
 
 

  
Abstract— Flight dynamic characteristics of scramjet-

powered hypersonic air vehicles are unique and have major 
differences with those of a conventional aircraft. These special 
characteristics are due to the tightly integrated engine-airframe 
lifting body - an X-43 like – configuration which is the 
universally accepted geometry for this class of vehicles.  With 
this configuration the propulsion system is completely 
integrated in the fuselage and the forebody is used to compress 
air and deliver it to the inlet of the engine. As the result of this 
aerodynamically optimized shape there is significant 
interaction between the aerodynamic and propulsion forces.  
The long, slender shape of these vehicles results in low 
structural modes, which are not far from the aircraft rigid-
body modes, and additionally interact with the aerodynamics 
and the propulsion system. For all these reasons flight 
dynamics and control of these vehicles pose special challenges. 
This paper uses the model of a full-scale scramjet-powered 
generic hypersonic vehicle to highlight special dynamic 
characteristics of this class of vehicles. The model is a CFD-
based two-dimensional airbreathing generic hypersonic flight 
vehicle (CSULA-GHV). The nonlinear longitudinal equations 
of motion are derived using the inverse square law 
gravitational model, and the centripetal acceleration. A Matlab 
model with complete aerodynamic and propulsion look up 
tables is used for simulation studies. The vehicle’s flexible 
dynamics are included in this model as changes in the angle of 
attack and elevon effectiveness.  Couplings between various 
dynamics are discussed and quantified and their effects on the 
flight dynamics of the vehicle are presented. Special dynamic 
characteristics such as pitch command- flight path angle 
decouple are presented. Transfer functions relating response of 
the vehicle to various commands are presented and discussed. 
 

I. INTRODUCTION 
HE age of airbreathing hypersonic flight is upon us. 

Because the scramjet engine uses oxygen in the 
atmosphere to propel the vehicle to hypersonic speeds, a 
scramjet powered vehicle presents an advantage over the 
conventional rocket powered vehicles for low orbit access to 
 

 
1 Dean, College of Engineering, Embry-Riddle Aeronautical University, 
AIAA Associate Fellow 
2 PhD Candidate, University of Southern California, AIAA and IEEE 
Member 
3 PhD Candidate, University of Southern California, AIAA and IEEE 
Member 
4 Member of Technical Staff, Boeing Aircraft Co, Seattle,  AIAA Member 

space, for military global reach and increased payload 
capability as expendable weapons. In the US, Europe, Asia, 
and Australia there is a flurry of research and development 
activities toward building test vehicles and experimental 
facilities to fill the void of flight test data that characterizes 
the current state of the airbreathing hypersonic flight. 
Significant effort and funding are devoted to test vehicle 
programs and ground based supersonic combustion 
experimental test facilities. At the same time research 
focused on the development of computational capabilities 
leading to more reliable predictive methods for vehicle 
aerodynamics and thermal characteristics in hypersonic flow 
regime continues to be the center piece of the NASA and 
DoD programs. The current foundation research in 
hypersonic atmospheric flight can be divided into two 
categories. Those focused on understanding of the unknown 
physics of hypersonic flight at the microscopic level such as 
the behavior of the superheated gases at the leading edge, 
ablation and the plasma. The other includes those that are 
using the known physics of the hypersonic flight to develop 
models that help understand the special characteristics of 
these vehicles at the macroscopic level. The work presented 
here is focused on the latter. 

The main objective of this paper is to highlight special 
flight characteristics of scramjet powered hypersonic flight 
vehicles through the use of a model we have developed for 
the longitudinal dynamics of a full scale generic hypersonic 
vehicle at the Multidisciplinary Flight Dynamics and 
Control Laboratory at the California State University, Los 
Angeles (CSULA-GHV). Ostensibly, we will briefly 
describe the model and present data which describe and 
quantify the couplings among various dynamics and their 
effect on the flying characteristics of this class of aircraft.  

II. GHV MODELING 
To develop the GHV model we started with a set of 

mission requirements for the initial sizing. We used the 
hypersonic flow physics to create the basic geometry, an 
estimate of the aerodynamic properties of the vehicle at the 
trim AOA and the thrust produced by the scramjet engine. 
We then developed a CFD model in FLUENT which was 
used to generate a complete set of aerodynamic data at 
different angles of attack and Mach numbers [1], [2]. For the 
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scramjet engine model we used a quasi one-dimensional 
flow with heat added. The inlet flow conditions to the 
scramjet were obtained from the aerodynamic model of the 
forebody.  Using the CFD data we developed the rigid body 
equations of motion. The Matlab model developed includes 
nonlinear longitudinal equations of motion using both an 
inverse square law, gravitational model and the centripetal 
acceleration and complete aerodynamic and propulsion look 
up tables. The model also includes the effect of vehicle 
structural dynamics and flexible modes on its dynamic 
characteristics. A full scale vehicle, because of its long 
slender nose, possesses flexible modes that are not widely 
separated from its rigid body modes. These modes couple 
with vehicle aerodynamics and propulsion system and 
influence vehicle performance and control characteristics. In 
our GHV model vehicle’s flexible dynamics are included as 
changes in the angle of attack and elevon effectiveness.  
Vehicle flexible modes are extracted from the finite element 
analysis of a simplified beam-like vehicle structural model. 
Special dynamic characteristics such as pitch command- 
flight path angle decouple are presented.  

A. Vehicle Description 
Fig. 1 shows an overview of the CSULA-GHV geometry 

and dimensions. The aircraft main dimensions are 33 m in 
length and 1.82 m in height. Engine height is variable and 
the leading and trailing edge angles are 5°, 11°respectively. 
The forebody of the vehicle compresses the air for 
combustion in the burner which is contained in a modular 
scramjet engine. The aft-body expands the flow after the 
combustion in the burner.  

At different altitudes, Mach numbers and angles of attack, 
the oblique shock at the underside of the forebody will be at 
different angles. To account for these changes the GHV is 
fitted with a variable geometry engine inlet, a feature which 
can be turned on or off by the user of the model. If turned 
on, the vehicle will perform optimally with respect to the 
inlet capture in all angle of attack and Mach number 
conditions. The engine cowl moves in a fashion that 
captures the shockwaves at the optimum point to maximize 
the mass flow rate through the engine and prevent shock 
train inside the scramjet (air flows axially).  

A force accounting system has been used to calculate the 
aerodynamic and propulsion forces, including the 
coefficients of uninstalled and installed thrusts, lift and 
pitching moments. The uninstalled thrust is the difference 
between the ram drag at a reference station at the nose and 
the gross thrust at a reference station at the tail with the 
addition of a pressure correction between the two stations 
included in the gross thrust. Due to the air frame engine 
integration the steady uninstalled thrust cannot solely be 
used to analyze the performance of the vehicle, instead the 
steady installed thrust must be calculated. The installed 
thrust is the difference between the uninstalled thrust and the 

installation drag. The installation drag is composed of 
additive and external drag; drag created by shock spillage at 
the inlet of the vehicle and by the exhaust plume, and the 
drag on all the external surfaces of the vehicle. 

 
 
Fig.  1. Configuration and Dimension of the GHV 
 

The other two important aerodynamic quantities, the lift 
and the pitching moment are calculated by accounting 
aerodynamic pressure on all the surfaces including inside the 
scramjet. The pitching moment is taken about a varying 
center of gravity (Cg = 0.1 to 0.8% of vehicle length) to 
understand the effect of the thrust system on the pitching 
moment. The Aerodynamic and propulsion data were 
generated in FLUENT using a parallel environment on a 
Dell Poweredge Server containing 32 x Intel Xeon 3.2GHz 
processors. The flow is assumed to be an inviscid ideal gas 
(thermally perfect gas) with changes in specific heat 
calculated using the kinetic theory. The vehicle is modeled 
in cruise condition only and at Mach numbers 8, 10 and 12; 
eleven angles of attack (α = -5° to 5°); nine elevon settings 
(δe = -20°, -10°, -5°, -2.5°, 0°, 2.5°, 5°, 10° and 20°); and six 
different fuel settings based on the equivalence ratios (φ = 0, 
0.1, 0.15, 0.2, 0.25 and 0.3). Altitude is considered constant 
at 30 km (where the standard atmospheric temperature and 
pressure are T0 = 227 K and P0 = 1172 Pa, respectively). 
Two sample CFD runs are illustrated in Figs. 2 and 3. 
 

 
Fig.  2. Contours of Static Pressure, Vehicle at 0 AOA 
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Fig.  3. Contours of Static Pressure, Vehicle at Negative AOA 

B. GHV Aerodynamic and Propulsion Characteristics 
The basic aerodynamic and engine performance 

characteristics of the CSULA-GHV were derived through 
the CFD model in FLUENT. Two of the major 
characteristics of the vehicle are shown in Figs. 4 and 5.  
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Fig. 4: Coefficient of Installed Thrust 

for Different Fuel Settings at Mach 10. 
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Fig. 5: Cm for Power On and Off at 

Mach 10 Compared to X-43. 
 

Fig. 4 shows the static installed thrust (excess thrust) 
versus angle of attack. It can be observed that there is a 
significant decrease in the static installed thrust as the angle 
of attack varies from the optimal point, because the increase 
in the additional experienced drag outpaces the increase in 
thrust. 

The aerodynamic-propulsion coupling effects can be 
observed and calculated from the graph of the coefficients of 
pitching moment for the power on and power off conditions. 
For example, it is seen that as the fuel setting increases 
(throttling), there is a stabilizing pitch down increment. This 
observation can be explained by the high pressure plume 
formed in the aftbody of the vehicle, which effectively 
pushes the aft of the vehicle up causing an increase in lift 
and a pitch down moment. More importantly, these coupling 
effects are easily quantifiable from the CFD simulation 
results for any C.G. location. Fig. 5 shows the coefficients of 
pitching moment versus angle of attack, respectively for 
Mach 10 power off and power on (with fuel setting at φ = 

0.1). A comparison is made with the wind tunnel data that 
has been released for the X-43 at Mach 7 for both power off 
and power on conditions (the fuel setting for X-43 is not 
known). It is seen that the X-43 data also exhibits a 
significant pitch down increment when the scramjet engine 
is turned on.  
 

C. Aeroelastic Model 
Structural modes are included in the rigid body model by 

considering the fuselage as a long, slender, flexible beam.  
Deformation of a long, slender, uniform body in the 
longitudinal plane are governed by the differential equation 

( )
4 2

4 2 ,y yEI m p x t
t t

∂ ∂
+ =

∂ ∂
 (1) 

where x is the longitudinal coordinate, y is the vertical 
coordinate, t is time, E is the Young’s modulus of elasticity,   
I is the moment of inertia, m  is the mass per unit length, and 
p is the load per unit length and time.  

Using the principle of separation of variables, the general 
solution can be expressed as 

( ) ( ) ( ),    1, 2,i i
i

y x t x z t iφ= =∑ K  (2) 

where ( )i xφ  are characterized by free vibration and satisfy 
the differential equation 

( ) ( )
( )

( )
( )

4
2i i
i

i i

x z tEI
m x z t

φ
ω

φ
= − = −

&&
 (3) 

 
Substituting (2) and (3) into (1), integrating over the 

length of the beam L and observing the orthogonality 
property of the normal modes yields 

 
 ( ) ( ) ( ) ( ) ( ) ( )2 2 2

0 0 0
,

L L L

i i i i i iz t m x dx x p x t dx z t m x dxω φ φ φ= −∫ ∫ ∫&&

 (4) 
 

Defining modal mass as 

( )2

0

L

i iM m x dxφ= ∫  (5) 

 
and modal force as 

( ) ( )
0

,
L

i iF x p x t dxφ= ∫  (6) 

 
Now (4) can be written as 
 

( ) ( ) ( )22 ,    1, 2,i i i i i i iM z t M z t F t iζ ω+ = =&& & K  (7) 
 

( ) ( ) ( )22 / ,    1, 2,i i i i i iz t z t F t M iζ ω+ = =&& & K  (8) 
 

where structural damping is introduced. 
Since the elastic vibrations are caused by elevon 

deflections, the force on the RHS is the normal force at the 
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elevon location 
 
( ) ( ),    at  pp x t P t x x= =  (9) 
 

and thus the modal force simplifies to 
 

( ) ( ) ( )i i pF t P t xφ=  (10) 
 

Furthermore, we replace the deflection by the deflection 
angle using 
 

( ) ( ) ( ),
, tan ,

y x t
x t x t

x
θ θ

∂
≈ =

∂
 (11) 

 
and again using the principle of separation of variables we 
obtain 
 

( ) ( ) ( ) ( ) ( ), i
i i i i

d x
x t x z t z t

x dx
φ

θ φ∂
= =⎡ ⎤⎣ ⎦∂

 (12) 

 
Substituting (10) and (12) into (8) and applying the 

Laplace transform yields a second order transfer function 
from the elevon normal force ( )P s  to the body deflection 

angle ( ),x sθ  in terms of the elastic characteristics of the 
body 

 

( )
( ) ( )

( ) ( )2 2
,

2

i
i p

i
i i i i

d x
x

dxx s P s
M s s

φ
φ

θ
ζ ω ω

=
+ +

 (13) 

 
The normal force produced by the elevon P is obtained 

from the CFD data.  The modal data, natural frequencies, 
iω , and the mode shape, ( )i xφ , are obtained by a 

NASTRAN finite element model of the GHV. The first three 
elastic modes, modes 7, 8, and 10 are shown in Fig.  3. The 
structural damping ratio iζ  is typically small, and here is set 
at 0.1iζ = . 
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Fig.  3.  Generalized Mode Shapes 7, 8 and 10 

 
The two aeroelastic effects considered here are changes in 

angle of attack and elevon deflection angle.  The body 
deflection angle at the nose, ( )0,i tθ , is viewed as a change 

in the angle of attack, ( )sαΔ , and at the tail, ( ),i px tθ , is 

viewed as a change in the elevon deflection ( )e sδΔ . The 
motivation to choose the nose as the reference point for 
angle of attack perturbations is due to the significant effects 
that the nose-induced shock wave has on the propulsion 
performance.  Also, considering the body deflection at the 
elevon captures the effect of vibrations on the effectiveness 
of the control surface.   

D. Equations of Motion 
The longitudinal equations of motion are developed for 

the rigid cruising GHV at orbital altitudes. It includes both 
an inverse-square-law gravitational model and the 
centripetal acceleration for the non-rotating Earth. However, 
the effects of vehicle elasticity on the aerodynamics and 
thrust are accounted for in (17) as described below. In 
addition, it is assumed that elastic modes affect the control 
as well. Elevon deflection is assumed to be affected by 
vehicle elasticity due to aerodynamic force. Instead of 
elevon deflection, elevon effective deflection is considered. 

The state space equations for the longitudinal dynamics of 
the GHV are governed by the set of differential equations 
for velocity, flight-path angle, altitude, angle of attack, and 
pitch rate.  

 

2
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Where: 

21
2 LL V SCρ=  (19) 

21
2 DD V SCρ=  (20) 

21
2 TT V SCρ=  (21) 

21
2yy MM V ScCρ=  (22) 

Er h R= +  (23) 
 

Equation (14) is simply Newton’s law treating the vehicle 
as a point mass and resolving the components of force onto 
the velocity vector. The second term on the RHS includes a 
varying gravitational force due to the inverse-square law. 
Equations (15) and (17) are the rotational kinematics 
equations. Equation (15) is obtained by resolving the force 
components onto the upwardly pointing normal to the 
velocity vector. The second term on the RHS of (15) 
comprises the centripetal force along with the varying 
gravitational field. Equation (15) comes from the geometric 
interpretation of α (γ = θ – α, θ = q). Equation (16) 
represents the translational kinematics equation for altitude. 
Euler’s law governs the rotational dynamics, and hence the 
pitch dynamics in (18). 

Notice that in (17) the time-derivative of angle of attack is 
assumed to depend on the nose deflection rate due to vehicle 
elasticity which is calculated using the normal modes 
extracted from a finite element model. The effective elevon 
defined as  

( ), ,e e r i px tδ δ θ= −  (24) 

 
is due to both rigid body elevon deflection and the body 
deflection angle  . 

Also, the non-dimensional coefficients CL, CD, CT, and 
CM are given as functions of the states, Mach number, and 
angle of attack and the control inputs: Throttle setting, and 
the effective elevon deflection.  

The aerodynamic data have been fitted to a set of second 
order polynomials for analytic modeling and control design:  
 

2 2

0.0236 0.9661 0.2494 0.240 0.0061 0.5989 0.0656 0.0486

0.0164 0.0012 0.1954 0.0003
L e e

e

C M M

M M M

α β δ αβ αδ α

β δ α

= − + + − + + + −

− − + −

 (25) 
 

2

0.0039 0.0314 0.0478 0.0022 0.0002 0.0210 0.05 0.0006

0.0039 0.001 0.6802
D e e

e

C M M

M M

α β δ αβ αδ α

β δ α

= + − + − − − +

+ − +

 (26) 
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2 2
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E. Model Analysis 

The steady-state aero-propulsion forces L , D , yyM , and 

T  were generated by the described CFD-based model for a 
number of conditions within the flight envelope 

 
8 12, 5 5

20 20 , 0 1.e T

M α
δ δ

≤ ≤ − ≤ ≤
− ≤ ≤ ≤ ≤

o o

o o
 (29) 

 
The aero-propulsion data are organized into a look-up 

table, indexed by M , α , eδ , and Tδ .  Note that the aero-
propulsion coupling captured by the CFD-based model is 
retained by this look-up table since L , D , yyM , and T  

depend on aerodynamic and engine states. Fig.  4 illustrates 
an example of the aero-propulsion coupling, particularly the 
effect of throttle setting on lift and pitching moment and the 
effect of angle of attack on thrust.  Since the engine location 
is below the center of gravity, throttle setting is especially 
significant for determining the pitching moment; increased 
thrust causes a pitch-up moment.  And, not surprisingly, 
angle of attack has a strong effect on thrust calculations.  
This is because the forebody of the aircraft serves to 
compress the flow into the scramjet.   

  

  
Fig.  4. Aero-propulsion coupling;  Top left: Lift as a function of angle of 
attack and throttle setting; Top right: Drag as a function of angle of attack 
and elevon deflection; Bottom left: Pitch moment as a function of angle of 
attack and throttle setting; Bottom right: Thrust as a function of angle of 
attack and throttle setting.  

 
Fig.  5 shows the pole-zero map of the CSULA-GHV 

model linearized around 10M = and 30h =  km.  For this 

investigation, the output was chosen as [ ]Ty V h= .  

Each of the first three elastic modes is shown.  The phugoid 
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mode is a pair of lightly damped stable poles, and the short 
period mode is a pair of real poles, one of which is unstable.  
The nonminum phase zero due to flight-path dynamics is 
also shown in Fig.  5.  This right half plane (RHP) zero 
imposes a fundamental limit on closed-loop bandwidth.  
Typically, one should restrict the closed loop bandwidth to 
half the frequency of the RHP zero.  But one should also be 
aware of the unstable short period mode because a 
requirement for stability is that the closed-loop bandwidth 
must be greater than the frequency of all unstable poles.  
Thus, a significant control challenge is designing a robust 
controller that respects the constraints imposed by these 
dynamics.  Exacerbating the situation is model uncertainty, 
which will invariably exist because of difficulties in 
developing an accurate model due to the wide flight 
envelope, uncertain and varying structural dynamics, and 
complex hypersonic effects, while being sufficiently simple 
for a tractable control design.  

  
Fig.  5. Left: Pole-transmission zero plot of the complete aeroelastic 
linearized GHV model; Right: Altitude response to a 0.1 deg elevon 
deflection, demonstrating the nonminimum phase characteristic of the flight 
path dynamics. 

   
Let us now examine the relative gain array (RGA) [3] of 

the GHV to investigate its level of interactions between the 
control and output channels.  For this investigation, we 
choose the output as the velocity and flight path angle, i.e., 

[ ]Ty V γ= , and in so doing, ( )G s  denotes the transfer 

matrix of the GHV model.  The RGA is defined as  
 

TGGG )()( 1−×=Λ  (30) 
 
where ×  denotes the element-by-element Schur product.  
Note that ( )GΛ  is a matrix valued function of frequency.  
Those frequencies in which the magnitudes of the elements 
of Λ are large (greater than 5) suggests strong interactions 
and sensitivity to diagonal input uncertainties, e.g., uncertain 
or unknown actuator dynamics.  The plot of Λ  is shown in 
Fig.  6.  Not surprisingly, the RGA of the GHV model 
exhibits large peaks, one at the frequency of the lightly 
damped phugoid mode and another at the frequency of the 
first fuselage bending mode.  The strong aero-propulsion-
structural interactions and difficulties in controller design 
are reflected in the RGA results.  Inferred from the RGA 
results, one should be cautious of input uncertainty, 

particularly if one uses an inversed-based or decoupling 
controller, which lacks robustness to input uncertainties.  
 

 
Fig.  6. RGA plots;  Solid line: Diagonal pairings, i.e., throttle to velocity 
and elevon to flight path angle.  Dash-dot line; Off-diagonal pairings, i.e., 
elevon to velocity and throttle to flight path angle. 

F. Analysis of Flexible Dynamics 
Studies also indicate coupling between the structural and 

rigid-body dynamics.  An aerodynamically optimized full 
scale vehicle has a long slender forebody configuration with 
slow flexible modes not separated enough from the aircraft 
rigid-body modes. These low frequency modes can be 
excited during certain maneuvers causing adverse degrading 
performance, and causing potential structural damage and 
instabilities.  These modes and their associated frequencies 
involve large uncertainties, especially during the early phase 
of design where structural details of the aircraft have not 
been fully decided.  The modal frequencies and damping 
ratios may change based on aircraft configuration, cg 
location, payload for a required mission, or due to 
atmospheric heating [4]-[8].  The flexible modal frequencies 
may drop by as much as 5-30% due to the aerothermoelastic 
effects. 

 

 
Fig.  7. Bode plot of the complete aeroelastic linearized GHV transfer 
functions.  Blue line: Transfer function from throttle to altitude.  Green line; 
Transfer function from elevon to altitude. 
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G. Flexible Dynamics and Control 
A robust control scheme for a hypersonic aircraft must 

adequately deal with the flexible structural modes.  Mode 
suppression in hypersonic vehicles has been studied and 
reported in the literature [4], [5], [9]-[11], [13].  A linear 
parameter-varying (LPV) synthesis approach to account for 
the changing flexible mode due to atmospheric heating has 
been studied in [4],[5].  Mode suppression schemes for 
conventional aircraft usually incorporate notch filters to 
suppress the flexible modes.  The notch filters are added on 
top of the rigid-body controller in a complete aircraft control 
scheme.  However, researchers have also applied integrated 
techniques, which do not explicitly use structural filters. 
This is accomplished through robust controller design using 
μ-synthesis, dynamics inversion, or adaptive dynamic 
inversion.  A conventional notch filter is ineffective when 
the frequencies and damping ratios of the structural modes 
involve large uncertainties and/or may change during flight 
as is the case with airbreathing hypersonic vehicles.  In these 
cases an adaptive notch filter or a time-varying notch filter 
may be used to deal with changing structural dynamics of 
the vehicle.  The adaptive notch filter has been studied in 
signal-processing research as well as other applications, 
such as the HDD, launch vehicles, tilt-rotor aircraft, 
airbreathing hypersonic vehicles and space structures. 

The linearized model of the GHV will exhibit the flexible 
dynamics as second-order dipoles in each element of the 
transfer function matrix.  Since the elastic modes in the 
CSULA-GHV are driven by the force from the elevon 
deflections, the modal dynamics will only appear in one 
column of the transfer function matrix )(sG  which relates 

the input vector  ][ ,reTu δδ=  to the output vector 

][ qhVy rαγ=  with usGy )(= .  This can be 
readily seen in Fig.  7 where the bode plots of the two inputs 
to the altitude output are shown.  The first and second modes 
appear in the elevon channel, while the modes are not 
visible in the other channel. 

The flexible dynamics themselves must be considered in 
the control system design since they appear near the control 
bandwidth.  The first bending mode has a natural frequency 
of 20.3 rad/s which will cause issues for a control bandwidth 
of around 2 Hz. Taking the modes into consideration can be 
accomplished in many ways.  One method is to treat them as 
uncertainties and design a rigid body controller [12]. 
Another is to use structural filters in combination with a 
rigid body controller [13].  Each method possesses certain 
advantages and disadvantages, but both are based on the 
dynamics of the vehicle. For control design, the linearized 
elastic dynamics can be separated by starting with the full 
transfer function matrix 
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and then proceeding to analyze each individual row as 
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In the above equations the polynomials )(sD r , 

)(,
1 sN ri , and )(,

2 sN ri  represent the dynamics of the rigid 
aircraft.  The structural modes are encompassed by the 
second order damped oscillators with damping ratios and 
natural frequencies specified by the ς andω  parameters, 
respectively.  

III. CONCLUSION 
Dynamic characteristics of a conceptual full- scale 

airframe-engine integrated hypersonic vehicle are described 
and shown to be different from a conventional aircraft. To 
characterize the special dynamics of an operational vehicle 
in this class a 2-D model for a generic airbreathing 
hypersonic cruise vehicle developed at the Multidisciplinary 
Flight Dynamics and Control Laboratory at the California 
State University, Los Angeles, the CSULA-GHV is used. 
The GHV model has been developed using compressible 
flow and oblique shock theory and extensive CFD 
simulations in cruise condition at the constant altitude of 30 
km and various Mach numbers and angles of attack. The 
effects of vehicle flexibility are modeled as changes in the 
angle of attack and elevon effective angles due to the first 
three bending modes extracted from a finite element model. 
Aero-propulsion couplings are demonstrated through the 
interdependency of lift and pitching moment and throttle 
setting on one hand, and installed thrust and angle of attack 
on the other. Nonminimum phase characteristic of the flight 
path angle dynamics is demonstrated through response to an 
angle of attack command. Relative gain array (RGA) of the 
GHV demonstrates the level of interactions between the 
control and output channels. Adaptive notch filter is shown 
to be effective in elastic mode suppression. 
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