-
forming certain tasks such as target rendezvous and capture has
been studied earlier.7;8 In these works, the controls are generated
by numerical data from sensors. Recently, the formation alignment
of multiple air-levitated minivehicles with rule-based controls ac-
tivated by discrete events has been studied experimentally.9 This
approach of this study is in the same spirit as that of Ref. 9. The
objective here is to rotate continuously a number of air-levitated
model spacecraft about a � xed axis in a synchronized manner. The
paper begins with a descriptionof the experimental setup. Then the
design of air-levitated model spacecraft is discussed brie� y. This
is followed by a detailed discussion of the rule-based controls and
the derivation of a dynamic model for the resulting hybrid system.
The paper concludeswith the presentationand interpretationof the
experimental results.

II. Experimental Setup: Model Spacecraft Design
This experiment involves multiple autonomous spacecraft simu-

lated by air-levitated spheres, one of which serves as the reference
spacecraft for the remaining spacecraft. Hereafter, the reference
spacecraftwill be referred to as the leader and the remaining space-
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craft as followers. At the beginning of an experiment, the leader
rotates about its vertical body axis with certain angular velocity
!d . It is required that each follower rotates continuously about its
vertical body axis in synchrony with the leader’s rotational motion.

The model spacecraft is composed of two hemispherical alu-
minum shells. The bottom shell has a platform on which a dc motor
and a microcontroller are mounted. The rotational motion of the
sphere is produced by the reaction torque of a dc motor, with its sta-
tor rigidly attached to the bottom hemisphere and its rotor attached
to a stainless steel � ywheel as shown in Fig. 1.

A. Levitation System
Here, each model spacecraftis levitatedby a spherical air bearing

driven by a single air inlet ori� ce at the bearing center. The external
pressurized air source is connected to the ori� ce through a cavity
for smoothing the air� ow in the presence of possible source pres-
sure � uctuations (Fig. 2). The cavity also helps to prevent possible
model spacecraft damage due to sudden loss of air pressure. First,
the equilibrium height h of the model spacecraft above the lower
sphericalbearing surface as a function of the air supply pressure ps

is determined so that a suitable operating point for levitation can
be selected. The analytical details are given in Appendix A. Us-
ing the values of the parameters for our experimental setup given
in Table 1B of Appendix B, the computed equilibrium height is
h D 3:408 £ 10¡4 in.

B. Motor–Flywheel System
The motionof the sphere is producedby the reaction torqueof the

motor, whose stator is rigidly attachedto the sphere.The rotor of the
motor is attached to a � ywheel. To analyze the dynamic behaviorof
the motor–� ywheel system, let µ1 and µ2 denote the rotation angles
of the motor stator and the � ywheel, respectively, relative to an
inertial frame (Fig. 1). The equations of motion for µ1 and µ2 are
given by

I1
Rµ1 C º. Pµ1 ¡ Pµ2/ D ¡¿.t/ (1a)

I2
Rµ2 C º. Pµ2 ¡ Pµ1/ D ¿ .t/ (1b)

where Pµi D dµi =dt and Rµi D d2µi =dt 2, I1 and I2 are the moments of
inertia of the motor stator plus the sphere and the rotor–� ywheel
system about the vertical axis, respectively, º is the coef� cient of
friction between the motor rotor and stator, and ¿ is the torque. We
haveneglectedtheviscousdragdue to theair � lmbetweenthe sphere
and the base and also between the sphere and the surrounding air.
Evidently, the motor and the � ywheel are coupled only by friction.
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Fig. 1 Bottom hemisphere of model spacecraft.

Fig. 2 Section of the air bearing for model spacecraft.

From Eq. (1), it can be readily deduced that µ1 satis� es the fol-
lowing equation:

I1
Rµ1 C º[1 C .I1=I2/] Pµ1 D ¡¿ .t/ (2)

For a step input torque ¿ .t/ D ¿0 , t > 0, the steady-state value for
the angular velocity Pµ1 is

Pµ1ss D ¡[I2=.I1 C I2/]¿0=º (3)

Evidently, Pµ1ss is inversely proportional to the friction coef� cient º,
which is not preciselyknown. To eliminate this undesirablefeature,
we introduce a linear velocity feedback control of the form

¿.t/ D ¡K [ O!d .t/ C Pµ2.t/ ¡ Pµ1.t/] (4)

where K is a positive constant feedback gain and O!d.t/ is a given
desired angular velocity at time t. Substituting Eq. (4) into Eq. (2)
and making use of Eq. (1) to eliminate Pµ2 lead to the following
equation for µ1:

[I1=.º C K /] Rµ1 C [1 C .I1=I2/] Pµ1 D K O!d =.º C K / (5)

Now, the steady-statevalue for Pµ1 correspondingto a given constant
O!d is given by

Pµ1ss D [I2=.I1 C I2/]K O!d =.º C K / (6)

If we choose K À º, then

Pµ1ss ¼ [I2=.I1 C I2/] O!d (7)

Thus, Pµ1ss is insensitive to the value of º. The size of the � ywheel is
chosen so that the maximum valueof Pµ1ss is less than 0.3 revolutions
per second.

To implement feedback control (4), the relative angular velocity
Pµ2 ¡ Pµ1 is measured by means of a tachometer attached directly to
the rotor of the motor. In our actual motor–� ywheel system, the
tachometeroutput,after signal conditioning,providesa voltagepro-
portional to the angular speed , which is controlledby an on-the-� y
pulse-widthmodulation(PWM) scheme.That is, rather thanfeeding
set binary words corresponding to set power levels into the motor
control as in the usual approach, the microcontroller looks at the
tachometer output every millisecond and compares it with the de-
siredvalue O!d . If the tachometerreadingis higherthan O!d , the motor
is deprived of power for the next millisecond. On the other hand,
if the tachometer reading is lower than O!d , full power is applied
to the motor for the next millisecond. We found that this scheme
gave us smoother motor operation and more operating power levels
than otherPWM schemes.Thus, the motor’s angularvelocityis con-
trolled directlyby specifying O!d , whose desiredvalue is determined
by a rule-based control algorithm to be described later.

C. Sensor and Communication Systems
To determine the relative rotational motion of the model space-

craft, each sphere is equipped with a laser mounted inside the top
spherical shell. The laser sends out a beam through a 45-deg prism
attached to a platform with an adjustable tilt angle. The beam is
intercepted by a sensor mounted on the top hemisphere.The sensor
is composed of four 0:5 £ 2 cm solar cells covering all viewing
directions. When any cell is activated by the laser beam, a binary
output is produced by the sensor unit.

The communicationbetween the model spacecraft is providedby
an infrared (IR) transceiver inside each sphere. The transceiveralso
serves as a telemetry device for model spacecraft data. All of the
electronic devices and the motor are powered by two 9-V lithium
batteries. Figure 3 gives an exposed view of the model spacecraft
showing the sensor, the IR transceiver, the miniboard (designed by
F. Martin of the Massachusetts Institute of Technology) using the

Fig. 3 Photograph of the interior of the model spacecraft showing
the miniboardmicro-controller, sensor unit, batteries, and the interface
electronics.
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Fig. 4 Photograph of the experimental setup.

Motorola 68HC11 microcontroller, and the interface electronics.
A photograph of the experimental setup consisting of air-levitated
model spacecraft is given in Fig. 4. The model spacecraft were
carefully balanced so that their rotational axes coincide with the
vertical axes of their sensors.The tilt angle of the prism for the laser
for each model spacecraft was adjusted so that its laser beam hits
the sensor of the other spacecraft. A control console was set up for
controlling the angular velocity of the leader and its laser remotely
via an IR link. Also, an IR telemetry system was setup to monitor
the rotational motion of each model spacecraft.

III. Rule-Based Controls
For multiple model spacecraft, the control algorithms for the

leader and followers are essentially identical. Therefore, we shall
consideronly a leader–followerpair in the subsequentdevelopment.
The situation is analogous to a pair of ice skaters trying to spin in
synchrony subject to the constraint that they can see each other
only over a short time interval during each revolution.Although the
skaters’ corrective actions to achieve synchrony are not clearly un-
derstood,it is known that the correctiveactionof eachskater is based
solely on the visual observation of the other skater, and no quanti-
tative information or computationof any kind is involved. This fact
provides our motivation for seeking simple control laws based on
the occurrenceand timing of certain events to achieve synchronized
rotation of the model spacecraft.

In our model spacecraft, the recognitionand timing of events are
achieved by using optical sensors with binary outputs. All adjust-
ments toward synchronizationare performedby the follower.By the
use of the clock provided by its onboard CPU, the follower records
the occurrencetimes of two different types of events:event A where
the follower’s sensor is hit by the leader’s laser beam and event B
where the leader’s sensor is hit by the follower’s laser beam.

The occurrence of event B is made known to the follower via
an IR transmission from the leader. From these data, the follower
obtains both its own rotation period and that of the leader, as well
as the phase difference (difference between the rotation angles of
the leader and follower relative to an inertial frame). When it is as-
sumed that both the leader and follower rotate in the same direction,
synchronization is attained when their rotation periods match and
the phase difference is equal to some prescribed value.

In what follows,we regard the synchronizationprocess as a chain
of eventsof typesA andB.The angularvelocitysynchronizationcor-
responds to matching the difference between the occurrence times
of successive events of the same type, whereas phase synchroniza-
tion corresponds to making the difference between the occurrence
times of successive events of different types equal to some desired
value.

In rotating systems, a natural ambiguity occurs when attempting
to match phase.That is, givena presenteventof one type, should we
strive to adjust the time between it and a previous event of the other
type, or wait for the next event of the other type? This ambiguity is
resolved by stipulating that control action for the phase correction
be taken only on the occurrence of a certain sequence of events.

Becauseour system’s con� gurationdoes notpermit predictionof the
system’s futurebehavior,as in the case where the systemmotion can
be viewed from above using an imaging device, predictive controls
are ruled out. It may be argued that waiting for more events to pass
before taking a more sophisticatedcorrective action is actually less
desirable.Other than the stipulationthatphasecorrectionis activated
only after the occurrence of a speci� c sequence of events, we strive
to reduce the algorithm’s complexity by taking action as soon as
suf� cient data become available rather than storing data for use at
some opportune time.

The development of the control algorithm for this experiment is
closely related to our particular experimental setup. Although our
algorithm is less general, it serves as an indicationof the minimum
complexity that is needed to accomplish the task.

Let t L
k be the kth time instant (according to the follower’s clock)

when the follower’s laser beam hits the leader’s sensor (occurrence
time of event B) and be t F

k the kth time instant (according to fol-
lower’s clock)when the leader’s laserbeamhits the follower’s sensor
(occurrence time of event A). The rotation periods of the follower
and leader are given, respectively, by

T F
k D t L

k ¡ t L
k ¡ 1; T L

k D t F
k ¡ t F

k ¡ 1 (8)

Synchronized rotation of the leader and follower is attained when
T L

k D T F
k and the phase difference Á.tk / D µL .tk / ¡ µF .tk/ is equal

to a prescribed value, where µL and µF are the angles that the laser
beams of the leader and follower make with respect to the axis
de� ned by the line joining the rotation centers as shown in Fig. 5a.
The timing diagram and event types are shown in Fig. 5b.

When both the rotation periods of the follower and leader are
available, the value of O!d is updated by the following rule:

O!d

¡
t i
k C 1

¢
D

¡
T F

k

¯
T L

k

¢
O!d

¡
t i
k

¢
; i D L ; F (9)

where T F
k and T L

k are the rotationperiodsof the followerand leader,
respectively,as de� ned earlier. Note that Eq. (9) applies only to the
follower. Clearly, when T F

k D T L
k , then no change in O!d results. A

low/high follower angular velocity, implying a long/short follower
rotationperiod, results in an increase/decrease in O!d . The foregoing
rule does not dependon any knowledge of the motor power settings
of theleader.Moreover,angularvelocitycorrectiontakesplacewhen
a new event of either type occurs. A hit by the leader’s laser beam
updates the leader’s period, whereas the reception of an IR message
from the leader updates the follower’s own period. Thus, correction
of follower’s angular velocity is activated twice during any rotation
period.By correctingthe follower’s angular velocity as soon as new
data become available, we avoid the ambiguity mentioned earlier

Fig. 5a Rotation angles of leader and follower.

Fig. 5b Timing diagram and event types.
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Fig. 6 Flow charts for the rule-based controls.

and the necessity of storing past data. In our experiment, all of
the model spacecraft are basically identical. However, our rule is
applicable also for nonidenticalmodel spacecraft.

In phase correction,we make use of the occurrence time of either
type of events based on the follower’s own internal clock. To facil-
itate the observance of phase alignment, we set the desired phase
difference to ¼ or half of the rotation period so that exact phase
alignment is indicated by the leader’s and follower’s laser beams
rotating in synchrony,with the same heading at all times. Thus, the
spots produced by the laser beams on the laboratory wall move to-
gether as the leader and follower rotate in synchrony.This choice of
the desired phase differencedoes not require the microcontroller to
handle simultaneous occurrence of events A and B, that is, the fol-
lower’s sensor being hit by the leader’s laser beam and the leader’s
sensor being hit by the follower’s laser beam at the same time.

Because phase correction is effective only when the angular
speeds of the leader and follower are close to each other, we ac-
tivate phase correction only when

­­T F
k ¡ T L

k

­­· ´ (10)

where ´ is a speci� ed small positivenumber whose reciprocalvalue
de� nesa phasecorrectionregion in the relativerotation-speedspace.
To simplify the phase-correctionrules and to avoid ambiguities,we
introduce, in addition to Eq. (10), a second condition on the types
of present and the previous events: The present event is de� ned
as when the follower receives an IR message from leader and the
previouseventas when the leader’s laserbeamhits follower’s sensor.
Thus, phase correction is activated when both conditions (10) and
event types are satis� ed. In stipulating event type conditions, no
phase correction is made when two events of the same type occur
consecutively. Moreover, the possibility of having the corrective
action during one cycle being undone by that during the next cycle
is avoided.

To derive a phase-correctioncontrol, we consider the phase error
(expressed in units of time) as given by

±T D t F
k C 1

2
T L

k ¡ tm
k (11)

where tm
k is the time for receiving the IR message from the leader

acknowledgingits sensorbeinghit by the follower’s own laserbeam.
Because of processing delay, tm

k differs slightly from t L
k , the time

instant when the follower’s laser beam hits the leader’s sensor. The
term T L

k =2 is added so that the lasers of the leader and follower
have the same heading when the phase error is zero. Because the
follower’s rotationvelocity is the only physicalquantity that we can
directly control, zeroing the phase error must also be accomplished
by manipulating its rotation speed by either momentarily speeding
uporslowingdownwithoutaffectingrotationspeedsynchronization

at the end of the phase correctionperiod. We propose to accomplish
this task using the following approach.

Suppose it is necessary for the follower to reduce the phase er-
ror ±T computed using Eq. (11) by speeding up the rotation. We
introduce a perturbation ± O!d in O!d over a small fraction of T F

k , for
example, ±Tp , for several subsequent rotation periods so that

± O!d±Tp D !F ±T (12)

where !F is the angular velocity of follower.
We observe that, for � xed ± O!d±Tp , Eq. (12) is satis� ed for small

phase error ±T with high rotation speed j!F j as well as large phase
error with low rotation speed. In reality, it is dif� cult to make phase
corrections at high rotation speeds because ± O!d cannot be made
large due to motor speed saturation.

Figure 6 shows the � ow charts for the mentioned rotation speed
and phase rule-based control algorithms. These algorithms were
coded in assembly language of the Motorola 68HC11 microcon-
troller. Interruptswere used to check the sensors for the occurrence
of events. The structure of the program consists of a main routine,
which is idle until an event (either sensor hit by the leader’s laser
beam or the receptionof an IR message from the leader) occurs.The
occurrence time and type of event are recorded.These data are used
to extract the rotation speedand phase information.At any instantof
time, only four consecutiveevent occurrencetimes are stored in the
microcontroller memory. Rotation speed control is activated after
every event occurrence because each new event updates either the
leader’s rotation period TL or the follower’s own rotation period TF .
Phase-correctioncontrolis activatedwhen conditions(10) and event
type conditions are both satis� ed. Thus, its activation is limited to
at most once per revolution of the follower when its rotation speed
is close to that of the leader. Finally, additional rules may be added
to increase the robustnessof the controlswith respect to sensor data
variations.For example, if the laser beam fails to activate the sensor
at one or more time instants for some reason, then the estimation of
the rotation period of the model spacecraft will be in error, which
in turn leads to incorrect controls. This problem can be resolved by
incorporatinga rule that checks for sudden changes in the values of
estimated rotation period and replacing the data by the previously
computed good estimates.

IV. Hybrid Model
Because our experimental system is basically a hybrid

continuous-time and discrete-event system, its dynamic modeling
involves a mixture of differential equations and logic-based con-
trol rules driven by discrete events. In what follows, we shall show
that our system with the proposed rule-based controls can be de-
scribed by an unusual difference equation whose sampling time
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instants are state dependent.For simplicity,we assume that the sen-
sors have zero surface area and that they can be represented by
points at the rotation centers. Let the angles µF and µL be de� ned
in Fig. 5. Thus, the follower’s laser beam hits the leader’s sensor
when µF D .2n C 1/¼; n D 0; 1; 2; : : : : Similarly, the laser beam of
the leaderhits the follower’s sensorwhenµL D 2n¼; n D 0; 1; 2; : : : :

Now, the equation for µF has the form (5), whose solution with
initial condition at t F

k and with O!d held constant over the sampling
period is given by

µ
µF .t/
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where

® D .º C K /[1 C .I2=I1/]; u
¡
t F
k

¢
D .K =I1/ O!d

¡
t F
k

¢
(14)

The next sampling time instant t F
k C 1 is determined by setting

µF .t F
k C 1/ D .2n C 1/¼ for some n D 0; 1; 2; : : :. Using the � rst equa-

tion in Eq. (13), we obtain the following transcendentalequation for
t F
k C 1:
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Evidently, t F
k C 1 is a nonlinear function of the state [µF .t F

k /; PµF .t F
k /]

at the kth time instant t F
k . When t F

k C 1 is determined, the value of
PµF .t F

k C 1/ is uniquelydeterminedby the second equation in Eq. (13).
If we introduce the � rst-order approximation for the exponential
function

exp
£

¡ ®
¡
t F
k C 1 ¡ t F

k

¢¤
¼ 1 ¡ ®

¡
t F
k C 1 ¡ t F

k

¢

then Eq. (15) reduces to

t F
k C 1 D t F

k C
.2n C 1/¼ ¡ µF

¡
t F
k

¢

PµF

¡
t F
k

¢ (16)

Fig. 7 Time history of rotation speeds of leader and follower with velocity control law (9) only.

which is independent of u.t F
k /. The second equation in Eq. (13) at

t D t F
k C 1 reduces to
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If we introducea second-orderapproximationfor the exponential
function in Eq. (17), then under the assumption that
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For the control rules given by Eqs. (9) and (11), the quantity
O!d.t F

k / in u.t F
k / is given by

O!d

¡
t F
k C 1
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k ¡ t F
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¤
(21)

Equations (13–17) can also be used for determining the system
behaviorwith other control rules via computer simulation.An anal-
ysis of the behavior of the solutionsof this type of equationswill be
presented in a forthcoming paper.

V. Experimental Results
In a typical experimental run, the air-levitation system for the

model spacecraft is activated. After the spacecraft have settled at
their equilibriumheights,the rotationof the leaderis initiated.When
the initial angular velocity transient of the leader has subsided, its
laser beam is turned on manually by remote control. The laser of
the follower is activatedwhen the leader’s laser beam hits the sensor
of the follower. Subsequently, the control for synchronizedrotation
takes over.

To determine the effectiveness of the control rule for rotation
speed synchronization, experimental runs were made using con-
trol rule (9) only. The leader’s rotation speed was set to increase
at a constant rate, while the follower tries to track the leader’s ro-
tation speed. Figure 7 shows the time history for a typical run.
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The results show a small-amplitudeoscillatory transient in the rota-
tionspeedtrackingerrorduring the initial 60-s period.Then the rota-
tionspeed trackingerror remainswithin§2% of the leader’s rotation
speed.

In experiments with both rotation speed and phase control algo-
rithms activated, we had two parameters to adjust, namely, ± O!d and
±Tp in Eq. (12). We learned that to minimize the interactionbetween
rotationspeed and phasecontrolalgorithms,we had to keep ±Tp less
than about a quarter of leader’s rotation period TL while setting ± O!d

to the highestpossiblevalue.On the other hand, ±Tp couldnot be set
at too small a value because then the motor would have no time to
react. Figure 8 shows the time history of rotation speeds and phases
of the leader and follower with both speed and phase controls active
and with ±Tp D TL =16. It can be seen that the phase differenceafter
60 s is within §1 s. Figure 9 shows similar results for ±Tp D TL =4.
In this case, it is evident that the phase control began to interactwith
the rotation speed control, causing larger oscillation amplitudes in
the rotation speed tracking error.

To explain the observed convergence of the follower’s angular
velocity to that of the leader, we � rst determined experimentallythe

Fig. 8 Time history of rotation speeds and phases of leader and follower with both velocity and phase controls active, and with Tp = TL/16.

Fig. 9 Time history of rotation speeds and phases of leader and follower with both velocity and phase controls active, and with Tp = TL /4.

static relationbetweenconstantmotor inputvoltageu and follower’s
rotational period T F . From the experimental data, we obtain the
following approximate expression for T F (second) as a function of
u (in units of 20 millivolts):

T F D 2 C 780

u C 2u
1
2 C 9

(22)

whose graph for 0 < u · 200 is shown in Fig. 10. From Eq. (22), the
inverse relation is given by

u D [780=.T F ¡ 2/] ¡ 7 ¡ 2f[780=.T F ¡ 2/] ¡ 8g 1
2 (23)

Because u is proportionalto O!d , we can combine control rules (9)
and (23) to arrive at the followingmapping 0 describingthe relation
between two successive rotational periods of the follower:

T F
k C 1 D 0

¡
T F

k

¢
(24)
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Fig. 10 Graph of TF de� ned by Eq. (23); indicates the maximum
tachometer target voltage.

Fig. 11 Graph of C .

Fig. 12 Time history of rotation speeds of leader and follower with integrated control law (24).

where
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¯
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ª¢2¤¡1
(25)

de� ned for T F
k > 2. The graph of 0 for T D 6 is shown in Fig. 11.

Evidently, 0 is a contraction mapping on the interval I D fu :
2 · u · 10g into itself. Thus, for any T F

0 2 I , period T F
k converges

to the stable � xed point T F D T as k ! 1. This result is consistent
with experimental data.

The foregoing approach to phase correction involves pulsed per-
turbations of the motor input power level for maintaining velocity
synchronization. It was observed that these perturbations tend to
induce undesirable transverse oscillatory motions of the levitated
model spacecraft when the perturbation amplitude is suf� ciently
large. This observation led to the development of the following in-
tegratedcontrol rule, which can be regardedas a modi� cation of the
angular velocity control rule (9) for the follower:

O!d

¡
t F
k C 1

¢
D

T F
k

T L
k C ° Ák

O!d

¡
t F
k

¢
(26)

where ° is a positive weighting coef� cient. We repeated the exper-
iment using the earlier integrated control rule with ° set to unity.
Indeed, the experimental results show smoother control action that
results in a decease in both the angular velocity and phase error at
each iteration.Figure 12 shows the results of a typical experimental
run. It can be seen that the follower’s period tracks that of the leader
after a few rotationswhile the phase error tends to zero in the course
of time even in the presence of variations in the leader’s angular
velocity.

VI. Conclusions
Our experimental results showed that synchronized rotation for

the model spacecraft can be achieved by using simple rule-based
controls activated by the occurrence and timing of certain discrete
events only. These controls do not rely on any dynamic model. The
experimental results also showed that the integrated control rule
givenby Eq. (26)providesimprovedperformanceover thatof earlier
separatedvelocity and phase control rules given by Eqs. (9–12) and
event type conditions.

Although the experiment was performed using only a pair of
model spacecraft, similar experiments could be performed with
more than two model spacecraftwithout extensive modi� cation be-
cause the control rules for the leader and followers remain valid.
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The only necessary hardware and software modi� cations consist of
coding and decoding the signals of the IR transceivers to permit
identi� cation of each follower and leader.

In an actual spacecraft,the laser and sensorunitsmay be replaced,
respectively, by radio-frequency beams and receivers with direc-
tional antennaswith wide aperturealong theaxis of rotationand nar-
row aperture along the axes orthogonal to the rotational axis. Thus,
it is unnecessary to aim the beam at the target receivers precisely.

Appendix A: Levitation System Analysis
Undertheassumptionthat the rotationalspeedof themodel space-

craft is small compared to the air out� ow speed, the air� ow is nearly
axially symmetric and uniform in all radial directions. We assume
also that the air� ow is isothermal and laminar and that the inertial
forces are negligible compared to the viscous forces in the thin air
� lm. Thus, the steady-state air pressure p D p.Á/ inside the bear-
ing can be described by the Navier–Stokes equation satisfying the
following boundary conditions:

p2.Á0/ D p2
0 ; p2.Á1/ D p2

a (A1)

where p1 is the air pressure inside the central recess region and pa

is the ambient air pressure. The angles Á; Á0, and Á1 are de� ned in
Fig. 2. It has been shown10 that the solution, for the case where the
sphere is concentric with the base, has the form

p2.Á/ D p2
a C

¡
p2

1 ¡ p2
a

¢ f[tan.Á=2/]=[tan.Á1=2/]g
f[tan.Á0=2/]=[tan.Á1=2/]g

(A2)

Moreover, the air out� ow at the rim of the sphericalbearing is given
by

q D ¼h3

12¹

³
p2

a ¡ p2
1

p1

´» µ
tan .Á0=2/

tan .Á1=2/

¶¼ ¡1

(A3)

where ¹ is the viscosity of air. Equations (A2) and (A3) are valid
for p1 ¸ pa .

Assuming that the source pressure ps is a positive constant and
that the � ow q through the ori� ce is in the choked regime, we have

q D .Cd0 A0C=
p

T /. ps ¡ p1/ (A4)

where Cd0 and A0 are the discharge coef� cient and the area of
the central ori� ce, respectively, T is the air temperature inside the
central recess region in degrees Rankine, and C is a coef� cient
de� ned by

C D g
p

.k=R/[2=.k C 1/].k C 1/=.k ¡ 1/ (A5)

where k is the ratio of speci� c heats for air, g is the accelerationdue
to gravity, and R is the gas constant.

Using Eq. (A4) to eliminate q in Eq. (A3), and then solving for
h, we obtain an explicit expression for h in terms of p1,

h D
»

12¹Cd0 A0C p1.ps ¡ p1/

¼
p

T
¡

p2
a ¡ p2

1

¢
µ

tan .Á0=2/

tan.Á1=2/

¶¼ 1
3

(A6)

For levitation, we balance the model spacecraft weight with the
upward force fa provided by the air bearing:

Mg D fa.p1/
defD 2¼r 2

s

Z Á1

Á0

p.Á/ sin Á cos Á dÁ C ¼r 2
0 p1 ¡ ¼r 2

s pa

(A7)

where r0 and rs are the radii of the central recess region and the
sphere, respectively, and p.Á/ is given by Eq. (A2). Evidently, fa

is a nonlinear function of p1 only. Now, given a value for Mg, the
corresponding value for p1 satisfying Eq. (A7) can be computed.
Thus, the equilibrium height h can be determined from Eq. (A6)
using the computed value of p1.

Appendix B: Model Spacecraft Parameter Values
Table 1B Values of model spacecraft parameters

Parameter Description Value

Cd0 Discharge coef� cient of central ori� ce 1.0
A0 Area of central ori� ce 1:9174£ 10¡4 in.2

C Coef� cient de� ned in Eq. (2) 0.532.±R)1=2 /s
T Temperature 529:67± R
M Total mass of model spacecraft 0:0636 slug
ps Air source absolute pressure 94 psi
pa Ambient pressure 14:7 psi
rs Radius of spherical model spacecraft 3 in.
r0 Radius of central recess region 0:375 in.
k Ratio of speci� c heats for air 1:4
R Gas constant 2:47 £ 105 in.2 /(s2) ±R
¹ Absolute viscosity of air at 1 atm 1:023 £ 10¡6 lb/(in.s)
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