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Anintegrated, consistent analytical framework is developed for modeling the dynamics of elastic hypersonic flight
vehicles. A Lagrangian approach is used to capture the dynamics of rigid-body motion, elastic deformation, fluid
flow, rotating machinery, wind, and a spherical rotating Earth model and to account for their mutual interactions.
The resulting equations of motion govern the rigid-body and elastic degrees of freedom (DOF). The elastic motion is
represented in terms of modal displacement coordinates relative to the elastic mean axes system, and the rigid-body
motion is represented in terms of the translational and rotational velocities of this axes system. A vector form of the
force, moment, and elastic-deformation equations is developed from Lagrange’s equation; a usable scalar form of
these equations is also presented. The appropriate kinematic equations are developed and are presented in a usable
form. The characteristics of the three-DOF point-mass dynamic model are also outlined, and the corresponding
equations are presented. A preliminary study of the significance of selected terms in the equations of motion is
conducted. Using generic data for a single-stage-to-orbit vehicle, it was found that the Coriolis force can reach
values up to 6% of the vehicle weight and that the forces and moments attributable to fluid-flow terms can be

significant.

I. Introduction

HE traditional development of the equations of motion for flight

vehicles can be found in flight mechanics textbooks'? where a
Newtonian approach is used and the elastic degrees of freedom are
excluded. On the other hand, structural dynamic models for flutter
analysis frequently exclude some or all of the rigid-body degrees of
freedom.> For vehicles with sufficiently stiff structures, the effects
of elastic deformation can be included by assuming complete de-
coupling of the “rigid-body” and “elastic” modes. Noting that the
separation between these modes is not large for vehicles character-
ized by significant aeroelastic effects, Waszak and Schmidt* used a
Lagrangian approach to develop the equations of motion for elastic
airplanes. Among the simplifications used in the development of
Ref. 4 are a “flat, nonrotating Earth” model and the absence of fluid
flow, wind, and rotating machinery.

For conventional aircraft, a traditional approach to dynamic mod-
eling (e.g., considering airframe and engine as separate entities,
using a rigid-body approximation, and then accounting for elas-
tic effects by using quasistatic methods, etc.) can be used without
introducing significant errors. Flight vehicles of the future, such
as single-stage-to-orbit (SSTO) vehicles, are more likely to have
complex interactions among their components, thereby motivat-
ing an integrated, multidisciplinary approach to their design and
development.>® Moreover, certain assumptions that are routinely
made for conventional aircraft (e.g., nonrotating Earth, no fluid-flow
effects, no aeroelastic effects) may not be valid for these classes of
vehicles.

The objective of the present work is to develop an integrated, con-
sistent analytical framework for modeling the dynamics of elastic
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hypersonic flight vehicles. The elastic deformation of the vehicle is
modeled by using mode shape functions and in vacuo modal vibra-
tion frequencies obtained from structural dynamic analysis. Apply-
ing “first principles” to each particle of the vehicle, a Lagrangian ap-
proach s used to develop the force, moment, and elastic-deformation
equations for the vehicle. The appropriate kinematic equations are
also developed. A rigorous and unified approach yields a dynamic
model that captures the effects of rigid-body motion, elastic defor-
mation, fluid flow, rotating machinery, wind, and a spherical rotating
Earth, and their mutual interactions. This dynamic model canbe used
for trajectory analysis and/or optimization and to analyze and de-
sign flight control systems. It may also be used to identify potential
performance or stability-and-control problems in the early stages
of conceptual design of the vehicle and to recommend changes in
vehicle configuration to rectify such problems. Using generic data
for a single-stage-to-orbit vehicle, a preliminary study is conducted
to assess the significance of selected effects.

II. Lagrangian Approach

A. Vector Notation and Derivatives

The notation A |F indicates that the vector A is expressed in terms
of its components along the axes of frame F, whereas the notation
dA/dt|F indicates that the time rate of change of vector 4 is eval-
uated in frame F. The time derivative of vector A in frame 2 can
be expressed in terms of the time derivative of vector A in frame 1,
using the relationship

dA

_da
dr

,

+ (1-)1'2 X A (1)

1
where @ 5 is the angular velocity of frame 1 relative to frame 2.

B. Axes Systems and Transformations

The inertial frame I, Earth-fixed frame E, and vehicle-carrying
frame V are defined in the standard fashion' and are shown in Fig. 1.
Itis noted that the Earth-center frame is assumed to be inertial; hence
g1 is the angular velocity of the Earth about its axis of rotation.
The body frame B is fixed to the body of the vehicle, with origin at
the instantaneous center of mass (c.m.) of the vehicle.

The elastic mean axes system is chosen as the body axes system.
Let r be the position vector of a mass element dm of the vehicle,
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Fig.1 Coordinate frames.

Fig.2 Position of mass element.

measured from the origin of the body frame as shown in Fig. 2. For
an elastic vehicle, this vector can be written as r = ry + e, where
ry is the position vector of mass element dm in the undeformed
vehicle, and e is the change in position vector of the mass element
dm due to elastic deformation of the vehicle. The mean axes are
defined such that the relative linear and angular momenta, due to
elastic deformation, are zero at every instant. Thus, the mean elastic
body axes must satisfy the following condition®:

d _
pad dm=0= | rx d_e
o dr 5 . dr

The components of some vector A can be transformed from the
vehicle-carrying frame to the body frame by using the relationship

dm 2)
B

Alf =(T1Al" ©)

where [T] is a coordinate transformation matrix. If the orientation
of the body frame relative to the vehicle-carrying frame is described
by the roll, pitch, and yaw angles (¢, 6, ¥) in the standard aircraft
(3-2-1) Euler sequence, then the coordinate transformation matrix
[T]1is given by!

™ cOcy sy —sO]
spsOcy  spsOsy
spct
[Tl=| —copsy +copcy (4a)
cosbcy cpsOsy
chch
| +ssy —spcy B

Alternatively, the orientation of the body frame relative to the
vehicle-carrying frame can be described by the quaternion com-
ponents B; = cos(g;) sin(8/2) for i = 1,2, 3, and By = cos(5/2),

where ¢; are the angles between the eigenaxis and the body axes,
and § is the principal rotation angle. The coordinate transformation
matrix {T] is given by’

F( /312_1322) 2( ,31132) 2( /31.33> ]

B3+ B; +B3B —B284
BB —B7 + ﬂ22> ( /92/33>

T1=| 2 2 b

7 (—mm) (—ﬁ§ ) Napg) |

5 Bi1Bs 5 BB -8t - B;
L +B:B4 —BiBa +pi+ 6 )
C. Structural Model of Vehicle

It is assumed that the elastic deformation of the vehicle is suffi-
ciently small and can be represented in terms of its normal undamped

modes of free vibration. Hence, at a given mass element, the elastic
deformation can be modeled as

€ = id_)ini (5)
i=1

where ¢; are the mode shape functions, and 7; are generalized
coordinates giving the magnitudes of the modal displacements. The
values of the mode shape functions (¢;) at a mass element depend
on the position of that mass element in the vehicle; the values of the
generalized displacement coordinates (»;) are strictly functions of
time. For the purposes of structural modeling, the vehicle is divided
into a large number of elements. The coordinates of each element in
the undeformed vehicle are available from vehicle geometry. Struc-
tural dynamic analysis (e.g., finite element approach) provides the
mode shape function components at each element of the vehicle, as
well as the in vacuo modal vibration frequencies (w;), for a selected
number of modes.

D. Lagrange’s Equations of Motion
Lagrange’s equations of motion® for a dynamic system can be

written as
d (aT oT U
s () (%) o

where T is the kinetic energy, U is the potential energy, and &; are
generalized coordinates, Q; are generalized forces given by

(W)
Q= 3(8&) @

where §W is the virtual work done on the system by all external
forces/moments (excluding those already accounted for in the po-
tential energy term) during a virtual displacement along all of the
generalized coordinates.

The motion of the flight vehicle can be described in terms of the
position R relative to the inertial frame (see Fig. 2), the orientation
T relative to the inertial frame, and the modal displacement coor-
dinates (77;) representing elastic displacements relative to the unde-
formed shape. Hence the generalized coordinates may be written as

E =[& &, & ®)
where
Er=R°=[R, R, RJ (9a)
Ey=T" =[0 © v (9b)
Ee=m m m .0 (9¢)

The distances (R, R,, R;) are components of the vector R along the
body axes, and the angles (®, ®, W) are components of the vector
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T along the Euler system of axes (Eu*) for the (3-2-1) sequence of
rotations from the inertial frame to the body frame. It is emphasized
that these angles are different from the Euler angles (¢, 6, ¥), which
are angles in the standard aircraft (3-2-1) sequence of rotations from
the vehicle-carrying frame to the body frame, as defined earlier.

E. Kinetic Energy of the Vehicle
The kinetic energy of the vehicle (T') is equal to the sum of the
kinetic energy of all mass elements of the vehicle and is given by

;o1 [
T2, dr

where E is the position vector of a mass element dm of the vehicle,
as shown in Fig. 2. Noting that E = R + r, and expanding, one
obtains

dE

=i d 10
T m (10)

1

dr

dm (11
a| dm ab

_ d
T=%m(V,-V1)+V1“/—
1

r d +1 dr
m A~ il
; 2 J, dr

dr

m 1

where V; is the inertial velocity of the vehicle, and m is the instan-
taneous total mass of the vehicle.
Applying Eq. (1) to r and integrating over all mass elements of

the vehicle yield
dr
dm = / —
I m dr

dr
oz

where wp ; is the rotational velocity of the body frame relative to
the inertial frame. The position vector r of a mass element dm is
measured from the vehicle center of mass. Hence

/rdm:O (13)

and therefore the second term on the right-hand side of Eq. (12)
vanishes.

Taking the time derivative of Eq. (13), and noting that the mass of
the vehicle (m) is changing due to fluids entering/leaving through
openings in the vehicle, one obtains

i rdm = g
dr m B o d

where g, is the average mass flow rate of fluid entering (positive)
or leaving (negative) the vehicle through an opening, and rpen is the
average location of the opening relative to the origin of the body
frame. The second term on the right-hand side of Eq. (11) can now
be written as

s
) de

Applying Eq. (1) to r, the third term on the right-hand side of Eq.
(11) can be expanded to yield

1 [ dr| ar
2 ), ,

L
+ a ( xryd +1 ar
—| - (w ndn+- | —
& B 2 ) ar

Expanding terms in the integrand and integrating over all mass
elements of the vehicle, the first term on the right-hand side of
Eq. (16) can be written as

dm 4+ wp x/rdm (12)
B m

dm + Z mﬂuid Fopen = 0 (14)

B openings

dm =-V;. ( Z mﬂuidropen> (15
1

openings

1
dm = ~2— /(UJBJ xr) . (va[ ><r) dm

dr

dr

B

dm (16)
B

B

1
‘2‘/(‘*’8,1 xr)-{wg; xrydm = %w;[[[]wl?.l an

where [/] is the matrix of moments of inertia about the body (mean)
axes of all mass elements of the deformed vehicle.

Using a result for scalar triple products, and noting thatr =ry+e,
the second term of Eq. (16) can be written as

dr dr
—| (wpyxr)dm =wp;- rx —| dm
dr 5 dr
m m B
[ Fx% g 18)
Fx —
. dr s " (

The second integral in the right-hand side of Eq. (18) is zero, from
the definition of the mean axes system as given by Eq. (2); the first
integral is zero for all mass elements of the vehicle that have no
rigid-body motion relative to the body frame. Modeling all mov-
ing subsystems (e.g., rotating machinery) of the vehicle as rigid,
balanced rotors, Eq. (18) can be written as

dr
o

where [Iz] is the matrix of moments of inertia about the rotor axes,
of all mass elements of a rotor, and wp p is the rotational velocity
of the rotor frame relative to the body frame.

Using r = ry + e, and noting the rigid-rotor assumption, the third
term in Eq. (16) can be written as

g x Py dm = - [ Z([IRM.B>] (19)

B rotors

1 dr dr
s[5 %] on= T (e attons)
m B rotors
N 1 / de| de 20)
2 ), ar|, dr|,

Using Eq. (5), the second term on the right-hand side of Eq. (20)

can be written as
1 zo2
m= Z {I:L(dh - 0;) dm:l("liilj)] @b

lfde
2 ) dr . =

Since the modes of free vibration are normal (i.e., orthogonal), it
follows that

de
g O

Gy dm = M, forj=i s
L(dh-dﬁ) =10 forj£i (22)

where M; is the generalized modal mass associated with the ith
elastic mode. Equation (20) can now be written as

1 [ dr 1o
EAEZ m =3 (Rohlinhoren) +3 3 Mt (3

B rotors
Substituting Eqgs. (17), (19), and (23) into Eq. (16) results in
1 dr
2/, dt

+w£,,[ Z[IleR,B} +Y (Swksllelwn.s) 24)

rotors rotors

dr
, dr

dr
ldt

I,
dm = Jwf (wss + 5 ) Mir}
1 i=1

Substituting Eqs. (15) and (24) into Eq. (11), one obtains the final
expression for the kinetic energy of the vehicle:

I
T = imVIVy+ dl Uwss + 5 Y Mii?

i=1

- V1T ( Z mﬁuid ropen) + wlT?,I < Z[IR]L‘JR,B>

openings rotors

+ Y (3whsllelwe.s) (25)

rotors
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F. Potential Energy of the Vehicle
The potential energy of the vehicle consists of two parts and is
given by

U =U,+U, (26)

where U, is the elastic strain energy of the vehicle, and U, is the
potential energy due to the gravitational field acting on the vehicle.
The elastic strain energy may be written as*

1 d’e 1 & -
U, = —EL [(m B) -e]dm = E;M‘wi n; [e4))

where w; is the in vacuo modal vibration frequency associated with
the ith elastic mode.
The gravitational potential energy is given by

. R?
U, = /(R +r)-gdm=m@E'R) = ~111¢§,'0—*;3—nh (28)

where g is the absolute acceleration due to the Earth’s gravitational
field at the vehicle location, Reuy is the local radius of the Earth at
the vehicle coordinates, and go is the sea level value of the abso-
lute acceleration due to the Earth’s gravitational field at the vehicle
coordinates. For a homogeneous spherical Earth model, the abso-
lute sea level gravity value go = 9.80834 (m/s?) and the mean Earth
radius value R,y = 6371 (km) may be used.

G. Generalized Forces
The generalized forces in Lagrange’s equation may be repre-
sented by

o' =[e; e 0i] 9

0, — (28 "

‘ aee) )

The virtual work (§W) done during a virtual displacement along
the generalized coordinates (R, I', ¢;, n;) consists of the work done
by the pressure distribution and fluid flow during the rigid-body
translation and rotation of the vehicle and the work done by the

pressure distribution during the elastic deformation of the vehicle.
Hence,

where

i=F M, E (30)

SW = [/ (P — PR+ f1]dA
Avehicle

e

+[ / Ex [(P - P+ fi]dA
A\ehlcle

)|
openings I

+/ {[<P~Poo)ﬁ+f?1-[Z«z&-(sm]]dA 31
A i=]

where A,.nce is the surface area of a control volume enclosing
the vehicle, dA is an elemental area on the surface of the control
volume, 7 is an inward-pointing unit vector normal to dA, £ is a unit
vector tangent to dA along the local flow direction, P is the local
static pressure at element dA, P, is the atmospheric (freestream)
static pressure, f is the local tangential stress due to the flowfield at
element dA, E is the position vector of element dA measured from
the origin of the inertial frame, E,., is the average location of an
opening measured from the inertial frame, and Epg,q4 is the average

. dEggia
+ Z (’n(]uidT

openings

. d-Eﬂuid
+ Z Eopt:n X (mﬂuidT

vehicle

location of fluid elements at the threshold of an opening, measured
from the inertial frame. It is noted that although Ep;y = E gpen, their
time derivatives are not equal in general. The vehicle control volume
surface area can be written as

Avehicle = Ay + Z Aopen (32)

openings

where A, is the wetted surface area of the vehicle, and A, is the
inlet/exit area, measured perpendicular to the internal-flow axis, of
a rocket or air-breathing jet engine.
The generalized force Qr is obtained by using Egs. (30-32).
Noting that R|® = £, one obtains
) e
i

where F,4 and F are the aerodynamic force and thrust force, re-
spectively, given by

. dropen
Qr=Fs+Fr+ Z |:n7ﬂuid (VI + T

openings

Fu= / (P — Po)ii + f1]dA (34)
Aw

Fr=3" [Agea(P = Pdiiopen +110iaVsol (35

openings

In Eqs. (34) and (35), figpen is an inward-pointing unit vector normal
t0 Agpen, and Vi, is the velocity of the fluid relative to the opening.
It is noted that the force resulting from flow turning at an engine
inlet/exit has been included in the F 7 term and that the mass flow rate
g may be modeled as a function of the local angle of attack, the
deformed shape of the inlet/exit, and the relative fluid velocity V.
An expression for the generalized force @y, is obtained by using
Egs. (30-32). Noting that T} = [G]T'|**" = [G]£,,, one obtains

Oy =[G1"

. dr en
MA +MT + Z <mﬂuidr0pen X i:vl + %‘

openings

) drope
+R x |:FA+FT+ Z ("lﬂuidl:vl+ ;:n ])]
openings 1
(36a)
where [G] is a coordinate transformation matrix given by
1 0 —sin@®
[G]=1]0 cos®d sindcos® (36b)
0 —sind cosdcos®

The quantities M4 and M are the aerodynamic moment and thrust
moment, respectively, about the vehicle c.m. and are given by

M, = / (P — P)(rxi)+ firxD]dA 37
Ay

MT - Z [rnpen X (Aopen(P - Poo)ﬁopen + ﬁlﬂuidvﬁa)] (38)

openings

It is noted that the moment resulting from flow turning at an engine
inlet/exit has been included in the My term.

The generalized aeroelastic forces Q, are obtained by using Egs.
(30) and (31). Noting that £, = ¢;n;, one obtains

QEi:/[(P—Poo)ﬁ+fi]-<iSidA; i=1,2,3,... (39
AM/

Reference 9, for example, presents a simplified aeropropulsive and
aeroelastic model. It includes the development of expressions for
F,,Fr,M,, My, and P, for a generic hypersonic vehicle.
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III. Force and Moment Equations
A. Force Equations
From Lagrange’s equation, the force equation of motion (EOM)

is given by
d [ oT oT au
d’(3€p> (35F)+(35F) er 0

The force EOM is constructed by substituting Eqs. (25-28) and (33)
into Eq. (40). After some algebraic manipulation, one obtains

Vi

m—r

= +F4s+F
dr mg A T

1

. dropen
+ Z [2’nﬁuid( ar

openings

+wgr X ropen) + Mfuid ropen]
B

(4D

It is noted that the general form of the force equation given by
Eq. (41) is similar to that obtained by using a Newtonian approach
and the solidification principle.

Using Eq. (1), the inertial acceleration of the vehicle can be ex-
pressed as

av,| _ dve

—| = ——| +2wpixVet+we; x(wp; XR) (42)
dr ; dt

E

where Vi is the vehicle velocity relative to the Earth-fixed frame
and is equal to the vector sum of the vehicle velocity relative to
the atmosphere (V) and the velocity of the atmosphere relative to
the Earth (V,i,4). Hence Vg = (V4 + Viing), and Eq. (42) can be
written as

dv,
dr

av,
T

1

—|—w3,1 X VA +wE.1 X VA
B

deind

+twe; X (wg; XR) + +2we ;s X Vying (43)
E

Substituting Eq. (43) into Eq. (41), the vector form of the force EOM
can be written in an expanded form, as presented in Fig. 3.

To write the force EOM in scalar form, the appropriate vec-
tor quantities must be expressed in terms of scalar components
along the body axes. The vehicle airspeed V4 = [u v w]7, the
vehicle absolute angular velocity wgz; = [p ¢ r]7, the inlet loca-
tions 7y, = [Xin Yin Zinl?, the exit locations Fou = [Xou Your Zout) »
the aerodynamic force F, = [X4 Y4 Z417, and the thrust force
Fr = [Xr Yr Z7]7 are expressed directly in terms of components
along the body axes. The vehicle position vector R = [0 0 —R]7,
the Earth’s gravity vector g = [0 0 go(Reaen/R)?17, the Earth’s
absolute angular velocity wg; = @egmlcosr 0 —sini]”, and
the Earth-relative wind velocity Vg = [Wy Wy — W17 are
first expressed in terms of components along the vehicle-carrying
axes, as indicated earlier, and then transformed into components

mn { dVal 4 Gpix Va } Rigid-body terms
dt ip
f = T —. — e Rotating-Earth terms
+ ni weg X Va + 0p1 X (WE1 X R A - .
My et A £l % (O ) ) interaction: Rigid-body, Altitude
+ | m { dVwingl 4 2 Gp1 X Vi } Wind terms ) ) X
dt g Interaction: Rotating-Earth, Longitude, Latitude, Altitude
) ,hw{a}“x (FowrTu) + (Q&m _df ” + P Gow—Tw) | | Fluid-flow terms
dt lp B Interaction:
+ | o
engines . — - dr. Lo Rigid-body,
& + 2 Mpuel | @B X Tour + d—°l“5 + Miuel Tout Elastic-deformation
B

_ mg + EA . I_:T Gravitational, Aerodynamic and Propulsive force terms

Interaction: Rigid-body, Fluid-flow, Elastic-deformation, Altitude

[I dau,l
dt

B

+ > (Er;,r % [1e) Orp + [Ig] (%
rators

J

Rotor terms
Interaction: Rigid-body

Rigid-body terms
Interaction: Fluid-flow, Elastic-deformation

D>

engines

.- — - _
l + Mfei | TourX (OBIX o) + TouX
{

Ilhmr{}nmx (@n1 % Toud — TinX (1.1 X Fi) + Tourx ITout
d

drou

Fluid-flow terms

tiy dtigi

- FinX d;“‘i } \
Rigid-body,
Elastic

f Interaction:
-deformation

_ Aerodynamic and Propulsive moment terms

Interaction: Rigid-body, Fluid-flow, Elastic-deformation, Altitude

{ M (i + 24 o+ w2m) J Elastic-deformation terms

_ J [ (P-P3h + i F » d':i Aeroelastic force term
Aw

Interaction: Rigid-body, Altitude

Fig.3 Force, moment and elastic-deformation equations.
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Table 1 Force equations in body axes system

t+qw—rv)+m
mQ+q ) { + Re?

earth
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+m
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R 2
= mgo( e;“) T+ Ya+Yr

mQw + pv ~—qu)+m{

{ (WyTs1 + WeTsz — Wy Ts3)
+m

Wearth[V(T11 cos A — Ty38ind) — u(T2y cos & — Trz sinA)] ]
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+ 2wearth [Wy (—T3a sin A) + We (T3 sind + T33 cos &) + Wy (T3 cos A)] }
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+ 2ittuel{ PYow — qXout + Zow] + Mtuel Zout

engines

Reanh 2
= mgo(T) T3+ Zs+ 27

along the body axes by using the coordinate transformation ma-
trix [T] given by Eq. (4). After expressing all vector quantities
in the force equation in terms of their scalar components, three
scalar force equations along the body axes are obtained; these equa-
tions are presented in Table 1. It is noted that the mass flow rates
of air and fuel in the force equations are positive quantities since
the appropriate signs have already been absorbed into the force
EOM.

B. Moment Equations
From Lagrange’s equation, the moment EOM is given by

d /[ oT oT aUu

dr \ 3¢, 9y €y
The absolute angular momentum (about vehicle c¢.m.) of all mass
elements of the vehicle is given by

H=[ws+ Y Uelwrs @s)

rotors

The moment EOM is constructed by substituting Eqs. (25-28) and
(36) into Eq. (44). After considerable algebraic manipulation, one
obtains

dH .
E :'MA +M[+ Z [mﬂuidropen
{ openings
dr
N ( 2 R rﬂpﬂ)] (46)
dar |,

It is noted that the general form of the moment equation given by
Eq. (46) is similar to that obtained by using a Newtonian approach
and the solidification principle.?

Substituting Eq. (45) into Eq. (46), and applying Eq. (1) to wp s
and wpg 3, the vector form of the force EOM can be written in an
expanded form, as presented in Fig. 3.

It is recalled that {/] is the inertia matrix for the entire vehicle
and can be expressed as

Ix _Ixy —Ix:
[1}= _[xy Iy - ]_vz 47)
“l.xz "I_\'z I

Changes in the inertia matrix can be caused by changes in mass
distribution due to net fluid flow through the vehicle and by elastic
deformation. The latter may be neglected if the elastic deformations
are assumed to be sufficiently small.

It is assumed that the rotors have an axisymmetric mass distri-
bution and rotate about their axes of symmetry. The mass moment
of inertia about the axis of rotation is Iy, and the rotor angular
velocity relative to the body frame is wyo,. The orientation of a rotor
axis relative to the body axes system is given by (&xt0r, Orotor) Where
£rotor 1S the angle between the rotor axis and the body x-z plane, and
Orotor 18 the angle between the body x axis and the projection of the
rotor axis on the body x-z plane. Hence the rotor angular momen-
tum can be expressed in terms of components along body axes as
[[R](UR.B - Irmora)rmor[(cgrolor Carmor) (Serotor) (Cgrmor SUrmor)]T- The
aerodynamic moment and thrust moment vectors can be expressed
in terms of components along the body axesas M4 = [L, M4 N41¥
and My = [Ly My Np]7, respectively. The remaining vectors in
the moment equation are expressed in terms of components along
the body axes, as described in Sec. III. A. After expressing all vector
quantities in the moment equation in terms of their scalar compo-
nents, three scalar moment equations along the body axes are ob-
tained; these equations are presented in Table 2. It is noted that the
mass flow rates of air and fuel in the moment equations are positive
quantities since the appropriate signs have already been absorbed
into the moment EOM.
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Table2 Moment equations in body axes system

Lep+ (I = I)gr — L (7 ++ pq) — Ley(§ — pr) + L2 — q®) + fyp — Toyq — Lar

+ § {Trotor[@rotor (@ €OS Exotor SIN Trotor — 7 SIN Erotor) + Wrotor COS Exotor COS Trotor]}

rotors

muir[ {(ygut - ylzn) + (ng —32 )}P — (XoutYout — XinYin)q }
+ — (XoutZour — *inZin)* + YourZout — ¥inZin) — (ZoutYout — ZinYin)

engines +mfuel[(ygm + Ziu,)P — (XoutYou)q — (XoutZout)” + YourZout — Zout Yout
= Ls+ Ly

LG + (I = I)pr + L (p? — v = Ly (p 4+ gr) = Lz (¢ — pq) — fxyp + Iyq — Iyer

+ § {Zrotor [ @rotor ( COS Exotor COS Orotor — P COS Erotor 1N Troror) + Wrotor SIN Erotor ]}

rotors

—{(XoutYout — XinYin)P + {(X

out x12n) + (Zgut - Zi2n) }q ]

=[] )Gl

+ = (YoutZout — YinZin)" + (ZowXour — ZinXin) — (XoutZout — XinZin)

- i 2 2 . ;
engines +mtuel[ — (XoutYout) P + (an + Z;,m)q — YoutZou)” + ZoutXouw — xoutzoul]

= Ms+ My

Ir+ Iy — ILypg — L, (p—qr)+ Ixy(qz - Pz) - I_vz(q + pr) — ixzp— jyzq +izr

+ E { Lrotor [@rotor (P SN Erotor — G €OS Erotor COS Trotor) + @rotor COS Exotor SIN Trotor]}

rotors

—(XoutZout — XinZin) P + {(x

out_'xi2n)+(y§ut_y12n)}r ]

lhuil—[ . . . .
+ E = (YoutZout — YinZin)q + (XouYout ~ Xin¥in) — (YourXour — YinXin)
engines + ’hfuel[ — (XoutZou) P — (YourZou)q + (xgut + ygm)r + Xout Your — Y()ulxout]

= Ng+ Nr

C. Elastic-Deformation Equations
From Lagrange’s equation, the elastic-deformation EOM is

given by
T T T
d [/ orT oT ou
=) - l5) +l57) =2 @®
i(ie) () (&) e
The elastic-deformation EOM is constructed by substituting Eqs.
(25-28) into Eq. (48) and is given by

(ﬁﬁw?mz%); i=1,2,3,... (49)

i

Although the structural damping has been neglected in this analysis,
the effects of damping can be included a posteriori by adding a
damping term characterized by the damping ratio ¢;. This value is
(Ref. 1, p. 173) “ordinarily less than 0.1, and usually must be found
by an experimental measurement on the actual structure.” Thus the
modified elastic-deformation EOM may be written as

Q—E> i=1,2,3,... (50)
M,

i

(ﬁi + 25w + o =

Substituting Eq. (39) into Eq. (50), the elastic-deformation EOM
can be written in an expanded form, as presented in Fig. 3.

IV. Kinematic Equations

The kinematic equations consist of two sets of equations: the tra-
jectory equations that describe the position of the vehicle relative
to the Earth-fixed frame and the Euler angle equations (or alterna-
tively, the quaternion equations) that describe the orientation of the
vehicle relative to the vehicle-carrying frame. The development of
these equations is outlined below, and a final usable form of the
kinematic equations is presented in Table 3.

A. Trajectory Equations

The trajectory equations are relationships that transform com-
ponents of the vector Vi along body axes into components along
vehicle-carrying axes, where Vg = (V44 Vying) is the Earth-relative
velocity of the vehicle. Hence

Vel" = [T1'Vel? = [TT Val® + Viina¥ (51

Expressing the vectors in Eq. (51) in terms of the appropriate scalar
components, one obtains the trajectory equation

Ri u Wy
(ReosM)t | ={T1"| v |+] Wi (52)
——R v —Wy

where A, 7, and R are the vehicle’s longitude, latitude, and dis-
tance from Earth center, respectively (see Fig. 2). The entries of the
coordinate transformation matrix [T'] are given by Eq. (4a) or by
Eq. (4b), as appropriate.

B. Euler Angle and Quaternion Equations

The Euler angle equations are relationships that transform com-
ponents of the vector wp v along body axes into components along
the Euler system of axes (Eu) in the standard aircraft (3-2-1) se-
quence of rotations from the vehicle-carrying frame to the body
frame; wp v is the angular velocity of the body frame relative to the
vehicle-carrying frame. Thus

we vl = [Llwgy|® (53)

where [L] is a coordinate transformation matrix from body axes to
the Euler system of axes. Expressing the vectors in Eq. (53) in terms
of the appropriate scalar components,' one obtains the Euler angle
equations:

é 1 s¢td  copto Do
6|=10 o0 -5 ||a (54a)
¥ 0 s¢/cf cp/ch Ty

where

p (T + Weartn) COS A
q | —IT] ~h (54b)
¥ —(T + Weanp) SIN A

R
Il

In Eq. (54b), A and 7 are obtained from Eq. (52), and the entries of

the coordinate transformation matrix [7'] are taken from Eq. (4a).
If quaternion components are used to represent the orientation of

the body frame relative to the vehicle-carrying frame,” one obtains
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Table 3 Kinematic equations

Trajectory equations

. 1
A= E[(T”M + v+ T31w) + Wyl

sec A

T =

[(Th2u + Toov + Tow) + We]

R = [—(Ti3u + To3v + Tyw) + Wy

Euler angle equations

q_} = py + qpsing tand + r,cos ¢ tand

6 = gucos g — rysin ¢
¥ = q,sin¢ sech + ry,cos ¢ secd

where

Quaternion equations

Br=(puBs — quBs + rofa)
B2 =L (puBs + quBa — ruB1)
B3 = $(—puB2 + quBi + 1uBa)
Bs = 3 (=puBi — quB2 — rv3)

1
Pv=p+ 'E[“(TIZTB tanA) + v(TiaToatan A + T12 T — Ty T2) + w(Ti3 T3z tan d + T12731 — 111 T32)]

1
+ Wearth (T13 sin A — Ty cos ) + E[WNTIZ + We(Tistan A — Tiy)]

1
gy =g+ E[Lt(T12T23tan}» + Ty — Tiohy) + v(TaaIostan A) + w(Ts Tptan L + Too Ty — 121 T32)]

1
+ Wearn (T238in A — T1c08 1) + E[WNT22 + Wg(Tostan A — T31)]

1
ry=r+ }[M(leTntan)» + T Tsy — T12T3y) + v(TpTaz tan &k 4 Ty T3y — T2 T31) + w(T32 733 tan A)]

1
+ Wear (T338in A — T31c08 A) + E[WNT32 + WE(Tsstan A — T31)]

the quaternion equations

(53)

where (p,, ¢,, r,) are given by Eq. (54b). The entries of the coordi-
nate transformation matrix [7'] in Eq. (54b) are taken from Eq. (4b).

V. Point-Mass Model

The EOM can also be used to derive other dynamic models, such
as the linearized EOM and the three-DOF point-mass model. The
point-mass model is typically used in trajectory studies such as per-
formance analysis and optimization, where the translational motion
of the vehicle is of primary interest. This model consists of the
(nonlinear) force and trajectory equations written in a special form.
The moment equations do not appear in this three-DOF model. The
decoupling of the force and moment equations is based on the as-
sumption that control surface deflections do not significantly alter
the aerodynamic forces appearing in the force equations. The mo-
ment equations may be employed a posteriori to predict the control
surface deflections required to maintain the vehicle along the path
described by the force equations.? A final usable form of this model
is presented in Table 4. In these equations, T is the total thrust force
of all of the engines, D is the drag force, Q is the side force (along
the negative y axis), ar is the average thrust angle of attack of all
of the engines, and B is the average thrust sideslip angle of all of
the engines. It is noted that the wind axes angles (i, y, x) are used
in lieu of the standard Euler angles (¢, 0, ¥), where p is the bank
angle, y is the flight-path angle, and x is the heading angle. The
fiuid-flow terms, which depend primarily on the vehicle angular ve-
locity wp s, do not appear in Table 4 because the point-mass model
does not include rotational dynamics.

V1. Discussion of Vehicle Equations of Motion

A survey of the vehicie EOM shows that there are a total of
(12 + n) equations, where n is the number of structural modes in-
cluded in the model. The breakdown of the EOM is as follows: three
force equations, three moment equations, n elastic-deformation
equations, three trajectory equations, and three Euler angle equa-
tions (or, alternatively, four quaternion equations).

From an inspection of the EOM presented in Tables 1-3, the cou-
pling between the force, moment, trajectory, and Euler angle (or
quaternion) equations is evident. The aerodynamic forces and mo-
ments on the right-hand sides of the force and moment equations
have a strong dependence on the elastic deformation; the inlet/exit
locations are also affected by elastic deformation. Additionally, the
aeroelastic forces on the right-hand sides of the elastic-deformation
equations have a strong dependence on the vehicle velocities (trans-
lational and rotational). Hence the elastic-deformation equations are
coupled with the force and moment equations. There is also an ad-
ditional inertial coupling of the moment equations with the elastic-
deformation equations through the moment-of-inertia derivative
terms, but this coupling is very weak for small elastic deformations.

Figure 3 highlights the various effects (rigid body, rotating Earth,
wind, fluid flow, elastic deformation, rotating machinery, vehicle
position) that affect the dynamics of the vehicle; the interactions
between these effects are also noted. It is not feasible to reach a
universal conclusion as to which effects and/or interactions are neg-
ligible, since the EOM developed in this work are applicable to a
wide variety of flight vehicles. However, the information contained
in Fig. 3 permits the user to obtain a reasonable estimate of sev-
eral interacting terms. It should be noted that the dynamic model
developed in this work does not explicitly include fuel slosh effects
(which could be significant for SSTO vehicles); however, they may
be included by expanding the definition of the mean body axes.!

The EOM can be used for various applications such as dynamic
simulation and control system design. Depending on the applica-
tion of interest (e.g., trajectory optimization, design of pitch autopi-
lot), the Coriolis, transport, rotor, fluid-flow, and elastic-deformation
effects may have varying degrees of importance. For a vehicle
flying at Mach 25 at 200,000 ft altitude, the maximum magni-
tude of the Coriolis force mwg; x V, is approximately 6% of
the vehicle weight, and the maximum magnitude of the transport
force mwg,; x (wg,; X R) is approximately 0.35% of the vehicle
weight. Using generic data for a single-stage-to-orbit vehicle (W =
250, 000 Ib, rigquig = 500 slug/s, |Fopen| = 25 ft) flying at Mach 8 at
80,000 ft altitude with an absolute angular velocity of 3 deg/s, the
force associated with the fluid-flow term is of the order of 0.5% of
the vehicle weight. It is estimated that the moment associated with
the fluid-flow term is of the order of 1% of the maximum pitching
moment that the elevator is capable of providing. These estimates of
fluid-flow terms are based on a preliminary analysis® of the engine
module only; in particular, the magnitude of re, is an estimate of the
distance between the vehicle center of mass and the actual nozzle of
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Table 4 Point-mass model

. 1
A== E(Vcos y cos x + W)

T = (Vcos y sin x + Wg)

. Rcosx

R=Vsiny+ Wy

. T D R,

V= [—cosaTcosﬂT —— —go(inh
m m R

2
) sin y] + wganhR(sycz)» — CcYCcxSAch)

1% . . ;
+ ;[—Wzvsycycx] + (—Wycycx — Wegeysx — Wysy)

+ 2wearh [ Wi eysxsri + We(sych — cycxsi) — Wycysxci]

. L T . . N Q . Reanh 2
y = ——”:— cos it + — (sinar cos By cos i + sin B sinp) + = sinp — go(—) cosy]
Vilm m m R

V2
+ ?cy + 2wearth Vs xch + w?

earth

R(sycxsich -+ cyc®))

v . . :
+ % [WnsPyex + Wesx] + Wnsyex + Wesysx — Wucey)

+ 2wearth[—Wrsysxsk + Wg(cych + sycxsi) + Wusysxc)»]]

m

1 L T
X = [[— sin g + — (sin oz cos Br sin u — sin B cos u) —~ gcosu]
Vcosy m m

V2

earth

+ —R;—c2ysxt)» + 2wearth V (cysh — sycxcd) + > Rsxsieh

| %4
+ E[WNsysx + We(cyth —sycy)]

+ (Wysx — Weex) + 20earn[Wycxsh + Wesysh — WUCXCA]}

the engine module. It should be noted that the preceding estimates of
the force and moment due to fluid-flow terms are for exit flow only.

VII. Conclusions

An integrated, consistent analytical framework has been devel-
oped for modeling the dynamics of elastic hypersonic flight vehi-
cles. The dynamic model includes the effects of rigid-body motion,
elastic deformation, fluid flow, rotating machinery, wind, and spher-
ical rotating Earth, and their interactions with each other. Beginning
with the application of “first principles” to each particle of the vehi-
cle, a Lagrangian approach was used to develop the force, moment,
and elastic-deformation equations in vector form. Scalar forms of
these equations were then obtained. The appropriate kinematic equa-
tions were also developed and presented. The characteristics of the
three-DOF point-mass model were outlined, and the corresponding
equations were presented. A preliminary study of the significance
of selected terms in the equations of motion was conducted. Using
generic data for a single-stage-to-orbit vehicle, it was found that the
Coriolis force can reach values up to 6% of the vehicle weight and
that the forces and moments attributable to fluid-flow terms can be
significant.
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