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Fig. 1 Phugoid frequency !p in rad/s (y axis) vs U1 in ft/s (x axis).

where

A D U1 ¡ Z P®

B D ¡.U1 ¡ Z P® /.Xu C Mq / ¡ Z® ¡ M P®.U1 C Zq/

C D Xu [Mq.U1 ¡ Z P®/ C Z® C M P®.U1 C Zq/

C Mq Z® ¡ Zu X® C M P® g sin 21 ¡ M®.U1 C Zq/] (5)

D D g sin 21.M® ¡ M P® Xu/ C g cos 21[Zu M P® C Mu.U1 ¡ Z P®/]

¡ Mu X® .U1 C Zq/ C Zu X® Mq C Xu[M®.U1 C Zq / ¡ Mq Z® ]

E D g cos 21.M® Zu ¡ Z® Mu/ C g sin 21.Mu X® ¡ Xu M®/

The results are plotted in Fig. 1 for the 15 different cases. In
each plot, the ordinate shows ! p and the abscissa shows U1 . Each
graph is labeled according to the aircraft and the � ight condition it
represents.For instance,E-3 denotes aircraft E in � ight condition 3.
Uniformity is maintained in the graphs by ensuring that all of their
ordinatesvary from 0 to 0.4. The abscissa of each graph varies from
0 to 1000 ft/s.

It can be seen from the � gure that the approximationand the exact
value are indistinguishableexcept at the left extremity. Except for
the left extremity, Fig. 1 shows that the phugoid frequency is inde-
pendent of the forward speed. On close scrutiny, it is seen that the
region in which there appears to be a discrepancybetween the exact
and the approximatevalues lies below100 ft/s. Introspectionreveals
that any speed falling below this limit lies below the stalling speeds
of all the aircraft considered in the simulation. Thus, as far as prac-
tical � ight is concerned, the difference between the exact solution
to the phugoid frequency and the approximate solution represented
by Eq. (2) is immaterial. This strongly supports Conjecture B.

This suggests that it is not speed, but the change of aerodynamic
derivatives with speed, that causes the change in the phugoid fre-
quency. In most cases, the aerodynamic derivatives vary in such
a manner as to reduce the phugoid frequency when the speed is
increased, leading to widespread belief in Conjecture A.

Conclusion
The notion of yore that the phugoid frequency is inversely pro-

portionalto the forward speed is disproved.Counterexampleswhere
the phugoid frequency increases as the forward speed is increased
are cited. Using an expression for the phugoid frequencydeveloped
by the authors, we have shown that the phugoid frequency is inde-
pendent of the forward speed, provided the aerodynamic and thrust
derivatives are held � xed by some arti� cial means.
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I. Introduction

G RAVITY-TURN descent has been investigatedwidely1¡4 and
used in practice5;6 for terminal descent to lunar and plane-

tary surfaces. Initial studies of this descent method utilized simple
linear feedback control laws to track prede� ned velocity-range de-
scent pro� les. It has been shown that these linear methods can be
improved by using nonlinear transformationmethods to arti� cially
linearize the system error dynamics.7 However, all of these control
laws require knowledge of key system parameters such as the lo-
cal gravitational acceleration. In addition, the control laws are not
robust to parameter variations or to unmodeled disturbances such
as thruster failure. A direct adaptive control law is presented that
provides robust tracking of a prede� ned descent pro� le. It is shown
that the control law is a function only of the lander velocity and
altitude and does not require any model-dependentparameters.Be-
cause of this inherent robustness, the control law is able to adapt
to realistic thruster failure modes such as thruster valves jammed
open or closed. Last, because explicit on-line parameter estimation
is not required, the control law is computationallyef� cient, and so
it appears attractive for onboard implementation.

II. Gravity-Turn Descent
Gravity turn is a simple descentmethodwhereby the lander thrust

vector is aligned opposite to its velocity vector at all points along
the descent trajectory.This requirement can be implemented easily
onboardby using the attitude control system to null body rates about
the landervelocityvector.It canbeshownthatthemethodis alsonear
optimal in providing minimum-fuel descents. Although the thrust-
vector orientation is � xed, the thrust magnitude can be modulated
to track prede� ned velocity–altitudeor velocity–slant rangedescent
pro� les. The method also has the useful property that a vertical
landing is guaranteed. For terminal descent maneuvers, the planar
translational dynamics of the lander may be modeled as a point
mass moving over a � at surface with a uniform local gravitational
acceleration g, viz.,

Pº D ng C g cos Ã (1a)

º PÃ D ¡g sin Ã (1b)

Ph D ¡º cos Ã (1c)

where the lander state variablesare illustratedin Fig. 1. The altitude
h can be obtainedby a simple radar altimeter and the lander velocity
components obtained from a multibeam Doppler radar. These com-
ponentsalso providethe lander � ight-pathangleÃ . The only control
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Fig. 1 Schematic geometry of a gravity-turn descent.

variable is the vehicle thrust-to-weight ratio n, which is modulated
by throttling the descent thrusters.

III. Direct Adaptive Control
Before the gravity-turncontrol law is developed, a general direct

adaptive control law is presented. This particular adaptive control
law8 is well suited to spacecraft applications because explicit on-
line parameter estimation is not required. The control-lawgains are
adjusteddirectly in response to the changingbehaviorof the system
dynamics.

Theorem: Consider the following � rst-order linear system:

Px.t/ D ax.t/ C bu.t/ C d (2)

where a, b, and d 2 < are assumed to be unknownexceptfor the sign
of b, which is assumed to be positive.A control law now is required
that has the property that x.t/ ! 0 as t ! 1 without knowledgeof
a, b, and d. It can be shown that the control law

u.t/ D ¡·1.t/x.t/ ¡ ·2.t/ (3)

possesses these properties, where the control gains are obtained
from

P·1.t/ D ¿1x2.t/ (4a)

P·2.t/ D ¿2x.t/ (4b)

with the parameters ¿1; ¿2 > 0. A detailed proof of this theorem is
presented in Ref. 8, using Lyapunov methods.

IV. Adaptive Gravity-Turn Control Law
Now that the general� rst-ordercontrollaw hasbeenpresented,an

adaptive gravity-turn control law is developed.An adaptive control
law is desirable for descent guidance to compensate for unmodeled
dynamics and to cope with thruster failures during the descent ma-
neuver. It is assumed that the control law is to track a prede�ned
velocity–altitude pro� le given by

Qº.h/ D Qºo[1 ¡ exp.¡¸h/] (5)

This functionprovidesa constantdescent speed Qºo with exponential
braking prior to soft landing. The braking is de� ned by the shaping
parameter ¸, which then is related to the maximum thrust/weight
ratio required during the nominal descent.9 A velocity error " now
is de� ned as

" D º.t/ ¡ Qº (6)

Then, using this de� nition with Eq. (1a), the error dynamics of the
system can be written as

P" D .Qº 0 cos Ã/" C ng C .g cos Ã C Qº 0 Qº cosÃ/ (7)

where Qº 0 is the derivative of Qº with respect to h. It can be seen
that Eq. (7) is now in the form of Eq. (2), with the nonlinear terms
grouped as an unknown disturbance. The lander control law then
can be written as

Qn.º; h/ D ¡.1=g/f·1.t/[º.t/ ¡ Qº.h/] C ·2.t/g (8)

where the gains again are obtained from

P·1.t/ D ¿1[º.t/ ¡ Qº]2 (9a)

P·2.t/ D ¿2[º.t/ ¡ Qº.t/] (9b)

with the constants ¿1 , ¿2 > 0. It can be seen that the control law is a
functiononly of the lander velocity and altitude.Previous nonlinear
controllaws7 also requiredknowledgeof the lander � ight-pathangle
Ã and the local gravitational acceleration g. This adaptive control
law is applied now to a typical lander descent control problem with
unmodeled dynamics and thruster failure.

V. Results and Discussion
The velocity–altitude pro� le de� ned in Eq. (5) is used with a

required descent rate Qºo of 4 m/s, starting from an altitude of 100 m

Fig. 2a Velocity–altitude pro� le tracking (– – –, required pro� le, and
——, actual pro� le).

Fig.2b Thrust-to-weightratio (– – – , actuated, and——, commanded).
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Fig. 3 Adaptive-control-lawgains, ·1(0) = ·2(0) = 1, ¿1 = ¿2 = 1 (——,
·1 , and – – – , ·2).

and � ight-pathangleÃ of 10 deg. The initial lander velocity is set at
5 m/s to represent residualerrors from the previousdescentphase. It
is assumed that the lander uses clustereddescent thrusters and that a
set of these thrustersfails with the throttleopen, inducinga constant-
bias accelerationof 0.5g. In addition, at the midpoint of the descent
maneuver, the remaining thrusters are degraded with the available
thrust reduced to one-thirdof the initial available thrust. This failure
mode is modeled by multiplying the commanded thrust by

f .t/ D 2
3 1 ¡ .1=¼/ tan¡1.2t ¡ t f / (10)

so that the actuated thrust weight ratio becomes Qn.º; h/ f .t/.
The descentpro� le of the lander is shown in Figs. 2a and 2b along

with the commandedand actuated thrust weight ratio. It can be seen
that the initial velocity error is removed by throttling down the de-
scent thrusters to allow the lander to accelerate and, � nally, to track
the required descent pro� le, even in the presence of the 0.5-g bias
acceleration. Then, at the midpoint of the maneuver, the available
thrust is reduced, as described above. It can be seen from Fig. 3 that
the control-lawgains adapt to this failure and that after a short tran-
sient the lander continues to accurately track the required descent
pro� le. This failure is compensatedfor by increaseddemands on the
remainingdescent thrusters, as seen in Fig. 2b. On landing, the actu-
ated thrust weight ratio is only 0.5 because of the jammed thrusters
providing a constant 0.5g bias acceleration. Therefore, the lander
has a total thrust/weight ratio of unity, as required for a soft landing.
It is also found that Ã ! 0, so that a vertical landing is ensured.

VI. Conclusions
A direct adaptivecontrol law for gravity-turndescent is presented

that is robust and able to compensate for multiple thruster failures.
The control-lawgains adapt to these failures in directresponseto the
changingbehaviorof the system dynamics.Because on-line param-
eter estimation is not required, the control law is computationally
ef� cient for onboard implementation.Such robust and ef� cient con-
trol laws appear attractive for low-cost planetary or lunar landers,
where high controller performance is required, but without signi� -
cant computational effort.
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Introduction

T HERE is currently growing interest in the development of
remotely piloted inspection vehicles capable of performing

� y-arounds of the Space Shuttle or of a space station on-orbit. For
example,NASA � ight tested the AERcam, the autonomousextrave-
hicular activity robotic camera Sprint vehicle1;2 that is the prototype
of a family of spacecraft for Shuttle and InternationalSpace Station
inspection tasks, during the recent STS-87 mission. This Note de-
scribes methods for selecting the two main parameters that describe
the propulsion system of such vehicles: the total 1v capacity of
the tankage and the thrust level of the jets. 1v requirements are
clearly related to the desired mission range and � ight duration, as
well as attitude control requirements. Choice of thrust level must
be made on the basis of a tradeoff between safety and performance,
bearing in mind the types of missions to be performed by such a
vehicle. As regards safety, too high a thrust may pose unacceptable
risks of a high-speed collision in the event that a malfunction on
the inspectionvehicle causes it to � re toward the mother spacecraft.
For instance, if a thruster becomes stuck on, the resulting long-term
net linear acceleration may, in some cases,3 approach the one-jet
thrust/mass ratio of the vehicle. On the other hand, too low a thrust
level will not permit the vehicle to overcome orbital effects and
hover at an appreciable distance above, below, or to the side of the
larger spacecraft; such positioning is likely to prove very desirable
in future inspection missions.

The safety issuesgiven in the precedingpointsdictate that inspec-
tion vehicleswill necessarilybe low-thrustspacecraft:accelerations
as low 50 ¹g have been considered.4 Consequently,extended burns
will be required to accelerate up to even moderate relative speeds.
The usual assumption of an impulsive 1v is, thus, not valid for
this class of spacecraft. Furthermore, these vehicles are initially to
be � own by a human operator, essentially by means of visual cues
alone. Therefore, low-thrust optimal control techniques that require
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