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Determination of angles of attack and sideslip from radar data and
a roll-stabilized platform

Equations for angles of attack and sideslip relative to both a rolling and nonrolling body axis system Name Type
are derived for a flight vehicle for which radar and gyroscopic attitude data are available.
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relative to an inertial reference in an Euler angle sequence. In particular, a pitch, yaw, and roll
sequence is used as an example in the derivation. Sample calculations based on flight data are
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16. Abstract

Equations for angles of attack and sideslip relative to both a rolling and nonrolling body
axis system are derived for a flight vehicle for which radar and gyroscopic-attitude data are
available. The method is limited, however, to application where a flat, nonrotating earth may
be assumed. The gyro considered measures attitude relative to an inertial reference in an
Euler angle sequence. In particular, a pitch, yaw, and roll sequence is used as an example in
the derivation. Sample calculations based on flight data are presented to illustrate the method.
Results obtained with the present gyro method are compared with another technique that uses
onboard-camera data.
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Derivation and definition of a linear aircraft model

A linear aircraft model for a rigid aircraft of constant mass flying over
The derivation makes no assumptions of reference trajectory or vehicle Name Type
symmetry. The linear system equations are derived and evaluated along a general trajectory and
include both aircraft dynamics and observation variables.
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SUMMARY

Tlis report documents the derivation and definition of a linear aircraft model for a rigid aircraft of constant
mass flying over a flat, nonrotatingearth. The derivation makes no assumptions of reference trajectory or
vehicle symmetry. The linear system equations are derived and evaluated along a general trajectory and
include both aircraflt dynamics and observation variables.

INTRODUCTION

The need for lincar models of aircraft for the analysis of vehicle dynamics and control law design is well
known. These models are widely used, not only for computer applications but also for quick approximations
and desk calculations. Whereas the use of these models is well understood and well documented, their
derivation is not. The lack of documentation and, occasionally, understanding ol the derivation of linear

models is a hindrance to communication, training, and application.

This report details the development of the linear model of a rigid aircraflt of constant mass, {flying over a
flat, nonrotating earth. This model consists of a state equation and an observation (or measurement) equa-
tion. The system equations have been broadly formulated to accommodate a wide variety of applications.
The linear state equation is derived from the nonlincar six-degree-of-freedom equations of motion. The
linear observation equation is derived from a collection of nonlincar equations representing state variables,
time derivatives of state variables, control inputs, and flightpath, air data, and other parameters. The linear
model is developed about a nominal trajectory that is general..

Whereas it is common to assume symmetric aerodynamics and mass distribution, or a straight and level
trajectory, or both (Clancy, 1975; Dommasch and others, 1967; Etkin, 1972; McRuer and others, 1073;
Northrop Aircraft, 1952; Thelander, 1965), these assumptions limit the generality of the linear model. The
principal contribution of this report is a solution of the general problem of deriving a linear model of a rigid
aircraft without making these simplifying assumptions. By defining the initial conditions (of the nominal
trajectory) for straight and level flight and setting the asymmetric acrodynamic and inertia terms to zero,
: i g R s1odels from the linear model derived in this report.

is the derivation and definition of a linear observation
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SUMMARY

This report documents the derivation and definition of a linear aircraft model for a rigid aircraft of constant
mass {lying over a flat, nonrotating earth. The derivation makes no assumptions of reference trajectory or
vehicle symmetry. The linear system equations are derived and evaluated along a general trajectory and
include both aircraflt dynamics and observation variables.

INTRODUCTION

The need for lincar models of aircraft for the analysis of vehicle dynamics and control law design is well
known. These models are widely used, not only for computer applications but also for quick approximations
and desk calculations. Whereas the use of these models is well understood and well documented, their
derivation is not. The lack of documentation and, occasionally, understanding ol the derivation of linear

models is a hindrance to communication, training, and application.

This teport detail§ the development of the linear model of a rigid aircralt of constant mass, flying over a
flat, nonrotating earth. This model consists of a state equation and an observation (or measurement) equa-
tion. The system equations have been broadly formulated to accommodate a wide variety of applications.
The linear state equation is derived from the nonlincar six-degree-of-freedom equations of motion. The
linear observation equation is derived from a collection of nonlincar equations representing state variables,
time derivatives of state variables, control inputs, and flightpath, air data, and other parameters. The linear
model is developed about a nominal trajectory that is general..

Whereas it is common to assume symmetric aerodynamics and mass distribution, or a straight and level
trajectory, or both (Clancy, 1975; Dommasch and others, 1967; Etkin, 1972; McRuer and others, 1073;
Northrop Aircraft, 1952; Thelander, 1965), these assumptions limit the generality of the linear model. The
principal contribution of this report is a solution of the general problem of deriving a linear model of a rigid
aircraft without making these simplifying assumptions. By defining the initial conditions (of the nominal
trajectory) for straight and level flight and setting the asymmetric acrodynamic and inertia terms to zero,
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The inverse of the €' matrix, ™!, can be expressed as a partitioned matrix in terms of the matrix subpar-

titions of the ¢ matrix as

-1 -1 -1
_Cn 012022

The elements of the A’, B’, H’', and F’ matrices can be determined using the €'~! matrix defined in

35
36

. equation (2-G4), the A, B, H, G, and F matrices, and the definitions for A’, B, H', and F’ given in
37 ;

equations (2-21), (2-22), (2-38), and (2-39).

3 CONCLUDING REMARKS

This report derives and defines a set of linearized system matrices for a rigid aireraft of constant mass, flying
in a stationary atmospherc over a flat, nonrotating earth. Both generalized and standard linear system
cquations are derived from mnonlinear six-degree-of-freedom equations of motion and a large collection of
nonlinear observation (measurement) equations.

This derivation of a linear model is general and makes no assumptions on either the reference (nominal)
trajectory about which the model is linearized or the symmetry of the vehicle mass and aerodynamic
properties.
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This report documents the derivation and definition of @ linear aircraft model for a rigid aircraft of constant
mass flying over a flat, nonrotating earth. The derivation makes no assumptions of reference trajectory or
vehicle symmetry. The linear system equations are derived and evaluated along a general trajectory and
include both aircraft dynamics and observation variables.

17. Key Words {Suggested by Authoris))

NASA's Reference Publication 1207, augusti 1988
Derivation and Definition of a Linear Aircraft Model (augusti 1988)

18. Distribution Statement

Unclassified — Unlimited

Subject category 08

SO (H:)

o Pleantl fad abile meeal LT T P — Toan =~ -

[ NASA Dokument Ex. 1§ Kall...

17:50

A O o2
& @ V) SWE 506.01-09 %)

h


https://ntrs.nasa.gov/citations/19890005752

Dokument 20070030307
American Institute of Aeronautics and Astronautics
General Equations of Motion for a Damaged Asymmetric Aircraft.



https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070030307.pdf

v Lankar | VaknaUpp X @ General Equations of Motion fo X @& Microsoft Word - EOM for Damn X =+ — X

[¢
di
®

€« C 2% ntrs.nasa.gov/citations/20070030307 B %

nasd NTRS - NASA Technical Reports Server Search all fields Search Collections ~ About  News  Help

General Equations of Motion for a Damaged Asymmetric Aircraft

There is a renewed interest in dynamic characteristics of damaged aircraft both in order to assess
survivability and to develop control laws to enhance survivability. This paper presents a set of flight Name Type
dynamics equations of motion for a rigid body not necessarily referenced to the body's center of
mass. Such equations can be used when the body loses a portion of its mass and it is desired to
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American Institute of Aeronautics and Astronautics

define angle of attack and sideslip angle, independent variables for the aerodynamic forces and moments. The
proposed equations of motion are then applied to the problem of modeling large instantaneous shifts in center of
mass of a rotating body that suddenly loses a portion of its mass. Benefits in simulation implementation are
discussed. As an example, open loop dynamic responses of a generic transport aircraft with wing damage are
compared for typical equations of motion used in the aircraft simulation and the equations presented here.

II. Rigid Body Equations of Motion Referenced to an Arbitrary Fixed Point on the Body

There are several approaches that can be used to develop the general equations of motion. The one selected here
starts with Newton's laws applied to a collection of particles defining the rigid body (any number of dynamics or
physics books can serve as references, e.g. reference 2). In this paper, the rigid body equations of motion over a flat
non-rotating earth are developed that are not necessarily referenced to the body’s center of mass. Such equations
will be used in the next section when the body loses a portion of its mass and it is desired to track the motion of the
body’s previous center of mass/reference frame now that the mass center has moved to a new position

3
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Predicted Performance of a Thrust-Enhanced SR-71 Aircraft with
an External Payload

NASA Dryden Flight Research Center has completed a preliminary performance analysis of the SR- Name Type
71 aircraft for use as a launch platform for high-speed research vehicles and for carrying captive
experimental packages to high altitude and Mach number conditions. Externally mounted research
platforms can significantly increase drag, limiting test time and, in extreme cases, prohibiting
penetration through the high-drag, transonic flight regime. To provide supplemental SR-71
acceleration, methods have been developed that could increase the thrust of the J58 turbojet Related Records
engines. These methods include temperature and speed increases and augmentor nitrous oxide
injection. The thrust-enhanced engines would allow the SR-71 aircraft to carry higher drag research
platforms than it could without enhancement. This paper presents predicted SR-71 performance
with and without enhanced engines. A modified climb-dive technique is shown to reduce fuel
consumption when flying through the transonic flight regime with a large external payload. Estimates
are included of the maximum platform drag profiles with which the aircraft could still complete a
high-speed research mission. In this case, enhancement was found to increase the SR-71 payload
drag capability by 25 percent. The thrust enhancement techniques and performance prediction
methodology are described.
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tage of decreased delivery time.

Ln combination, the engine control modifications and NO injec-
tion were predicted to provide at least the 10 percent net thrust in-
crease goal throughout most of the Mach range. The increase
would be slightly Jess transonically.

DIGITAL PERFORMANCE SIMULATION DESCRIPTION

NASA Dryden has developed a simplified aircraft performance
simulation program that models many of its primary flight test ve-
hicles.” This FORTRAN program, known as the digital perfor-
mance simulation (DPS), consists of a main routine containing the
aircraft equations of motion and several subroutines. The subrou-
tines include one for each of the modeled aircraft and contain the
lift, drag, thrust, and fuel flow data unigue to that aircraft. A
front-end subroutine creates an interactive interface from which the
user can select the desired aircraft and then select which type of
maneuver is to be modeled. Maneuver options include constant
Mach and airspeed climbs, level accelerations, and constant
g pushovers or pull-ups. The user is asked for initial and ending
conditions. After execution, the DPS displays the output of the air-
craft states and performance as a function of time.

The DPS equations of motion use four assumptions that simplify
the program while maintaining its fidelity for most maneuvers and
applications: point-mass modeling, nonturbulent atmosphere, zero
side forces, and a nonrotating Earth. The primary advantages of us-
ing the DPS over a piloted real-time simulator are that it is much
easier 1o modify the aerodynamic and propulsion data tables, and
the DPS easily allows back-to-back comparisons of vehicle perfor-
mance using a maneuver flown exactly the same in each case de-
spitc a varying vehicle configuration. Also, the DPS computes
aircraft performance in compressed time, allowing much faster
viewing of the results than if the maneuvers were flown in real-time
on a piloted simulator.

An SR-71 DPS module was developed specifically for this study
to predict vehicle performance with and without the drag and
weight corresponding to the external payload and the additional
thrust and fuel flow associated with the enhanced J58 engines. The
aircraft aerodynamic and propulsion data used to build the baseline
SR-71 model were supplied by Lockheed.® The thrust increase and

This section presents a fuel-saving climb technigue for use with
a heavy payload during the ascent to the target test condition of
Mach 3 at an altitude of 70,000 ft (21,336 m). Specific time and
fuel savings using thrust enhancement with a high-drag payload
mounted 1o the SR-71 aircraft are shown. The maximum external
payload drag capability of the SR-71 aircraft using thrust enhance-
ment is also presented.

Optimal Climb S$chedule Selection

An carly goal of this study was to determine the most
fuel-efficient climb schedule for the SR-71 aircrafl so that test time
at the target test condition or the payload drag that could be accom-
modated to that condition would be maximized. This optimal
schedule analysis focused on the transonic and higher speed range
because the vehicle would be refueled at Mach (.75 and an altitude
of 25,000 fi (7620 m) soon after takeoff.

After refueling, the SR-71 aircraft is normally piloted along a
constant Mach 0.9 climb to approximately 33,000 ft (10,058 m),
pushed over at a 3000 ft/min (914 m/min) descent to approximately
30,000 fi (9144 m), and pulled out in a level acceleration to
450 KEAS (Mach 1.25). This transonic penetration procedure is
known as the climb-dive technique. At 450 KEAS, the vehicle ini-
tiates a constant equivalent airspeed climb to Mach 2.6. At this
Mach number, equivalent airspeed is slowly reduced until the vehi-
cle reaches the design cruise condition (3.2 maximum Mach num-
ber and 85,000 ft (25,908 m) maximum altitude). The climb-dive
technique was discovered by Redin in the early 1970s to use less
fuel than level transonic acceleration at 25,000 ft (7620 m) uses.'0

Using high payload drag increments, the climb-dive technigue
was reevaluated using different pushover and pull-out altitudes to
see if another combination gave greater fuel savings than were re-
alized without payload drag in Redin’s research. High pushover al-
titudes up to 37,000 ft (11,278 m) offered large fuel savings.
However, altitudes greater than 33,000 ft (10,058 m) were not used
because, subsonically, the SR-71 aircraft can approach uncontrol-
lable pitch-up conditions there. Pull-out altitudes below 28,000 ft
(8534 m) offered slightly greater benefits than those above 28,000
ft (8534 m), but were avoided because focused sonic boom effects
on the population become an issue.

The most feasible combination was a pushover altitude of 33,000

AT TR SRS pull-out altitude of 28,000 fi
ed descent rate of 6000 ft/min

edin to still offer a manageable |

used approximately 2800 Ibm

savings for the high-drag con-
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satisfied. A brief derivation of the necessary relationships with notation common to
many steepest-descent programs is provided in appendix A. The algorithm was applied
to the following example problem.

12
A NUMERICAL EXAMPLE
Problem Statement
The example problem is a fixed-time problem in which it is required to determine
LE]

the thrust-attitude program of a single-stage rocket vehicle starting from rest and going
to specified terminal conditions of altitude and vertical velocity which will maximize the
final horizontal velocity. The idealizing assumptions made are the following:

(1) A point-mass vehicle

(2) A flat, nonrotating earth

(3) A constant-gravity field, g=9.8 m/sec? (32.2 ft/sec2)

(4) Constant thrust and mass-loss rate

(5) A nonlifting body in a nonvarying atmosphere with a constant drag parameter

Kp = él—pCDS, where S is the frontal surface area.

The coordinate system and pertinent geometric relations and terms are shown in
figure 1. The differential equations of motion needed in the algorithm setup are
du _

Q=L (T cos 6 - Kpuv) =51 = £
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A method for calculating wind compensation for unguided missiles s derived which has a greater Name Type
degree of flexibility than the previously proposed methods. Utilization of the wind-compensation
technique is demonstrated by using the Shotput vehicle as a model. Postflight simulations of four of
these missiles with the use of measured winds show that if the winds are known, very good 20040008097.pdf STl o rD ©
accuracy can be obtained by using the proposed method.
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