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Fig. 3 Time response plots for diamond leader-wingman formation.

out, the initial formation velocity and the initial formation spacing
are maintained in steady state. Therefore, the formation geometry
is maintained after the heading change maneuver is completed and
there is no danger of an L/ W collision during the transition process.

VII. Conclusions
The control design problem of an automatic pilot for formation

flight control has been analyzed and decomposed into two uncou-
pled linear single-input, two-output dynamic tracking control sys-
tem design problems, which correspond to the y and x channels,
respectively. This, in turn, results in the efficient design of a PI
formation-hold autopilot that uses a mix of separation errors and
maneuver errors. The formation-hold autopilot is an extension of
the conventional heading-hold and Mach-hold autopilots. However,
the formation control problem involves two flight vehicles and their
accurate relative positions.

The formation flight control problem considered here is signifi-
cant in view of its direct operational importance: It affords the au-
tomation of the coordination of a leader/wingman flight, the design
of a robotic wingman, and the automatic control of aircraft during
maneuvers such as aerial refueling. It is also interesting in view of
the novel and nontrivial control theoretic problems that it poses.
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Introduction

IN most modern aircraft training simulators, many aircraft are
being flown simultaneously to mimic surrounding air traffic. For

combat simulators, the flight performance fidelity of the aircraft
traffic or threat environment is particularly important for effective
combat tactics training. The air traffic models must also be very
simple so that a minimum amount of computational power is used
during these real-time simulations.

Most air traffic models in use today have been developed by
piecing together manufacturer's data into a simplified model of the
aircraft. However, for many aircraft, data may be available in the
form of performance charts. Excess power contours and energy ma-
neuverability charts are estimated for many aircraft to make com-
parisons between different aircraft types. These performance pre-
dictions are a valuable source of information that can be used for
air traffic simulation modeling.

This note offers a new approach to developing a drag function ex-
pression for commercial air traffic or combat aircraft threat models.
The idea is to determine parameters of a simplified drag coefficient
function so that the performance of the modeled aircraft closely
matches that of the actual aircraft. The drag function parameters are
varied using a form of parameter identification or multidimensional
curve fitting. In other words, the parameters of the air traffic model
drag function are actually extracted from performance data rather
than estimated from wind tunnel data. Thus, the performance of the
air traffic model will match the actual aircraft.

Drag Error Function Structure
Most air traffic models are based upon energy state equations of

5 The excess power or rate of change of energy is given bymotion.

dE

dt W (1)

where E — h -h V2/2 g is specific energy, h is altitude, V is velocity,
W is weight, and Ps is excess power. The axial forces acting on the
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vehicle are the maximum available engine thrust T and drag D.
The primary modeling emphasis is the drag force D. It is easiest to
model this function using a simple drag polar, given by

D = qSCD = qS(CDo + KC2
L) (2)

where q is dynamic pressure, S is a reference area, and CL is lift
coefficient.

For high speed combat aircraft, the drag polar is not sufficient to
accurately model the drag characteristics of the aircraft. As a result,
the performance of the combat models usually will not match the
performance of the actual aircraft at high subsonic or supersonic
speeds. To include the effect of Mach number, a drag coefficient
represented by the following function is considered:

(3)

The error function f(CL, M) is intended to take on many forms.
Its primary purpose is to model any differences between a simple
drag polar and the drag coefficient function needed to match the
performance of the actual aircraft. However, since a very simple
thrust model is assumed, the drag error function also accounts for
differences between the thrust model and the actual aircraft propul-
sion system.

Although many other forms are possible, the error function
/ (CL , M) is represented herein in terms of a weighted sum of cubic
spline basis functions

nc+2nm+2

/(CL, M) = (4)

with £(•) representing a single spline basis function and nc and
nm are the number of spline nodes or "knots" in CL and Mach
number, respectively. The individual spline functions are defined as
in Ref. 6. The parameters that are fitted to performance data are
the spline coefficients &/7 in Eq. (4). The number of spline function
coefficients depends upon the number of spline knots used. From
Eq. (4), one can see that there will be (nc + 2) x (nm + 2) spline
function coefficients. The principal advantage of the spline function
representation is that greater or less fidelity can be obtained by
changing the number of spline knots used in the procedure (with a
corresponding increase or decrease in computational requirements).

Drag Error Coefficient Parameter Identification
Level, straight, and turning flight excess power contour plots can

be digitized to yield data points of Mach number M, altitude, and ex-
cess power. The excess power data are then converted to equivalent
lift and drag coefficients using the following expressions:

CD =
_ 2(w/s) (8TQ _ _^_
~~ p(Ma)2 \~W ~ ~Ma

Cr =
2n(W/S)
p(Ma)2

(5)

(6)

where a is the speed of sound, n is the load factor, p is the atmo-
spheric density, 8 is the density ratio (5 = p/psi)* W/S is the air-
craft's wing loading, and TQ is the maximum sea level static engine
thrust. The propulsion system thrust usually depends upon altitude
and Mach number. To approximate the effect of altitude, the en-
gine thrust in Eq. (5) is assumed to vary with density ratio such
that r = 8TQ.

The drag function modeling is completed in two steps. In the first
step, only the drag polar parameters CDo and K are determined by
assuming f(CL, M) = 0. The resulting drag polar model usually
results in a fairly good subsonic model. For improved fidelity, a
second identification is then carried out to determine the drag coef-
ficient error function parameters. The second step is to fit the spline
coefficients that make up the error function f(Ci, M). To determine
the spline coefficients, the data fitting scheme proposed in Ref. 6
is recommended.
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Fig. 1 F-104G drag function model contours of constant excess power.

There are two design choices that must be made prior to com-
puting the spline function coefficients. First, the spline knot loca-
tions for CL and Mach number must be selected. The spline knots
generally should be chosen wherever the drag function undergoes
significant variations. For example, it is often helpful to specify sev-
eral tightly spaced knots near Mach 1 in order to correctly model
drag rise. The singular-value threshold (see Ref. 6) should be cho-
sen as small as possible to yield good model fidelity. However, a
threshold set too small will result in a drag coefficient function that
is unrealistically complex due to ill-conditioning.

Finally, one should note that the drag function that is extracted
from the aircraft performance data does not necessarily represent
the actual drag acting on the aircraft. The fitted drag function not
only includes errors due to the fitting procedure, but it also includes
the errors inherent in the simplified engine thrust model. In partic-
ular, the drag error function will contain thrust variations in Mach
number that are not at all represented in the simplified expression for
thrust. However, separating thrust effects from the performance data
allows the simulation engineer to add other propulsion system char-
acteristics such as a throttle, rate limits, and simplified dynamics.

Example
Figure 1 shows contours of excess power for the Lockheed

F-104G supersonic jet in level flight. The numbered symbols in
the figure represent the actual performance data for the aircraft. A 0
represents Ps = 0 ft/s, 1 represents Ps = 100 ft/s, etc. These 106 data
points were electronically digitized from the contour plot presented
in Ref. 7. A weight W = 18,000 Ib, reference area S = 195 ft2,
and maximum static sea level thrust TQ — 15, 800 Ib were assumed.

The solid lines in Fig. 1 show the excess power performance fi-
delity that is obtained after drag model fitting. These curves are
created by computing the excess power from Eq. (1) using the drag
function model from Eq. (3) and a grid of altitude and Mach number
pairs. Comparing the solid lines to the numbered symbols indicates
that the performance of the model is quite good, even at high speed.
The spline knots were chosen for CL at [0.0 0.2 0.6 1.1] and Mach
number at [0.3 0.8 0.9 1.1 1.2 1.6 2.0 2.5]. Better matching fidelity
can be obtained using more spline knots; however, more spline knots
will also result in a greater number of function parameters and re-
duced computational efficiency. A total of 62 parameters are needed
to model this drag function. A singular-value threshold of 0.01 was
chosen for this example.

Conclusions
The example results shown in this note reveal that surprisingly

detailed drag coefficient functions can be extracted directly from
typical aircraft performance charts. The performance of the result-
ing model closely matches that of the actual aircraft. The parameter-
fitting method used in the modeling procedure has only a limited
number of design choices; therefore, the level of engineering ex-
pertise required and the time needed to develop new aircraft models
should be significantly reduced. Finally, by simply changing the drag
error function, air traffic models can be easily modified or upgraded
whenever new performance estimates are obtained.
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Introduction

T HIS note describes a new gyro failure detection algorithm
implemented onboard the Hubble Space Telescope (HST) to

detect a class of potential gyro failures that would not have been
recognized by pre-existing failure detection algorithms. This test is
called the system momentum test, since it detects failures by moni-
toring the change in the system momentum calculated in the flight
computer.

The HST was launched with six primary single-degree-of-
freedom high-accuracy gyros for redundancy. The science pointing
mode of the HST normally uses four gyros to provide gyro fault
detection and improved smoothing of gyro noise, but good point-
ing performance (with reduced fault detection capability) is possible
with three gyros.1"3 The spacecraft is uncontrollable in this pointing
mode with only two gyros, due to the unobservability of a body rate
perpendicular to the input axes of both gyros, but vehicle health and
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safety can still be maintained with either the Zero Gyro Sunpoint
safemode in the flight computer4 or the hardware sunpoint capabil-
ity using the Pointing and Safemode Electronics Assembly and the
lower accuracy retrieval mode gyros.

The original fault detection logic in the HST flight computer mon-
itored three types of gyro failures: a) disparity between measured
and expected gyro counts, b) off-nominal values of hardware gyro
error indicator bits, and c) measured gyro counts exceeding satu-
ration limits. Unfortunately, these tests cannot detect a gyro failure
that results in a near-zero gyro output independent of the actual
spacecraft body rate when the commanded rate is also near zero.
A gyro failure of this type, termed a "soft" gyro failure, could re-
sult from a failure of the rotor drive mechanism, for example. Any
configuration of four gyros provides redundant information about
individual vehicle axes, so a soft failure of one gyro would not have
serious consequences; the three remaining gyros would allow com-
putation of inaccurate but acceptable body rate information until
one of the above tests caused the failed gyro to be autonomously
removed from use. However, a soft gyro failure from a three-gyro
configuration would cause an undetected increase in the vehicle an-
gular velocity about an insensitive axis that the failed gyro would
normally sense. In fact, the spacecraft attitude control system would
attempt unsuccessfully to drive the output of the failed gyro to an
exact zero rate, forcing the undetected rate to increase rapidly. A
simulation of a soft gyro failure in the HST hardware/software in-
terface facility verified that the existing safemode tests would not
detect such a failure and that the spacecraft rate about the undetected
axis would rapidly increase to a level high enough to endanger space-
craft health.

The inability of the existing gyro failure detection tests to detect
a soft failure—and the threat of such a failure on the HST—led to
the addition of the system momentum test. This test allows reliable
and rapid detection of a soft gyro failure by checking the change
in the system momentum calculated in the flight computer. In the
event of such a failure, the control system response to incorrectly
measured body rates causes a rapid change in computed system
momentum. The system momentum test triggers a safemode entry
upon detecting this change.

Simultaneous soft failures of two gyros from a four-gyro con-
figuration is possible but improbable, since it requires a minimum
of three hardware component failures in the shared clock control-
ling the two gyros. Although this failure mode has never occurred,
simulations show that the result would be detected by the system
momentum test.

System Momentum Test Algorithm
Changes in the total system momentum

H = Iw + //RW (1)

are caused only by external disturbance torques such as aerodynamic
drag and gravity gradient torques. In Eq. (1), / is the vehicle moment
of inertia tensor, w is the vehicle angular velocity, and HRW is the
reaction wheel angular momentum in the vehicle frame. Internal re-
action wheel torques are balanced by Newton's third law so that any
change in the spacecraft body angular momentum is balanced by an
equal and opposite change in the momentum of the reaction wheels,
resulting in zero net change in the system momentum. Since the ex-
ternal torques are small, the system momentum is slowly changing.

The system momentum is calculated in the flight computer for
use in compensating gyroscopic torques and for momentum man-
agement. If any of the quantities entering into this computation is in-
correct, the computed system momentum may change rapidly, with
a rate of change much larger than the external disturbance torques.
This is the basis of the system momentum test for soft gyro failures.
This test estimates the net unmodeled environmental torque as

dH= — +wxH-mxB-Tgi (2)

where w x H is the gyroscopic torque, m x B is the commanded mag-
netic torque, and rgg is an estimate of the gravity gradient torque. If
all sensors are operating properly, the magnitude of rest will be on


