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ABSTRACT

The dynamics of a hypersonic vehicle (HSV) along an entry trajectory
were analyzed using the asymptotic method of Generalized Multiple Scales
(GMS). A mathematical model describing the expected performance of
future HSVs was provided by NASA called the Generic Hypersonic
Aerodynamic Model Example (GHAME). This model was used for computer
simulation of flight along an entry trajectory which is flown by the Space
Shuttle. The characteristic modes of motion of the GHAME vehicle are
recorded, and the equations of motion are analyzed through the GMS
technique.

The results show that the analytical solutions to the equations of
aircraft motion developed by the GMS technique closely approximate the
numerical solutions. From these results, the approximations are shown to
be valid for stability and control analysis. A stability criterion for the
modes of the GHAME vehicle was established and a feedback controller was
designed to stabilize an unstable mode.
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Chapter 1. Introduction

1. INTRODUCTION

HYPERSONIC FLIGHT

The technology related to hypersonic vehicles (HSVs) has been given
increased attention in recent years. HSVs are aerospace vehicles designed
to fly at speeds in excess of Mach 6 and have air breathing propulsion
systems. Now that the Space Shuttle is operational, research interest has
turned to the development of other reusable space transportation systems
as long term alternative shuttle-like vehicles. These systems would providc
additional operational capabilities such as increased maneuverability
within the atmosphere, lower cost of payload to orbit, quicker turnaround
time and less ground support. This technology, which has many military as
well as civilian applications, will be demonstrated by the proposed National
Aerospace Plane (NASP). In order to develop HSVs, research is required to
increase the knowledge base of these vehicles.

The NASP is a single stage-to-orbit horizontal take-off and landing
vehicle expected to fly at approximately Mach 25. Research related to this
vehicle is currently being conducted at a number of facilities throughout
the government and private industry. Although high speed atmospheric
trajectories such as that flown by the Space Shuttle have provided much
relevant data on hypersonic flight, these trajectories provide limited
information regarding the NASP because of the restricted shuttle flight
envelope. This leaves much additional research to assure success of the
NASP. Remaining research includes hypersonic propulsion systems,

guidance and control systems, air data measurement systems and airframe



Chapter 1. Introduction

design. These systems are interrelated so that the design of one affects the
design of others.

An understanding of the fundamental dynamics of HSVs along high
speed atmospheric trajectories is critical to the overall vehicle design and
integration of its various subsystems. This thesis attempts to gain insight
into the dynamics of an HSV along an entry trajectory. A mathematical
model is used which simulates the expected performance of future HSVs.
It was provided by NASA and called the Generic Hypersonic Aerodynamic
Model Example (GHAME). This model is used for éomputer simulation of
flight along a nominal re-entry trajectory and the aircraft equations of
motion are computed at discrete points along the trajectory. The equations
of motion are analyzed using the technique of Generalized Multiple Scales
(GMS) developed by Rudrapatna Ramnath on the principles of asymptotic
analyses [11-14].

ASYMPTOTIC ANALYSIS

The equations of aircraft motion result in a series of linear
differential equations with variable coefficients. It is impossible to obtain
exact solutions of such equations except in rare cases. Therefore,
approximate methods of solution are used to understand the dynamics of
the system. A broad class of approximations use perturbation methods to
give an approximate solution in closed analytical form.

Asymptotic anaiysis deals with the limiting behavior of functions
that arise as solutions to mathematical models such as differential
equations.  Functions are considered to be dependent upon variables and

parameters. The method of asymptotic expansions is based on the idea of
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Chapter 1. Introduction

expansion of the unknown solution f(x,e) in a series of powers of some
small parameter € and grouping like powers of the parameter to develop
solutions. The power series are normally divergent, yet the approximate
solutions can be obtained by cutting off the formal series at some finite
term [5]. Convergent series may not always be practical computationally.
Asymptotic series give the ability to compute the solution with only a small
number of terms. |

The approximate solutions obtained in this way are asymptotic to the
exact solution. Instead of tending to the exact solution with increasing
number of terms, the approximate solution approaches the exact solution as
the small parameter tends to zero. Greater accuracy is obtained by
considering higher powers of €. However, this direct perturbation method
leads to difficulties especially in the study of dynamic systems. The
approximations fail to yield uniformly accurate solutions in many cases. As
terms are added to the approximation, the solution may improve in one
region but degrade in accuracy in another region. These nonuniformities
lead to the development of the technique of Generalized Multiple Scales in
order to obtain uniformly accurate asymptotic approximations to the
solutions of differential equations.

Asymptotic expansions have their origins in the 18th century in the
work of Euler and Laplace, who employed divergent series approximations
[51. Asymptotic representations of solutions to differential equations were
already present in the works of Liouville (1837), Green (1837) and Stokes
(1848) [8]. However, for much of the 19th century these methods were
largely ignored because of the concentration on rigorous mathematical

analysis. It was not until the rigorous definition of asymptotic expansions
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Chapter 1. Introduction

by Poincare' (1886) that they were used to approximate solutions to
ordinary differential equations [5].

Asymptotic approximations developed rapidly in problems such as
those encountered in mathematical physics as well as practical problems
such as projectile motion.  Poincare’ applied direct perturbation methods to
his research in celestial mechanics. The work done by Birkhoff (1908)
generalized asymptotic results to ath order and for sysfems of equations
[5]. The work by Pugachev in the period 1940-46 related the theory of
asymptotic representations of solutions of nonhomogeneous ordinary
differential equations of second and higher order whose coefficients
contained a parameter [8]. Kylov and Bogoliubov developed asymptotic
methods for the solutions to problems in nonlinear mechanics [8].
Ramnath continued the work of asymptotic expansions with the
development of the Generalized Multiple Scales method which gives'
uniformly valid approximate solutions to linear and nonlinear differential

equations with variable coefficients.
PROJECT OVERVIEW

In this thesis, the Generalized Multiple Scales method of asymptotic
approximation developed by Ramnath [11-14] is applied to investigate the
dynamics of the Generic Hypersonic Aerodynamic Model Example (GHAME)
along a nominal entry trajectory. The research deals with asymptotic
approximations to solutions of linear differential equations in which the
coefficients are a function of a slow time parameter. This indicates that the
coefficients of the equation vary slowly; their derivatives with respect to

the independent variable are proportional to the small parameter.
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Chapter 1. Introduction

Chapter Two presents the general equations of aircraft motion. The
aerodynamic axes and parameters are defined, rigid body dynamics are
reviewed, and the aircraft dynamics are separated into longitudinal and
lateral-directional motion. Small disturbance theory is employed to arrive
at nondimensional perturbation equations of motion. Finally, the
aecrodynamic forces, moments and stability derivatives are calculated.

Chaptei Three describes the general modes of airéraft motion and
reviews the general types of dynamic solutions to characteristic equations.
Typical root locations for longitudinal and lateral-directional; modes of
motion are also presented. Chapter Four describes the GHAME
aerodynamic model to include the vehicle description, mass properties and
presentation of aerodynamic data. The entry trajectory to be flown by the
GHAME vehicle is described in Chapter Five. The guidance concept is
described, the vehicle constraints and interface conditions are presented,
and the nominal values of trajectory parameters are plotted.

Chapter Six presents the Generalized Multiple Scales technique of
asymptotic approximations. The development of the method is reviewed,
and the technique is applied to the unified angle of attack equation
developed by Vinh and Laitone [15]. Chapter Seven describes the
simulation of the GHAME vehicle along the entry trajectory. The root
locations of the equation describing the unified angle of attack dynamics as
well as those describing longitudinal and lateral-directional motion are
presented. The solutions to the GHAME equations of motion are presented
in Chapter Eight. Numerical solutions are determined for each mode of
motion and compared to "frozen" approximations with constant coefficients.
The GMS solutions are then compared with the numerical solutions and

conclusions are drawn. Chapter Nine applies the GMS solutions to the
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Chapter 1. Introduction

analysis of stability and control. A stability criterion is determined based
on the GMS solutions, and a feedback controller is designed -to stabilize an
unstable mode. The highlights of the thesis are summarized in Chapter Ten
and conclusions are drawn as to the validity and application of the GMS

asymptotic solutions to the GHAME equations of motion.
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Chapter 2. Equations of Aircraft Motion

2. EQUATIONS OF AIRCRAFT MOTION

INTRODUCTION

An airplane in flight is a complicated dynamic system. To describe
its motion it is necessary to define a suitable coordinate system to
formulate the equations of motion. The aircraft is assunied to be a single
rigid body. The equations of motion are developed through the application
of Newton's second law for both translational and rotational dynamics. The
summation of the external forces on the airplane describe the translational
motion of the center of mass, while the summation of the external moments
describe the rotational motion of the airplane.

The equations derived from Newton's second law are linearized
using small-disturban.c.e theory. The aerodynamic forces and momenté are
also linearized. The resulting equations are nondimensionalized for
generality and separated into those describing longitudinal motion and

those describing lateral-directional motion.
AXES AND NOTATION

Two coordinate systems are used to describe aircraft dynamics. One
coordinate system is fixed to the earth and is considered to be an inertial
frame of reference. The other is fixed to the aircraft and rotates with it.
Both frames of reference are orthogonal right hand rule
coordinate systems. The principle axes used to define the forces and
moments acting on the aircraft are fixed to the airplane with origin at the

center of mass and move with the airplane. The X axis passes out the nose
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Chapter 2. Equations of Aircraft Motion

of the aircraft, the Y axis passes out the right wing and the Z axis passes
through the bottom. The XZ plane is the plane of symmetry. Figure 2.1
shows the aircraft axis system and Table 2.1 defines the aerodynamic

parameters.

- Figure 2.1 - Aircraft Body Fixed Axes and Notation

Parameter Roll Axis | Pitch Axis | Yaw Axis

X Y Z
Velocity Component u v w
Aerodynamic Force Component X y z
| Angular Rates P Q R
Aerodynamic Moment Component L M N
Angular Displacement ¢ 0 v
Moment of Inertia I,, I,, I,,

Table 2.1 - Aerodynamic Parameters in Body Fixed Coordinates

15



Chapter 2. Egquations of Aircraft Motion

The position and orientation of the aircraft cannot be described using
the body fixed frame of reference alone because it moves with the aircraft.
Therefore, the inertial coordinate system fixed to the earth is used. The
body fixed angular velocity vector describes the rotation of the body fixed
axes with respect to the inertial frame of reference. From this relation the
position and orientation of the aircraft can be determined.

The angle of attack (o) is the angular difference between the X axis
and the wind velocity vector in the XZ plane. This is positive when the
wind velocity vector is between the positive X axis and the positive Z axis.
The angle of side slip (B) is the angle between the wind velocity vector and
the XZ plane. This is positive when the wind velocity vector is between the
positive X axis and the positive Y axis. The flight path angle () is the
difference between the angle of attack and the pitch angle.

a = tan-1 (w/u) P = sin-1 (v/iv) 1=‘a-9

Projection of v, on x3 plane

Trace of xs plane

() ®)

Figure 2.2 - (a) Definition of a. (b) Definition of B

16



Chapter 2. Egquations of Aircraft Motion
RIGID BODY EQUATIONS OF MOTION

The rigid body equations of motion are obtained from Newton's
second law which states that the summation of all external forces acting on
the body is equal to the time rate of change of linear momentum (mv) of
the body, and the summation of the external moments acting on the body is
equal to the time rate of change of angular momentum (H). Newton's
second law is expressed in the vector equations

" (linear momentum equation)

ZF=-§t-(mv)
and

(angular momentum equation)

ZM=adt-(H) i

The vector equations can be rewritten in scalar form as three force

equations and three moment equations. The force equations are

- d = =

Fy = S (o) Fy %(mu) F, adt{mw)

The forces are composed of contributions due to the aerodynamic,
propulsive, and gravitational forces acting on the aircraft. The moment

equations are

My = 4@y My =4, M, =4,
The moments and products of inertia are defined as
- Ly = {[[¢? + 2%)dm Ly =[[xydm
Ly = [[[x2 + 22dm L, = [[[ xedm
L=([fo+ynam 1, =[[[yadm

17



Chapter 2. Equations of Aircraft Motion

If the reference frame is not rotating then the moments and products of
inertia will vary with time as the aircraft rotates. To avoid this, the axis
system is fixed to the aircraft. The moments and products of inertia are
then constant.

The derivation of the equations of aircraft motion can be seen in

Nelson's Flight Stability and Automatic Control [7]. The resulting equations

are presented below.

Translation:
‘Fx =m@ + qw - rv)
Fy = m(0 + ru - pw)
Fz=m (W+pv - qu)
Rotation:

L =Hy +qHz -rHy
M = Hy + rHy - pH,
N =H, +pHy - qHx
The XZ plane is the plane of symmetry so the products of inertia Iy; and
Ixy go to zero. The moment equations can then be written as
L = IxxP - Ixzr + qt(lzz - Iyy) - Ixzpq
M= Iyyq + 1p(Ixx-lzz) + Ixz(p? - 12)
N = -IxzP + Izt + pqlyy-Ixx) + Ixzqr

LONGITUDINAL AND LATERAL-DIRECTIONAL MOTION

Because of the existence of a plane of symmetry the equations of
motion can be divided into longitudinal motion and lateral-directional
motion. Longitudinal motion occurs in the plane of symmetry. This

consists of translation along the flight path, translation perpendicular to

18



Chapter 2. Equations of Aircraft Motion

the flight path and rotation about the Y axis. The lateral-directional motion
occurs outside the plane of symmetry. This includes translation along the
Y axis, roll rotation and yaw rotation. The longitudinal force diagram is

presented in Figure 2.3.

o Horizon

D-T

Wy Z

Figure 2.3 Longitudinal Force Diagram of Aircraft in Flight

The lift vector is perpendicular to the flight path (v). The drag vector is
opposite the flight path and perpendicular to the lift vector. The
aerodynamic force in the X direction is given by
X =Lsina - (D-T)cosa
The aerodynamic force in the Z direction is given by
Z = -Lcosa - (D-T)sina
The lateral-directional force diagram is presented in Figure 2.4. The

gravitational force acts through the center of mass and contributes to the

19



Chapter 2. Equations of Aircraft Motion

external force acting on the aircraft. It can be seen from the force

diagrams to have components along each of the body axes. It will not,

>
Horizon

Figure 2.4 Lateral-Directional Force Diagram of Aircraft in Flight

however, produce any moments because it acts through the mass center.
Fx gravity = - mg sin 0
Fy gravity = mg cos 0 sin ¢
F, gravity = mg cos 0 cos ¢
The components of gravity are included in the equations of motion, and the

resulting equations are summarized in Table 2.2 [7].

Forée Equations Moment Equations
X -mgsin @ =m@ +qw - ) L=1IxxP - Ixpr+ gi(lyz - Iyy) - Ixspg
Y + mg cos 6 sin ¢ = m(V + ru + pw) M =lIyyd + p(ixx-Izz) + Ixz(p? - 12)
Z + mg cos 6 cos ¢ = m(W + pv - qu) = -IxzP + Izt + pq(lyy-Ixx) + Ixaqr

Table 2.2 - Summary of Aircraft Equations of Motion

20



Chapter 2. Equations of Aircraft Motion

SMALL DISTURBANCE THEORY

The equations of motion are linearized for stability and control
analysis by assuming that the motion of the airplane consists of small
deviations from a reference steady state condition. The details of this
derivation are shown in Nelson's text, and the highlights are presented here
[7]. All the variables in the equations of motion are repiaced by a
reference value plus a perturbation or disturbance.

The reference flight condition is defined where there are no external
forces or moments acting on the aircraft. Only first order disturbance
terms are kept because they are assumed to be small such that products
and squares of the perturbations go to zero. The perturbation X force
equation of motion is represented as

AX - mgABcosf( = mAu
The equation can be further simplified by expanding the change in the X
force in a Taylor series in terms of the perturbation variables. Assuming

that AX is only a function of u and o it can be expanded as

2 2
AX =% A0 + %0+ I p 2, Xy 2, X rar

du da. 20u2 2002 Juda

The perturbation is linearized by neglecting the higher order terms. This is
valid if the disturbances are small. The quantities

X X

du oo
are called stability derivatives and are evaluated at the reference flight

condition. After rearranging, the equation becomes

(m% 2 Xy Au- aan + mgeosBAd = 0

21



Chapter 2. Equations of Airéraft Motion

The equation is further generalized by making it nondimensional. This is
done by dividing through by the mass.
(s - Xyp)Au - XgAa + gcos0pA0 = 0

where

X X
xn=§u"ﬁ% xa=§;ﬁ1i s=%

The remaining equations of motion are developed in a similar way. The
moment equations are nondimensionalized by dividing through by the
moment of inertia. The resulting perturbation equations of motion are
described by six linear differential equations. They are derived by Nelson

and presented in Table 2.3 [7].

LONGITUDINAL EQUATIONS

[y

. (s - Xyp)Au - XqgAa + (2c0s0p)AB = 0

2. -Z,Au + (s - Zy)AQ. - (su - gsinfp)A0 =0

3. -MgAu - (Mgs + M)A + (s - Mg)sAB =0

LATERAL-DIRECTIONAL EQUATIONS

1. (s - Yy)Av + (u - Y, )Ar - (gcosdocos8p)Ad =0

2. LyAv + (s - L)Ar + (52 - Lys)A = 0
Ixx

3. NyAv + (s - N)Ar - (K25 - Np)AG = 0
Lz

Table 2.3 - Nondimensional Perturbation Equations of Motion

The longitudinal equations are made useful for simulation by
expressing the X and Z forces in terms of lift and drag and simplifying the
equations by assuming that

0o=0—>cosfp=1 and sinBp=0

22




Chapter 2. Egquations of Aircraft Motion

The X and Z force equations then become

(s + ¢1Dy - coly)Au + (¢1Dg - coLg)Ac + gAO =0
@La 4, Duypy 4 (5 + U 4 Zajag - 540 = 0

- where ¢;= cosa and ¢, = sinc.

CALCULATION OF AERODYNAMIC FORCES, MOMENTS AND
STABILITY DERIVATIVES

The three aerodynamic forces acting on an aircraft are lift, drag and
side force.  These forces are determined from aerodynamic coefficients by
the following equations.

Liftt L =qSCL

CL=Cro+CrLaa +CrgqCmac/2u
Drag: D= qSCD
Cp=Cpg +Cpa @
Side Force: Fy=qSCy
Cy =Cygq + Cyp B + Cyp P(b/2u) + Cyr R(b/2u)
where

q = dynamic pressure = pu2/2

S = wing aerodynamic reference area

b = wing aerodynamic reference span

Cmac = wing aerodynamic reference chord
The moments acting on the aircraft are defined as torques about the
principle axes and include rolling moment, pitching moment and yawing

moment. These moments are calculated from aerodynamic coefficients by

the following equations.
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Chapter 2. Equations of Aircraft Motion

Rolling moment: L =qSbC)

Ci=Cio + Cip B + Cip P(b/2u) + Cir R(b/20)

Pitching moment: M =qScmacCm

Cum = Cmo + CMa @ + Cmq q(Cmac/2u)
Yawing moment: N =qSbCyp
Ca =Cno + Cpg B +Cup P(b/2u) + Car R(b/2u)

The linearized equations of aircraft motion can bé expressed in terms
of stability derivatives. These derivatives represent the changes in
aerodynamic forces and moments due to small changes in the perturbation
variables. As an example, the o derivatives describe the changes that take
place in the forces and moments when the angle of attack is increased.
This normally results in an increase in lift, an increase in drag and a
negative pitching moment| [7]. The stability derivatives are defined in
terms of partial derivatives and expressed in terms of elementary
aecrodynamic parameters fpr simulation. The D, derivative is derived

below [9]. D
D,= 3—1111_ D= %puZSCD

dD _ uSC
au = pUSCD D\l = p_m_D.

This expression gives the value at the equilibrium point of the stability
derivative Dy in terms of elementary aerodynamic parameters that can be
readily measured. The remaining stability derivatives are evaluated in

similar manner and the results are presented in Table 2.4 [9].

24



Chapter 2. Equations of Aircraft Motion

Stability Definition Expression
derivative
Dy dD 1 puSCp
Ju M m
Dqg dD | puSCoq
Jq m m
L, i 1 puSCy
dum m
Ly dL 1 puSCrq
do m m
My M 1 0
ou I,
M 1 u2Sc
Mo ool 2 21 e CMa
vy vy
Mg ML 0
da lyy
M, ?ﬂfL PUS ey
00 Y 4Ly, a
JY g
Yy E% IIFLCYB
oL 1 pvS
b v Ly 21, #
dL 2
L, o1 puSb
or Ixx 4Ixx Clr
dL 1 Sh2
L =1 pu
i 0p L 41, '
oN uSb
N oN 1 p
° v 1, 2,
oN 1 2
N 9N 1 puSb
r or I, ar, Cor
dN 2
N 911 puShb

Table 2.4 - Stability Derivatives




Chapter 3. General Modes of Aircraft Motion

3. GENERAL MODES OF AIRCRAFT
MOTION

INTRODUCTION

The equations of motion derived earlier describe the stability of an
aircraft due to small perturbations from a reference steédy state condition.
The equations are separated into two independent groups describing
" longitudinal stability and lateral-directional stability. @~ At any point along
the trajectory of a moving aircraft, the flight conditions can be frozen and
its stability can be described by these equations. Under frozen flight
conditions, the equations are fourth order, ordinary, linear, differential
equations with constant coefficients. The solutions to such eqﬂations are
always exponential in-form. For example, the solution for angle of attack
(o) perturbations is of the form

a= a1¢;.3’~lt + ageM2t + azel3t + agerat
where A, A, A3, A4 are roots of the characteristic equation. The exponential
solution will continue to grow when A is a positive real number and will
decay toward zero when it is a negative real number. Complex roots
always appear in conjugate pairs and result in solutions that have
oscillations. Table 3.1 lists the possible kinds of roots to the characteristic
equation and gives their corresponding types of solutions [7].

The motion corresponding to each real root or each complex pair is
called a natural mode. Figure 3.1 illustrates the types of solutions

corresponding to the various types of modes [7].
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Root Type of Solution
A. Real - Positive Nonoscillatory / Unstable
B. Real - Negative Nonoscillatory / Stable
C. Complex - Positive Real Part Oscillatory / Unstable
D. Complex - Negative Real Part Oscillatory / Stable

Table 3.1 - Possible Roots and Corresponding Solutions

(=
eN) E y '

“ 112, .

< |Envelope: U +4,7)% "

+

1

3 -
--------- »r

8 !

% - '

Nl /\!

k] I

uo \ i

7
/I T
I
i

/

5
/
/
’,

& froy 4
3 ¢ 2 212 8
e |\ Envelope: (4,2 + 4,712
£ | e
a ~ N
< \\
o ~
3 ~
1 1 Gt W
fpr-==="" = §. : ~
1 < |
} ™2 |
; X ! i
0 L »1 7 —t
Tt natt
() T -
”
-
7
7
7
7
Ve
4
@)

Figure 3.1 - Modes of Motion (a) Real-Positive (b) Real-Negative
(c) Complex-Positi_vp Real Part (d) Complex-Negative Real Part

27



Chapter 3. General Modes of Aircraft Motion

The equations of motion describing aircraft dynamics have
coefficients which vary as the aircraft flies along a prescribed trajectory.
Under these conditions the system stability is not necessarily given by the
location of the roots of the frozen approximation [10]. The system may
have roots entirely in the left half plane and still be unstable, or it may
have roots in the right half plane and be stable. Therefore, frozen
approximations to root locations are not adequate to prédict the stability of
the system. As will be seen later, asymptotic approximations in closed
analytical form will be developed from which the stability of the system

can be predicted.
LONGITUDINAL MODES OF MOTION

The longitudinal perturbation equatiqns of motion are
1. (s-Xy)Au - XyAo + gA0 =0
2. -ZyAu + (s - Zy)Aa - suAd =0
3. -MyAv - (Mgs + Mg)Aa + (s - Mg)sA8'=0
The equations are put in to the form Ax = 0 where x is the vector of
perturbation variables and A is the matrix of coefficients. This form of the
equations is called the state-space form and is useful in analyzing the

solutions to the equations.

(s - Xyp) -Xo g Au

-Zy (s-2Zgy) -su Ao | =
-M, -Mgs+Mg) (- Mgy)s AO

©c O O
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The stability of each perturbation variable is determined by the
characteristic equation (det/A/ = 0). The stability of each variable will be
the same when there are constant coefficients in the A matrix. However,
with variable coefficients, each variable may have different stability
characteristics [10]. The longitudinal characteristic equation is a fourth
order differential equation with variable coefficients.

st+c3sd+cas2+cy s+cp=0
where

¢3=-My-Zo - Xy - uMg

c2 =-ZoMg - XoZy + -uMg + XMy + XyZg + XyuMg

¢1 = -Xu(ZaMj - uMg) + Zy(XoMj + M) - My(uXg - £)

co = 8(ZoMq - MyZg)
The roots of the longitudinal characteristic equation define the modes of
motion. The longitudinal equations normaﬁy have two modes
corresponding to two pairs of complex conjugate roots. Figure 3.2 shows

the typical root locations for the longitudinal mode [9].

s - Plane Imaginary
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X
- -
X
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X
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Mode B Mode A

Figure 3.2 - Longitudinal Roots
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A. Phugoid Mode - low frequency and low damping results in
slowly damped -oscillation.
B. Short Period Mode - high frequency and high damping

results in quickly damped oscillation.
LATERAL-DIRECTIONAL MODES OF MOTION

The latel;al-directional perturbation equations of motion are
1. (5-YyAV + (u- Y)sAy - (gcosdp)Ad =0
2. LyAv + (K22 - Lis)Ay + (s - Lps)Ap =0
Ixx

3. NyAv + (5% - Nys)Ay - (K2s2 - N;s)Ad = 0
Izz

These equations are expressed in state-space form and the modes of

motion are determined from the characteristic equation.

(s-Yy) (u-Yy) -gcosdy
Av
-L ( X252 - L.S) (s2-L,s) AY
v Ixx bp
I Ao
-Ny, (s2-Nps)  -(Xs?+ Nps)
L IZZ .

The lateral-directional characteristic equation is also a fourth order
differential equation with variable coefficients.
c4s4+c3s3+cps2+cys+cp=0

where

=1-XZ
4 Ixxlzz

03 =-Yy(l - IXZz) L,-N;
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c2 = uNy + Ly(Yo + Np) + Np@Y,, - L) + Yo(2L, + N,) + u2L,
Ixx Iz Iz
1 = -uNuLy + Yo(NpLr - LyNo) + uply - goostLo + {22Ny)
co = geos®(LyN; - LoLy)
The lateral-directional equations normally have three modes corresponding
to two real roots and one pair of complex conjugates. The typical root

locations are shown in figure 3.3 [9].

s - Plane Imaginary
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Figure 3.3 - Lateral-Directional Roots

A. Spiral Mode - Damped exponential response to yaw disturbance
B. Roll Mode - Damped exponential response to roll disturbance

C. Dutch Roll Mode - Damped oscillation of coupled roll-yaw motion
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4. GHAME: HYPERSONIC AERODYNAMIC
MODEL

INTRODUCTION

A Generic Hypersonic Aerodynamic Model Example (GHAME) was
provided by NASA Ames Research Center for computer simulation [1]. The
model consists of realistic data of aerodynamic coefficients in the
hypersonic flight regime. The data was presented without analysis for the
purpose of providing a simulation model for research and development
analysis.

The model is based upon flight test data from the Space Shuttle and
the X-24C and theoretical data from a swept double-delta .configuration and
a 6 degree half-angle cone using modified Newtonian Impact Flow method.
The mission selected for the GHAME vehicle is a single-stagtho-orbit
(SSTO). This entails taking off horizontally from a conventional runway,
accelerating to orbital velocity as an air-breathing aircraft and insertion
into a Low-Earth Orbit (LEO). After the mission is complete the aircraft

would reenter the atmosphere and glide to a horizontal landing.
VEHICLE DESCRIPTION

The vehicle geometry was built from simple geometric shapes and is
- shown in figure 4.1 [1]. This allowed simplified estimates of the vehicle

mass properties. The primary structure was modeled as a cylinder 20 feet
in diameter and 120 feet long. This ensured the internal volume required

for storage of the liquid hydrogen propellant. A pair of 10 degree half
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angle cones were attached to this cylinder to form the nose and boat-tail
and complete the fuselage assembly. The wings and vertical tail were

modeled as thin triangular plates. The wings start at the fuselage midpoint

- .
o
T

-

Figure 4.1 - GHAME Configuration
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and have no dihedral angle. The engine module wraps around the lower
surface of the fuselage. The overall length is 233.4 ft with the following
aerodynamic design parameters: the reference area is 6,000 ft2, the

reference chord is 75 ft, and the reference span is 80 ft.

MASS PROPERTIES

The mass properties of the GHAME vehicle were assumed to be of the
same order 'of magnitude as current supersonic cruise aircraft and were
specifically derived from the XB-70 aircraft [1]. The take off gross ;weight
was modeled to be 300,000 pounds with 60% (180,000 pounds) as liquid
hydrogen fuel. The nominal reference center of mass occurs at .33 X cmac.
The mass moments of inertia were then calculated from the simple
geometric shapes used for the vehicle configuration and are listed below.
At take off:

Ixx = 1.16x106 slug-ft2

Iyy = 23.3x106 slug-ft2

1= 24.0x106 slug-ft2

Ixz= 0.28x106 slug-ft2
At fuel burn out:

Ixx = 0.87x106 slug-ft2

Iyy = 14.2x106 slug-ft2

Izz = 14.9x106 slug-f12

Ixz = 0.28x106 slug-ft2
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AERODYNAMIC DATA

GHAME data consists of tables of aerodynamic coefficients used to
calculate forces and moments on the aircraft for simulation purposes. Each
coefficient varies as a function of Mach number and angle of attack. They
are arranged in data arrays of 13 by 9 with row variation according to
Mach number (0.4, 0.6, 0.8, 0.9, 0.95, 1.05, 1.2, 1.5, 2.0, 3.0, 6.0, 12.0, 24.0)
and column variation according to angle of attack in degrees (-3.0, 0.0, 3.0,
6.0, 9.0, 12.0, 15.0, 18.0, 21.0). The symbolic notation used to describe the
aerodynamic data is presented beloQ.

Symbolic Notation of Aerodynamic Coefficients:

A. Superscripts

C_ - coefficient of lift force

Cp - coefficient of drag force

Cy - coefficient of side force

Cy - coefficient of pitching moment
C, - coefficient of rolling moment

C, - coefficient of yawing moment

B. Subscripts
-0 zeroth coefficient term
-a alpha coefficient term (per degree)
-B beta coefficient term (per degree)
-P roll rate (radian per second)
-Q pitch rate (radian per second)

-R yaw rate (radian per second)
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The GHAME data is used for simulation by providing aerodynamic
data at discrete points along a trajectory according to Mach number and
angle of attack. This data is used to calculate the forces and moments
acting on the aircraft. This information defines the equations that govern
its dynamic motion. The following chapters describe the simulation of the
GHAME model along an entry trajectory and present a method to analyze

the differential equations resulting from computer simulation.
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5. DESCRIPTION OF ENTRY TRAJECTORY

INTRODUCTION

The trajectory used to study the GHAME vehicle dynamics was
chosen to follow the entry trajectory flown by the Space Shuttle Orbiter [4].
This decision was made to provide a realistic trajecwryv currently being
flown by an existing hypersonic vehicle (HSV). The entry guidance of the
Space Shuttle Orbiter provides steering commands to control the entry
trajectory from initial penetration of the Earth's atmosphere until
activation of terminal area guidance. The unpowered entry guidance of
HSVs is complicated because of physical flight constraints (temperature,
g-load, dynamic pressure), termination requirements, variations in
atmospheric density,. uncertainties in vehicle mass and aerodynamic-
characteristics, measurement errors and time-varying control authorities.
The trajectory is flown to minimize the demands on the vehicle systems
and deliver the vehicle to a satisfactory attitude and energy state at

activation of terminal area guidance.
GUIDANCE CONCEPT

The orbiter entry guidance is designed on the principle of defining a
desired drag acceleration profile and commanding the vehicle attitudes to
- achieve the desired profile. The drag acceleration profile is based on
vehicle system constraints and terminal attitude and energy state
requirements. The systems of most concern are thermal protection system

(TPS), flight control system (FCS) and vehicle structure.

37



Chapter 5. Description of Entry Trajectory

The minimum weight and thickness required for the TPS is achieved
by minimizing the heat load into the structure and limiting the allowable
surface temperature. These constraints are met by flying at the maximum
angle of attack allowable for crossrange requirements.

Demands on the FCS are limited by minimizing the attitude
maneuvering required by the guidance algorithm. This is accomplished by
" limiting the angular acceleration and rate for both the bank angle and the
pitch angle. FCS requirements also limit the allowable dynamic pressure so
that aerodynamic control surface hinge movements are small.

The internal vehicle structure weight is minimized by liniiting the
aerodynamic loads during entry. Because the total aerodynamic force
during entry is essentially perpendicular to the vehicle longitudinal axis,
the load constraint is achieved by limiting the normal aerodynamic load
factor.

The activation of the terminal area guidance requires that the vehicle
has an angle of attack no greater than the value corresponding to maximum
"L/D. This is achieved by a pitch down maneuver designed to reduce the
angle of attack from its maximum value required by the TPS to a value
near maximum L/D at activation of terminal area guidance.

The desired entry profile is defined based on vehicle constraints and
termination requirements. A control law is then developed to compute
guidance commands to control the vehicle to this profile. The commanded
L/D required to maintain the reference profile is achieved by a
‘combination of bank anglé ‘modulation and angle of attack modulation.
Bank angle modulation ié the primary trajectory control parameter because

the angle of attack is selected to minimize aerodynamic heating.
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Bank angle magnitude controls total range, and the direction of the
bank angle controls vehicle heading. Roll reversals are accomplished to
maintain heading within a specified error deadband. Trajectory response
to bank angle modulation is slow due to low angular acceleration and rate
capabilities, requiring the angle of attack to be modulated on a short period
basis to maintain the reference profile and minimize the transient effects of
bank angle reversals. Tables 5.1-5.3 present the vehiclé constraints along
the trajectory, the interface conditions to begin entry guidance and the
desired termination conditions respectively [4]. Figure 5.1 presents the

nominal values of parameters along the entry trajectory [6].
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VEHICLE CONSTRAINTS & INTERFACE CONDITIONS

Aerodynamic Load 30¢g's
Dynamic Pressure 1800 (Ibf/ft2)
Bank Acceleration 1.7 (deg/sec?)
Bank Rate 50 (deg/sec)
Pitch Acceleration 5.0 (deg/sec?)
Pitch Rate 2.0 (deg/sec)
Thermal Tskin <2300 F
Qnet(Tmax) <0

Table 5.1 - Summary of Vehicle Constraints

Altitude 400,000 (ft)
Inertial Velocity - 25,744 (ft/sec)
Earth-Relative Velocity 24,193.7 (ft/sec)
Altitude Rate ' -576.1 (ft/sec)
Longitude 0 (deg)
Latitude 0 (deg)
Heading w.r.t. True North 90 (deg) equatorial orbit

Table 5.2 - Entry Interface Conditions

Altitude 80,000 (ft)

Earth-Relative Velocity 2500 (ft/sec)
Angle of Attack 8.5 (deg)
Heading w.r.t. True North 90 (deg)

Longitude 67.728 (deg)
Latitude 0 (deg)

Table 5.3 - Desired Termination Conditions
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NOMINAL VALUES OF TRAJECTORY PARAMETERS

Altitude (ft)

- Angle of Attack (deg)

Figure 5.1 - Trajectory Parameters
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6. GENERALIZED MULTIPLE SCALES
TECHNIQUE

INTRODUCTION

Differential equations with varying coefficients, as seen in aircraft
dynamics, cannot generally be solved exactly. For veryl ‘particular
variations of the coefficients, some equations can be solved in terms of
special mathematical functions such as those of Bessel, Kummer or Mathieu.
Even these solutions are only available as tabulated values. The technique
of Generalized Multiple Scales developed by Ramnath [11-14] allows for the
development of asymptotic approximate solutions to linear and nonlinear
differential equations with time varying coefficients. These approximate
solutions are in closed analytical form in t;:rms of elementary functions
such as sine, cosine and exponential and are uniformly valid over a wide
range of the independent variable. The approximate solutions are possible
by considering the dynamics of the system to occur much faster than the
change in coefficients of the mathematical model. For aircraft dynamics
problems the trajectory must be chosen so that the coefficients are slowly
varying functions of the independent variable. The resulting asymptotic
solutions turn out to be véry good approximations to the actual solution
and are very useful in the analysis of the system dynamics. This method
has only been developed relatively recently, yet it is rapidly becoming well

known.
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DEVELOPMENT OF METHOD

The method of Generalized Multiple Scales (GMS) is used to develop
asymptotic solutions to differential equations with time varying coefficients
in terms of elementary functions. The method is general enough to include
linear, nonlinear, ordinary and partial differential equations. This
technique has its origins in the work on asymptotic anaiysis done by
Poincare', Krylov and Bogoliubov who allowed the constants arising in
direct perturbation theory to be slowly varying functions. Direct
perturbation methods lead to nonuniformities in the solutions of many
dynamic problems. This occurs because the solutions are expressed in an
inappropriate scale. Physical systems often exhibit a mixture of rapid and
slow dynamics, and separate scales are often necessary to describe their
motion. An example of such a system is the motion of a satellite orbiting
an oblate earth. The fast motion consists of an elliptical orbit while the
slow motion consists of a rotation of the ellipse due to the oblateness. The
GMS method eliminates the nonuniformities of direct perturbation theory
by expressing the solution in multiple time scales. Thé fast and slow parts
of the dynamics are separated through an extension of the independent
variable.  As a result of the extension, a system of ordinary differential
equations is converted into one of partial differential equations. The
system is then solved asymptotically, and the solutions are restricted to the
original problem variables.

In order to achieve such a separation, the independent variable is
extended into a space of higher dimension by means of nonlinear scale
functions [10,14]. Instead of a one-to-one relationship between variables

there is a one-to-many extension of the independent variable. This is a
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generalization of the concept of variable transformations. The multiple
scaling is not merely a transformation but an extension from one dimension
to many dimensions. Each dimension is assumed to be independent, and
the resulting equations are solved asymptotically [10,14].

As developed by Ramnath [10-14], the independent variable is
extended into a higher dimension in terms of the small parameter € in
order to separate the fast and slow parts of the dynamiés.

t= (70,71}
=t (slow)
g =§j k(E)E (fast)

where k(£) is a nonlinear scale function ( or clock function), and t( and 1,
are treated as independent variables. The original problem variables
become

x(t,€) = X (Tg,T1,€)
The equation is ordered in terms of € and solved asymptotically. The
solution is then restricted to the problem variables of € and t. This is not an
exact solution, but it is a good approximation.

The scale function k() can take on any value and is in general a
complex quantity [10-14]. The small parameter € which is introduced in
order to apply the GMS technique falls out of the final form of the solution.
It can be combined with the arbitrary constant of the approximation to
yield a general form of the solution.

An essential aspect of using an approximation method is the error
with respect to the function being approximated. The error at any stage of
this asymptotic method is of the order of the first term neglected in the

power series. The magnitude of each successive term in the expansion
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decreases rapidly so a sufficiently accurate approximation can be obtained.
In addition to this, Ramnath has shown that error theorems provide strict
and sharp analytical bounds on the errors of approximation of the GMS

method [14].
APPLICATION OF METHOD

The Generalized Mdltiple Scales technique has been applied by
Ramnath and Sinha in their work " On the Dynamics of The Space Shuttle
During Entry into Earth's Atmosphere” [14]. © The method was used to
develop an analytical asymptotic representation of the dynamics, in the
plane of symmetry, of the Space Shuttle vehicle during entry into the
earth's atmosphere. The procedure and results are presented here.

The angle of attack oscillations of a shuttle vehicle during entry into
the atmosphere has been described by a unified equation developed by the
work of Vinh and Laitone [15]. The result of their work is given by
equation 6.1.

o" +01(§) &' + wg€) a=£(§) (6.1)
where the independent variable £ is the distance traveled by the center of
mass along the trajectory in terms of the number of reference lengths (L).

LE' = V(1)
The reference length represents the length of the vehicle being analyzed.
The coefficients ®; and mg are functions of aerodynamic parameters which
vary with respect to the independent variable £ [15]. They are determined

from aerodynamic parameters by the following equations.
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®1(8) =8[CLa - S(Cmg)] + (V'/V)
00(&) = - Cma + (8L/V?) Cpq cosy) +8'Cra + 8(V'/V) CLq
-82[CLo (6Cmg + Cpo) + CLo Cpal + (BL/r)(gL/V2) v cos 2(y+ag)
where

d=pSL/2m

v = (Ixx -Izz)/Iyy

6 =mL2/Iyy
The primes denote differentiation with respect to & The coefficients can be
determined explicitfy if the trajectory flown by the center of mass is
known and the aerodynamic parameters can be determined.

It is, in general, impossible to integrate equation 6.1 exactly in order
to obtain a solution. Previous work done by Vinh and Laitone show that
for two specific entry trajectories equation 6.1 can be reduced to well-
known dynamic equations. For a straight line ballistic entry at steep angles
the equation is reduced to a Bessel equation of zeroth order [15]. For a
shallow gliding entry the equation can be described as a damped Mathieu
equation with periodic forcing terms [15]. These equations can be solved
exactly but only from tabulated values and are appiicable only when the
trajectory is one of these specific cases. A typical entry trajectory will fall
somewhere in between the steep straight line entry and the shallow gliding
entry. A more general approach is needed to analyze the dynamics of
vehicles traveling along a typical trajectory. These two specific forms of
the equation provide an analytical feel for the system from which to
develop general asymptotic solutions.

Experience with entry trajectories of missiles and the Space Shuttle
show that the coefficients @; and wg are slowly varying along the trajectory.

From penetration of the earth's atmosphere at about 400,000 feet until
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terminal guidance is activated at about 80,000 feet, the variation in the
coefficients are primarily due to changes in density, velocity, and the
aerodynamic force and moment parameters along the the entry trajectory.
These variations are slow compared to the time constant of the vehicle
dynamics. Therefore the coefficients of equation 6.1 can be shown to vary
according to a slow variable § = e€, where € is a small positive parameter
which is a measure of the ratio of the time constant of fhe vehicle dynamics
to the variation in the coefficients. The asymptotic solution is developed as
this separ'ation becomes greater or as € goes to zero.

The small parameter e is introduced into equation 6.1 in order to
apply the GMS technique. Equation 6.1 is parameterized in terms of € and
written as

e2a" + s (B’ + oy =f(E)
The fast and slow parts of the dy;1amics are separated by an extension of
the independent variable through scale functions. For oscillatory dynamics‘
the scale function k(§) is necessarily a complex quantity. The real and
imaginary parts are denoted by

k(&) = k(&) + iki(§)

From this separation, analytical approximate solutions can be obtained
through the GMS method.

The solution to the unified angle of attack equation developed by
Vinh and Laitone using the GMS technique was developed by the work of

Ramnath and Sinha [14]. The resulting solution is presented here.

0(§) = 0g(&) e(§)

where as(€) is the slow part of the solution and o g(E)is the fast part. The

fast part is described by
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0e(§) = Cl[exl{j kr(é)dé-) SinU ki(é)dﬁﬂ + C{CX;U kx(é)dﬁ) COSU ki(é)di)J

or
0g(§) = Cr05,(§) + Cr0¢,,§)
where C; and C, are arbitrary constants which incorporate the small
parameter €. The fast scale solution primarily describes the frequency and
phase of the solution. The slow part of the solution is described by
os(8) = (o2 - 4w0)-1/4

and i)rimarily contributes to the amplitude of the oscillations. The
resulting asymptotic solution to equation 6.1 determined by the GMS

method with both fast and slow dynamics is
a(®) = (o2 - 400) " [Craz, (&) + Co0, )]

The Generalized Multiple Scales solution to the unified angle of attack
equation were applied by Ramnath and Sinha to study the dynamics of the
the Space Shuttle [14]. The shuttle is flown along a typical entry trajectory
and the variation of the coefficients of the governing equation (6.1) are
tracked. The independent variable is defined as the nondimensional
distance along the trajectory (§). The coefficients are seen to be slowly
varying functions of the independent variable.

A reference solution to equation 6.1 is determined through numerical
integration while allowing the coefficients to vary along the trajectory. . A
"frozen" approximate solution is determined by holding the coefficients
constant at their initial values. = These solutions are compared to those
obtained from the analytical asymptotic solutions derived from the GMS
method. The results show that the "frozen" approximation is not an

adequate representation of the dynamics. It fails to predict the dynamics
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of the system beyond the first quarter cycle of the oscillation. The fast part
of the GMS solution predicts the frequency variations well, but has a small
error in amplitude. This is corrected by including the slow part of the
solution. The result shows that the GMS approximation to the first order
represents the true solution very well [14]. This technique will be applied
in the following chapters to the equations describing the GHAME vehicle

dynamics along an entry trajectory.
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7. GHAME SIMULATION AND MODES OF
MOTION

SIMULATION

In this chapter the coefficients of the equations describing the
dynamics of the GHAME vehicle will be recorded along 'an entry trajectory.
Ramnath's GMS technique will be applied to these equations in the
following chapter. The unified angle of attack equation developed by Vinh
and Laitone will be used to describe the angle of attack oscillations of the
GHAME vehicle. The coefficients of this equation as well as those
describing the longitudinal and lateral-directional dynamics of the GHAME
vehicle will be recorded. A complete Fortran implementation of the
current shuttle entry guidance algorithm- was applied. The code was
adapted for MACINTOSH simulation of the GHAME vehicle model [6]. The
simulation of the vehicle dynamics is based on a table look-up method. At
each discrete point along the trajectory the stability derivatives are
obtained from data tables according to Mach number and angle of attack.
A linear extrapolation routine is used to determine the stability derivatives
when the flight condition exceeds the limits of the tabulated values [6]. A
weighted average routine determines the stability derivatives when the
flight condition falls between the tabulated values [6].

The entry guidance simulation begins at an altitude of 400,000 feet
with the appropriate velocity, position and attitude as described in Chapter
Five. It continues for fourteen hundred and fifty seconds until termination
of the entry guidance algorithm. The independent variable along the

trajectory is changed, as was done by Vinh and Laitone, in order to apply
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the GMS technique presented in the previous chapter. The independent
varia_lble E is the distance traveled by the cenfer of mass along the
trajectory in terms of the number of reference lengths (L).
L' = V(@)

The reference length used in this simulation was 150 feet to represent the
length of the GHAME vehicle. The value of the independent variable £ is
recorded at discrete points along the trajectory. It is a 'nonlinear function
of time and has a range from zero to 1.68066 x 105.

The ’étability derivatives for the GHAME vehicle are calculated along
the entry trajectory and presented in Figures 7.1 and 7.2. Figure 7.1
presents the longitudinal stability derivatives while Figure 7.2 presents the
lateral-directional derivatives. The independent variable & is labeled "ksi".

The stability derivatives are used to calculate the coefficients of the
unified angle of attack equation for the GﬁAME vehicle as well as the
coefficients of the longitudinal and lateral-directional characteristic
equations. These equations are integrated using a fourth order Runge-
Kutta integration routine. Their coefficients are recorded at discrete points
along the trajectory, and the roots of each are determined using the
software application MatLab. The root locations are plotted in the complex

plane as they vary along the trajectory in the following sections.

51



Chapter 7. GHAME Simulation and Modes of Motion

0 0
-0.005t J
-0.005 .
001} J
001 .
‘0-0]5 o -
-0.02 + L 1 -0.015
0 5 10 15 20 0 20
ksi x104 x10¢
0.01 : Lu : 4 . La :
0.008 |- N 3t i
0.006 |- .
2k J
0.004 - .
0.002} ) I :
0 1 1 o i 1 n
0 5 10 15 20 0 5 10 15 20
ksi x104 ksi x104
g 210> 2. 3 —0
6 - -d
2t J
4t 4
2t ] T |
0 s 0 L 4 .
0 5 10 15 20 0 5 10 15 20
ksi x104

ksi x104

Figure 7.1 Longitudinal Stability Derivatives
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UNIFIED ANGLE OF ATTACK DYNAMICS

The angle of attack dynamics of the GHAME vehicle are described by
the unified equation developed by Vinh and Laitone as shown in the
previous chapter. The coefficients of this equation are recorded as the

vehicle flies along the entry trajectory. They are presented in Figure 7.3.

0.015 — @ 3108~ ()
0.01} ] 2} i
0.005 - 1} ]
0 : - 0
0 s 10 15 20 0 20
ksi x104 X104

Figure 7.3 Coefficients of Unified Angle of Attack Equation (a) ®; (b) wg

Both quantities, ®w; and ®g, are slowly increasing functions with the
indépcndcnt variable. At the end of the trajectory they both experience a
sharp downward spike. The sudden change in direction occurs at the same
time as the downward pitching maneuver initiated by the guidance
algorithm.  This can be seen in the angle of attack profile for this trajectory
shown in Chapter Five. The solutions to be developed by the GMS

technique require that the coefficients be slowly varying quantities. The
sharp spike might lead to complications resulting from a turning point in
the solution. At a turning point there is a transition from one type of

solution to another such as a transition from an oscillatory solution to an
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exponential solution. The transition occurs in the vicinity of the turning
point. Therefore, the trajectory will be restricted to eliminate this problem.
The independent variable & will will be restricted to a range from zero to
1.6x105- |

The roots of the unified angle of attack equation are plotted in the
complex plane in Figures 7.4 and 7.5. Figure 7.4 presents the roots over
the restricted trajectory; & [0, 1.6x105). Figure 7.5 presents an expanded
view of the roots at the origin in order to have a better view of how they

begin. The roots begin at "x" and end at "0". “The results show one pair of

0.05
0.04
0.031
0.02

0.01

-0.01

-0.02}+

b
*

Real x10-3

Figure 7.4 Unified Angle of Attack Roots Along Entry Trajectory
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Figure 7.5 Expanded View of Unified Angle of Attack Roots

complex conjugate roots. These will be used in the following section as the
scale functions of the GMS solutions. The expended view shows that they
begin near the origin inside the left half plane and move farther into the
left half plane along the trajectory. They increase in both frequency and
damping as they move. Constant coefficient theory suggests that this is a
stable mode with roots entirely in the left half plane. The solution will be

some sort of damped oscillation.
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LONGITUDINAL MODES OF MOTION

The longitudinal perturbation equations were simplified for the

GHAME simulation by determining the following derivatives to be zero for

this vehicle.

M, Mg
The angle of attack is taken to be constant at 34 degrees. This is an
adequate approximation because the angle of attack does not vary much
over the course of the trajectory. The pitch down maneuver occurs at the

end of the trajectory and is neglected for this simulation. The roots of the

0.15 . r - , - -
0.1}

0.051

]
1

-0.05

Real x10-3

Figure 7.6 Longitudinal Roots Along Entry Trajectory
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longitudinal characteristic equation vary along the trajectory and are
plotted in the complex plane in Figures 7.6 and 7.7. The roots begin at "x"
and end at "o". Figure 7.6 presents the roots ov¢.:r the restricted
trajectory, & [0,1.6x105], while Figure 7.7 shows the roots in an expanded

view at the origin.

x103
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Figure 7.7 Expanded View of Longitudinal Roots

The results show a typical pattern of two pairs of complex conjugate
roots describing the longitudinal motion of the GHAME vehicle. These will
be used for the scale functions of the GMS solutions. Mode A (near the

origin) corresponds to the Phugoid mode described in Chapter Three. Mode
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B (far from the origin) corresponds to the Short Period mode. As seen in
the expanded view, both pairs of roots begin near the origin of the complex
plane. They begin inside the left half plane and move further into the left
half plane as the GHAME vehicle travels along the trajectory. Both pairs
show an increase in frequency and damping as they move. The Phugoid
roots show a very small movement from the origin while the Short Period
roots experience a large increase in both frequency and 'damping.- The
expanded view of the roots at the origin in Figure 7.7 reveals that they are
always in the left half plane. Constant coefficient theory again suggests

that these are both stable modes based on the root locations. .
LATERAL-DIRECTIONAL MODES OF MOTION

The lateral-directional perturbation equations of motion were
simplified by determining that Y; equals zero for this vehicle and the
quantity Ix,2/Ixx is small enough to be considered zero. The root locations
of the GHAME vehicle's lateral-directional modes are shown in Figures 7.8
and 7.9. Figure 7.8 shows the roots over the restricted trajectory while
Figure 7.9 shows the roots in an expanded view at the origin.

The results show three distinct modes corresponding to those
described in Chapter Three. There is one real root in the right half plane
corresponding to the Spiral mode, one real root in the left half plane
corresponding to the Roll mode and one complex pair corresponding to the
Dutch Roll mode. According to constant coefficient theory the root locations
show that the Spiral mode is unstable, the Roll mode is stable and the Dutch

Roll mode begins unstable and moves to a region of stability.
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Figure 7.8 Lateral-Directional Roots Along Entry Trajectory

The expanded view shows that all the roots begin near the origin.
The Spiral mode moves along the real axis into the right half plane while
the Roll mode moves along the real axis into the left half plane. The
complex Dutch Roll mode begins in the right half plane and initially moves
further into that plane. It then reverses direction and begins to move
toward the left half plane. The Dutch Roll mode primarily increases in
~frequency with only a slight increase in damping and ends up in the left
half plane. This movement would‘indicate that the solution is initially an

unstable oscillation and then becomes a stable oscillation.
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Figure 7.9 Expanded View of Lateral-Directional Roots

Root locations of constant coefficient differential equations are
sufficient to determine the stability of their dynam-ics. However, root
locations are not sufficient to completely predict the stability of systems
with variable coefficients such as those which describe the GHAME
dynamics. These systems can exhibit counter intuitive behavior with
respect to their root locations [10]. A system with variable coefficients may
have roots entirely in the left half plane and yet be unstable, while a
system may have roots in the right half plane and be stable. Therefore, the
GMS technique is applied to these equations to obtain analytical
approximate solutions. From these solutions stability characteristics can be

determined and control laws can be formulated.
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8. SOLUTIONS TO GHAME EQUATIONS OF
MOTION

UNIFIED ANGLE OF ATTACK DYNAMICS

The Generalized Multiple Scales (GMS) technique will be applied in
this chapter to develop approximate analytical solutions to the equations
describing the dynamics of the GHAME vehicle. Reference solutions to the
dynamics will be obtained through numerical integration and will be
compared to the GMS solutions.

As seen in the previous chapter, the unified angle of attack dynamics
of the GHAME vehicle is described as a second order differential equation
and characterized by one oscillatory mode. This equation is numerically
| integrated using a fourth order Runge-Kutta routine to obtain a reference
solution. The small parameter ¢ is introduced into the equation in order to
make use of the GMS technique. The second order equation is

parameterized by the following met.hod
X+ QX 00X _
€2

The coefficients, w1 and wg, are slowly varying quantities along the
trajectory. The small parameter € was determined to be 1/161 for this
problem. An intuitive feel for arriving at the value of & will be discussed
later in this chapter. The numerical integration satisfies the initial
conditions

X©0)=0

X(0)=1
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Before the GMS technique is applied, a "frozen" approximation of the

solution is compared to the numerical solution. This is done by freezing the

coefficients at their initial values and integrating as a constant coefficient

differential equation. The numerical solution is compared to the "frozen"

approximation in Figure 8.1. The independent variable & is labeled "ksi".
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Figure 8.1 Numerical Solutions to Unified Angle of Attack Dynamics

solid - Numerical Solution
dashed - "Frozen" Approximation

The numerical solution shows a damped oscillation which increases

in both frequency and damping along the trajectory. The results show that
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the "frozen" approximation is not able to predict the dynamics beyond the
first quarter cycle of the oscillation. This is clearly an inadequate
representation of the vehicle motion and is not practical for applications
involving stability and control analysis. = Therefore, Ramnath's GMS
technique will be used to develop a more accurate and practical
approximation to the dynamics of the GHAME vehicle motion.

The GMS technique is applied to the GHAME equaﬁons of motion in
order to determine analytical asymptotic approximations to the vehicle
dynamics. The GMS solution to a second order differential equation with
time varying coefficients was presented in Chapter Six to be

| X(8) = X(E)XHE)
or
X(®) = (@2 - 4a00) " [C1 X5 ®) + C2X1a®)]

or

" %)UA(CI[W{];@dg) ) n( f ka@)déﬂ .\ C{exp( j kr(ﬁ)dﬁ) cosU ki@)dé)D

where C; and C, are determined by the initial conditions [14]. Ky is the real
component of the complex root and kj is the imaginary component.

This asymptotic analytical solution will be applied to the unified
angle of attack equation and compared to the numerical solution. The GMS
solutions must satisfy the same initial conditions as the numerical solution
in order to compare the two. The constants C, and C, are determined in
order to satisfy the initial conditions

X0)=0
X0)=1

First, just the fast scale solution is considered.
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X£(0) = C,e0sin(0) + C,e0co0s(0) = 0
C;=0
X£(0) = C,[kre%sin(0) + kieOcos(0)] + C;[kreOcos(0) - kieOsin(0)]= 1
Ciki+Cokr = 1
Ci = 1kj
The constants C, and C, are now derived for the complete GMS
solution with both fast and slow response. |
D-1/4 = (@2 - 4ag)-1/4"

X(0) = D-1/4(C,sin(0) + C,cos(0)) = 0

Cz =0
X(0) = D-1V4(Cyk; + Coky) = 1
C; = 1/kiD’1/4

The GMS fast scale solution and the GMS combined solgtion are
compared to the numerical solution for the angle of attack dynamics in
Figure 8.2. The GMS fast scale solution accurately predicts the frequency of
oscillation but over estimates the magnitude of the numerical solution. The .
slow scale correction adjusts the magnitude at the appropriate time and in
the appropriate direction so that the combined GMS solution accurately
predicts the angle of attack dynamics of the GHAME vehicle.

The GMS technique of approximating solutions to differential
equations is dependent upon introducing a small parameter ¢ into the
equation. The parametér ¢ must be much less than 1 to allow for the use of
~ asymptotic analysis. The parameter ¢ is a measure of the ratio of the time
constant of the vehicle dynamics to the time constant of the variation in the
coefficients. Its value is determined in a trial and error fashion. The

numerical solution is seen to increase in frequency as & decreases. A
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dotted - GMS Fast and Slow Scale Solution

dashed - GMS Fast Scale Solution

solid - Numerical Solution
proper value of & leads to a match of the zero crossings of the numerical

Figure 8.2 GMS Solutions to Unified Angle of Attack Dynamics
be 1/161 for the GHAME vehicle along the entry trajectory.

solution and those of the GMS solutions.



Chapter 8. Solutions to GHAME Equations of Motion

LONGITUDINAL DYNAMICS

The GMS technique will now be applied to the longitudinal motion of
the GHAME vehicle. It was shown in the previous chapter that this motion
is characterized by two oscillatory modes. The longitudinal motion can be
conveniently represented by two second order differential equations, one
.equation for each mode. The reference solution to each mode of
longitudinal motion is determined by numerical integration and compared
to the “frozen" approximation. The GMS solution for each mode is then
determined. It will be shown that the GMS solutions closely approximate
the numerical solutions and can therefore be used for stability and control
analysis.

A second order differential equation is constructed for each mode of
the GHAME vehicle's longitudinal motion using the following technique.

Xa+ 0 Xa+ @0Xa=0
o) = -(ks +k,¥)
@ = ka(kp*)

where k, and k,* are the roots corresponding to Mode A, and k,* is the
complex conjugate of k,. Similarly, a second order model for Mode B using
kp and kg* is constructed. The coefficients, ®; and ®,, are slowly varying
quantities along the trajectory for both modes.

The equations describing each mode are parameterized in terms of ¢
as was done in the analysis of the unified angle of attack dynamics
(e=1/161). The numerical solution for Mode A is compared to the "frozen"
approximation in Figure 8.3. The numerical solution shows a damped
oscillation which increases in both frequency and damping along the

trajectory. This mode is characteristic of Phugoid motion. It has relatively
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low frequency and low damping as might be expected from the root
locations shown in the previous chapter to be near the origin. Again, the
"frozen" approximation is unable to predict the dynamics of this mode

beyond the first quarter cycle of the oscillation.

x104 Mode A frozen

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
KSI x104
Figure 8.3 Numerical Solutions to Mode A

solid - Numerical Solution
dashed - "Frozen" Approximation

Figure 8.4 shows the numerical solutions for Mode B. The numerical
solution is a damped oscillation which increases in both frequency and
damping along the trajectory. This mode is characteristic of Short Period

motion. It has relatively high frequency and high damping as might be
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The "frozen"

expected by its root locations shown to be far from the origin.

approximation is unable to predict the actual dynamics beyond the first

Both "frozen" approximations for the

quarter cycle of the oscillation.

longitudinal modes cannot predict the dynamics of the GHAME vehicle.

They are inadequate for any practical application involving stability and

control analysis.

T

x104

KSI

Figure 8.4 Numerical Solutions to Mode B
solid - Numerical Solution

dashed - "Frozen" Approximation
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The GMS solutions are determined for each mode of longitudinal

motion in the same way as was done for the unified angle of attack

equation. They are compared to the reference solutions determined by

numerical integration. The solutions to Mode A arec shown in Figure 8.5.

The GMS fast scale solution accurately predicts the frequency of oscillation
but is shown to overshoot the magnitude of the numerical solution. The
combined GMS solution accurately predicts the complete dynamics of the

longitudinal motion of Mode A.
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solid - Numerical Solution
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The same technique is applied to Mode B, and the solutions are
shown in Figure 8.6. The results are similar. The GMS fast scale solution
overshoots the numerical solution while the addition of the slow correction

accurately predicts the dynamics of the longitudinal motion of Mode B.
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solid - Numerical Solution
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LATERAL-DIRECTIONAL DYNAMICS

As seen in the previous chapter, the lateral-directional motion along
the entry trajectory is characterized by one oscillatory mode and two
nonoscillatory modes. The two real roots (nonoscillatory modes) are
degenerate cases. The spiral mode is unstable and will be an increasing
exponential function. The Roll mode is stable and will be a decreasing

exponential function. The Dutch-Roll mode, however, will have an
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Figure 8.7 GMS Solutions to Dutch-Roll Mode
solid - Numerical Solution '
dashed - GMS Fast Scale Solution
dotted - GMS Fast and Slow Scale Solution
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oscillatory solution because of its complex roots. It can be evaluated in the
same way as the longitudinal modes by constructing a second order
equation and introducing the small parameter €. The numerical

and GMS solutions are shown in Figure 8.7. The response is initially an
unstable oscillation consistent with complex roots in the right half plane.
The amplitude of the oscillation initially increases. As the roots progress to
the left half plane the responsé becomes a stable oscillaﬁon, and the
amplitude begins to damp out. The GMS solutions for this mode are similar
to those for thé longitudinal modes. The GMS fast scale solution is seen to
overshoot the numerical solution while the GMS fast and slow scale solution
accurately predicts the Dutch-Roll motion of the GHAME vehicle.

The GMS approximations to each of the second order modes of
motion have been seen to accurately predict the dynamics of the GHAME
vehicle. These results have been extended by Ramnath [13] to the fourth
order models describing longitudinal and lateral-directional motions. The

fourth order differential equation is parameterized with & according to the

following equation
x@ + @XD | 0XD o XD wX _,
€ 2 e3 et

The GMS solution is given by
X(8) = Xs(8)X1(5)

where

oo ] ]
el ] ]
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The root of one oscillatory mode is ks and the other is kg. The arbitrary
constants are C;, C,,C; and C4, which are determined by the initial_
conditions.

The results of simulation show that the analytical asymptotic
solutions developed by the GMS method accurately predict the dynamics of
the GHAME vehicle along the entry trajectory. They will be applied in the

following chapter to stability and control analysis.
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9. STABILITY AND CONTROL ANALYSIS

STABILITY CRITERION

Stability and control analysis is a primary application that comes
from the understanding of aircraft dynamics. In the previous chapters, the
motion of the GHAME vehicle was described by differehtial -equations with
time varying coefficients. @ The angle of attack dynamics were described by
the unified equation developed by Vinh and Laitone. The longitudinal and
lateral-directional motion were described by fourth order characteristic
equations derived from Newton's Law. The roots of these were plotted as
the vehicle moved along an entry trajectory. As mentioned earlier, the root
locations are not sufficient to predict the stability of time varying systems.
These systems can often exhibit counterintuitive behavior [10]. Therefore,
asymptotic analytical solutions were developed using the GMS technique.
From these solutions, the stability of the dynamics can be predicted and
control laws can be developed. The GMS solution to a second order

differential equation with one oscillatory mode was shown to be

X(E) = (0,2 40)0)1/4((: I[CXPU kr(a)di) sin( f ki(é)dﬁ)J + Cz[epr k,(ﬁ)di) cosU ki(é)dﬁﬂ)

From this solution a GMS stability criterion can be developed [10]. It can
be concluded that the real part of the complex root must be in the left half
plane to ensure stability.

- ke<O
This would give a decaying exponential term in the solution and result in a

damped oscillatory motion.
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The results from the previous chapter which show the solutions to
the equations of motion support this criterion for stability. The unified
angle of attack motion has roots in the left half plane and is shown to have
a stable oscillatory solution. Both modes of longitudinal motion have roots
in the left half plane and are also shown to have stable oscillatory solutions.
The Dutch Roll mode of the lateral-directional motion has roots that begin
in the right half plane and move into the left half plane. | The solution is
consistent with the stability criterion determined above. It is initially an
unstable oscillation which could reach a large magnitude. It then becomes
a stable oscillation as the roots move into the left half plane and the

amplitude decays.
FEEDBACK CONTROL

A control law can be developed for the Dutch Roll mode to ensure
that the roots always lie in the left half plane. The Routh stability criterion,
often used in linear time-invariant problems, can be extended by means of
the GMS theory to apply to time-varying problems as well. It will be used
to develop a feedback control law that will stabilize this mode. The Routh
criterion tells us whether or not there are positive roots of a polynomial
without actually solving for them. It states that the number of roots of the
polynomial with positive real parts is equal to the number of changes in
sign of the coefficients in the first column of the Routh array. See Etkin's
Dynamics of Flight: Stability and Control for the details of this procedure
[31.

The Routh stability criterion is only valid for constant coefficient

differential equations but can be applied to this tirhe varying problem
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because of the stability criterion derived from the GMS solution. A
sufficient condition for the stability of the GMS approximation is that the
roots always lie in the left half plane. Therefore, the Routh criterion can be
applied to this time varying problem to develop a control law. The general
system equation is

k2 + o1k + @g =0
The Routh criterion results in two inequalities that would ensure stability
| w >0 0o>0
When both of these conditions are met the GMS solution is stable. Figure
9.1 shows both of these quantities as they vary along the trajectory. It is
seen that o) initially violates the stability criterion while wg always lies

within the prescribed boundary for stability.

15 —@ 80 —O
4 20} .
_5 1 1 1 0 A 1 1
0 5 10 15 20 0 5 10 15 20
ksi x104 ksi x104

Figure 9.1 Coefficients of Dutch Roll Mode (a) ®; (b) w,

A feedback control law will be developed according to the block
diagram in Figure 9.2 where K, is the feedback gain. Only the ®; coefficient

needs to be modified since the condition on wg is already satisfied. The
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control law will modify the dynamics of the system and stabilize the
response. The closed loop characteristic equation becomes
k2+ (@ +KpDk + @ =0
The resulting Routh inequalities with feedback control are
o +K;>0 wp>0
The ®, constraint was already shown to be satisfied over the entire

trajectory. K, will be chosen to satisfy the constraint on .

Kik
K + ank + wo

Figure 9.2 Feedback Control Block Diagram

The feedback gain was chosen to be a constant at K;=2.5. This
satisfies the inequality constraint on the w, coefficient. Figure 9.3 shows
the response of the Dutch Roll mode when the feedback is applied. The
large spike of the uncontrolled response, shown in Figure 8.7, is removed
by the feedback coﬂtroller. The controlled response is shown to be a stable

oscillation that is heavily damped.
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Figure 9.3 Dutch Roll Response With Feedback Control
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10. SUMMARY AND CONCLUSIONS

SIMULATION

In this paper, the dynamics of a hypersonic vehicle (HSV) were
analyzed along an entry trajectory using the asymptotic method of
Generalized Multiple Scales (GMS). The rigid body equations and the
general .modes of aircraft motion were reviewed. A mathematical model
describing the expected performance of future HSVs was provided by
NASA called the Generic Hypersonic Aerodynamic Mod;l Example (GHAME).
A description of the GHAME vehicle was given along with its mass
properties and aerodynamic data.

The model was used for computer simulation based on a table look-
up method in which the stability derivatives of the vehicle were
determined at discrete points along the trajectory. The GHAME vehicle is
flown along a nominal entry trajectory used by the Space Shuttle which
duplicates its interface conditions, vehicle constraints and trajectory
parameters. A Fortran implementation of the shuttle entry guidance

algorithm was adapted for MACINTOSH simulation of the GHAME vehicle.

GMS METHOD

The equations describing the motion of the GHAME vehicle result in a
series of linear differential equations with variable coefficients. It is
impoSsible to obtain exact solutions to such equatidns ekcept in rare cases.
Direct perturbation methods based on asymptotic analysis lead to

nonuniformities in the approximate solutions to dynamic systems. The
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technique of Generalized Multiple Scales (GMS) allows for the development
of asymptotic solutions to linear and nonlinear differential equations with
variable coefficients. These approximations are in an analytical form in
terms of elementary functions and are uniformly valid over a wide range
of the independent variable. The solutions are possible by considering the
dynamics of the system to occur much faster than the changes in the
coefficients of the model. The fast and slow parts of thé dynamics are
separated through an extension of the independent variable.

The coefficients of the equations describing the dynamics of the
GHAME vehicle are recorded along the trajectory. The independent
variable is changed from time to the distance traveled by the center of
mass along the trajectory. The equations are parameterized in terms of a
small parameter &, and approximate solutions are determined using the
GMS method. The equations analyzed include the unified equation
describing angle of attack oscillations developed by Vinh and Laitone as
well as the characteristic equations describing longitudinal and lateral-

directional motion.
RESULTS

The trajectory was restricted to eliminate a small region where there
might be complications in the solutions due to a possible turning point in
the -vicinity. The unified angle of attack dynamics of the GHAME vehicle
was characterized by one oscillatory mode. The complex pair of roots
began in the left half plane and increased in both frequency and damping
as the vehicle moved along the trajectory. A reference solution to the

dynamics was obtained through numerical integration. A "frozen"
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approximation to the dynamics was obtained by holding the coefficients
constant at their initial values and integrating. The reference solution was
a damped oscillation which increased in both frequency and damping. The
"frozen" approximation failed to predict the dynamics within the first
quarter cycle of the oscillation. The GMS solution with only the fast
dynamics accurately predicts the frequency of oscillation but overshoots
the magnitude of the reference solution. The combined GMS solution with
both fast and slow dynamics accurately predicts the entire dynamics of this
motion.

The longitudinal motion of the GHAME vehicle was characterized by
two oscillatory modes corresponding to the Phugoid and Short Period
motion of aircraft. Each mode was isolated and then evaluated in the same
manner described above. The Phugoid mode resulted in a low frequency
and low dampiﬁé oscillation while the Short Period mode was charactcrized
by a high frequency and high damping oscillation. The results from the
approximate solutions were the same as those from the unified angle of
attack equation. The "frozen" solutions were inadequate approximations
while the combined GMS solutions were able to accurately predict the
dynamics of each mode.

The lateral-directional motion of the GHAME vehicle was
characterized by three modes corresponding to the Roll, Yaw and Dutch Roll
modes of motion. The Dutch Roll mode resulted in an oscillation that was
initially unstable. It then became a stable oscillation as the amplitude
damped out. The GMS conibined solution was again shown to accurately
predict the dynamics of this mode.

The analytical asymptotic solutions developed by the GMS method

were shown to accurately predict the dynamics of the GHAME vehicle along
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the entry trajectory. These approximate solutions lead to the development
of a criterion which would ensure the stability of motion. The real part of
the complex root must be in the left half plane for 'stability.

The solutions to the equations of motion confirm this criterion.
Modes with roots in the left half plane were stable while those with roots
in the right half plane were unstable. A feedback control law was then
developed from this criterion to stabilize the oscillation of the Dutch Roll
mode. A control gain was determined which produced a well damped
oscillation. The unstable region of the .Dutch Roll motion was eliminated By
the feedback controller based on the stability criterion developed from the

GMS solutions.
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