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ABSTRACT

In current design practices, safety, operational and han-
dling criteria are often overlooked until late design stages
due to the difficulty in capturing such criteria early enough
in the design cycle and in the presence of limited and un-
certain knowledge. Virtual (flight) testing and evaluation,
based on autonomous modeling and simulation, is pro-
posed as a solution to this shortcoming. The methodol-
ogy enables one to evaluate vehicle behavior in relatively
complex situations through a series of specific flight sce-
narios. Bringing this methodology to conceptual design
requires the creation of an automatic link between the de-
sign database and the autonomous flight simulation envi-
ronment. This paper describes the creation of such a link
and an implementation of the Virtual Testing and Evalu-
ation methodology with the use of an advanced design
concept.

INTRODUCTION

Aircraft design activities have increasingly emphasized
economics over performance due to the growing desire to
build affordable machines. The design criterion of system
affordability has emerged as a way to capture the value
of a system over its life cycle, where performance based
criteria are weighed against their economic counterparts
[1–3].

However, safety, operational and handling design criteria
are often overlooked due to the difficulty in capturing them
with metrics early enough in the design cycle and in the
presence of limited and uncertain knowledge. This often
results in designs which fail to meet customer or certifica-
tion requirements. More often than not, expensive design
modifications result from flight testing and sophisticated
piloted simulations in late design stages when flight con-
trol problems tend to emerge. However, with the current
exponential rise in computing power and the use of model-
ing techniques, the expansion of design criteria to include
safety and operability evaluated with the help of simulation

at very early design stages, becomes feasible.

BACKGROUND

In a recent AGARD conference on flight simulation [3], the
keynote speaker addressed the need and benefits to be
derived from

“ . . . doing as much as possible in the virtual
world before we build hardware or software or
lay out an assembly process. ”

To enable this vision, one must be able to keep the de-
sign space open as long as possible and study the effects
of the design variables on to the multitude of design cri-
teria, as well as the effects of uncertainty in design and
operational factors before committing to a configuration.
Such studies must occur during conceptual design, which
is directed towards creating a suitable set of aircraft con-
figurations to fit a given set of requirements.

Currently aircraft performance and economics dominate
in the conceptual design phase. Criteria such as stabil-
ity, controllability, handling quality and safety are difficult
to evaluate so early in the design process due to lim-
ited availability and fidelity of design data. As a result,
most uses of simulation in system design and develop-
ment today is done late in the design process. Yet, recent
advances in computational fluid dynamics, computational
aerodynamics and computational flight dynamics should
enable the designer to obtain the early aerodynamic data
needed for stability and control criteria evaluation with the
help of flight simulation.

Moreover, little simulation time results in actual system de-
sign changes. This is due to the fact that such changes
are not affordable when mandated so late in the design
process as can be seen in Figure 1 [4]. The figure, com-
monly referred to as the “paradigm shift in design”, de-
scribes the evolution of design freedom, design knowl-
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edge and life cycle cost committed throughout the design
cycle. Today’s design process is characterized by little
design knowledge early on, driving early design decisions
that reduce the design freedom drastically and lock in a
large portion of the life cycle cost of the product. The
“paradigm shift”, driven by the growing need to reduce
design cycle time, cost and risk, calls for more and bet-
ter design knowledge earlier in the process.

Currently, when flight testing or manned simulations
conducted late design phases identify problem areas,
changes in the design become prohibitively expensive, or
simply infeasible. Early modeling and simulation in con-
ceptual design would result in larger and better knowledge
in early design phases. In turn this will allow for the design
freedom to remain substantial for a longer period of time,
thereby reducing the cost committed at early stages of the
design process. Thus, when flight simulation is integrated
more extensively and earlier within the design process,
benefits such as cycle time, cost and risk reduction are
expected to result from the paradigm shift.
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Figure 1: Paradigm Shift in Design [4]

PROBLEM STATEMENT

The need therefore exists to push simulation forward in
the design cycle to assist in the gathering of design knowl-
edge, and to establish and quantify design criteria that are
otherwise not measurable at such early design stages.
Current design methodologies need to be extended to in-
clude flight simulation and means to translate output from
those simulations into design decisions need to be estab-
lished.

However, high fidelity flight simulators used by aircraft op-
erators and designers today are not suitable for implemen-
tation within early phases of design for a variety of rea-
sons. First, and most importantly, such flight simulation fa-
cilities are prohibitively expensive to acquire and operate.
Such high levels of fidelity mandate the use of expensive

hardware for motion and visual cues. Moreover, high fi-
delity simulations require one to mathematically model the
aircraft exactly and provide data which is rarely available
during the conceptual design phase, where little knowl-
edge of the design is understood and much of it is still
variable.

Secondly, in order to fly and evaluate a new concept, pi-
loting skills are required in addition to design and engi-
neering knowledge. Furthermore, the use of pilots’ ex-
pertise in such phases can easily become expensive and
futile. The ability to conduct non-piloted (batched) yet con-
trollable simulations is therefore essential and not possi-
ble with the current state-of-the-art training and research
flight simulation facilities.

Lastly, frequent configuration or design changes mandate
ease-of-use and quick reconfiguration of the simulation
environment, a feature that is difficult to find in modern
high fidelity simulation facilities.

SOLUTION PROPOSED

The work presented here proposes to address the need
for the early capture of essential stability and control met-
rics with the use of flight simulation during conceptual de-
sign. Applications of flight simulation at stages where the
design freedom is still large and the cost committed low
will enable designers to make frequent virtual changes to
the design based on increased knowledge at much lower
costs and in reduced time.

The Virtual (flight) Testing and Evaluation (VT&E) method-
ology is proposed as a solution to the aforementioned
need. The VT&E methodology relies on a direct link be-
tween the design parameters of the vehicle and the op-
erational simulation conducted with simple and reconfig-
urable simulation tools. It enables a designer to evaluate
vehicle behavior in relatively complex situations with the
use of autonomous, non-piloted flight simulation. Con-
ceptually, by linking the output of such simulations to crit-
ical design parameters, the designer will gain extensive
knowledge of the impact of the design on its behavior
in critical flight situations. The designer is then enabled
to make decisions and take actions that were previously
only made very late in the design process and were pro-
hibitively expensive in terms of both cost and time. Thus,
the new methodology has the potential to largely reduce
design time and costs when used extensively as early as
the conceptual design phase.

The work presented in this paper serves as a “proof of
concept” for the proposed VT&E methodology. A direct
automatic link between the design and the simulation en-
vironment was created and the Virtual Autonomous Test
and Evaluation Simulator (VATES) was used as the main
VT&E tool. A Supersonic Business Jet (SSBJ) concept
currently being studied at the Aerospace Systems Design
Laboratory (ASDL) was used as a virtual “testbed” for the
methodology.
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GOALS The work performed was thus motivated by two
specific goals:

1. To create a one-way, automatic link between a given
system configuration and the simulation environment,
and

2. To use this link in applying the VT&E methodology to
an advanced design concept.

VT&E DESIGN METHODOLOGY Design is concerned
with establishing relationships between the variables in
the designer’s control and a set of design metrics used
to quantify design criteria or requirements. In conceptual
design these relationships are used in trade-off, feasibil-
ity, viability, optimization, and robustness studies to come
up with appropriate baselines upon which more in-depth
preliminary and detailed design studies will be based.

Designers arrive at such relationships with the following
three separate steps:

1. Assess Design Variables.

2. Perform Engineering Analyses.

3. Quantify Design metrics.

These steps are usually repeated within a parametric de-
sign architecture to regress the metrics on to the de-
sign variables in order to obtain the desired relationships.
These relationships can take different forms including but
not limited to linear sensitivities, polynomial regression
equations and neural networks.

Currently performance metrics such as takeoff and land-
ing distances, approach velocity, rate of climb and eco-
nomic metrics such as acquisition cost, RDT&E costs and
sunk costs, are captured within the sizing and synthesis
process and linked back to the design variables by means
of design of experiments (DOE) and response surface
methodology (RSM) [4–7].

The limitation to performance metrics is due to the lower
order aircraft model (3 or 2 Degrees of Freedom, or point
mass) used by FLOPS [8], an aircraft sizing and synthesis
computer program. This process is graphically depicted at
the bottom of Figure 2. Only performance and economic
relationships are obtained and used to examine the de-
sign space for feasibility and viability.

The work presented here attempts to expand the set of
design metrics to include stability and control metrics such
as handling qualities, center of gravity travel, certification,
maneuverability, and agility, with the use of simulation by
means of the VT&E methodology which represent the up-
per shaded box of Figure 2.

The VT&E methodology consists of three steps corre-
sponding to the circled numbers in Figure 2:

➀ Appropriate aircraft modeling and model data
collection.

➁ Flight scenario design and simulation.
➂ Extraction of critical missing design metrics.

Figure 2: Overall design architecture including the VT&E
methodology

APPLICATION VATES [9–11] was implemented as the
main VT&E tool in this study. VATES performs au-
tonomous (non-piloted) simulation by modeling the “pilot-
vehicle-operational environment” system behavior in a
complex (multi-factor) flight situation, for which the vehi-
cle performance is to be tested and evaluated [10].

A basic review of flight simulation [12] reveals the amount
and extent of data to be provided to the simulation envi-
ronment by the automatic link. The proper modeling of
forces and moments acting on the body is the key to any
simulation. As part of the general aircraft model, three es-
sential sub-models of the aircraft needed to be developed:
an aerodynamic model, a thrust model and a mass model.

The aerodynamic model, which represented the bulk of
the work, produces aerodynamic forces and moments co-
efficients as functions of flight variables, operational envi-
ronment and similarity criteria. The thrust model produces
total installed thrust as a function of operational parame-
ters. Finally, the mass model incorporates mass moments
and products inertia, and center of gravity position, possi-
bly as a function of operational factors.

The development of each of these models and the au-
tomatic generation of model data with the only input be-
ing current vehicle geometry is the purpose of the de-
sign/simulation link and represents step ➀ of the method-
ology in Figure 2.

In autonomous simulation the vehicle is flown according
to a predetermined scenario or mission, without the use
of a in-the-loop pilot. This implies that flight scenarios
need to be designed to enable proper capture of the ex-
tended set of stability and control design metrics. The de-
velopment and incorporation of such flight missions within
VATES represent the second step labeled ➁ in Figure 2.

Finally the extraction of appropriate stability and control
design metrics from the output of the simulation consti-
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tutes the last step of the methodology, identified by ➂ in
Figure 2.

DESIGN/SIMULATION LINK CREATION

The first step in creating a link between the design geome-
try database and the flight simulation environment was to
establish the aerodynamics, propulsion and mass models
and capture their respective data.

AERODYNAMIC MODEL VATES relies on a Taylor se-
ries representation of the total aerodynamic forces and
moments coefficients based on standard stability and con-
trol derivatives, although any other representation can be
coded. In the Taylor series scheme, the coefficients are
broken up into a series of linear effects, which can include,
but are not limited to, control surface deflections, angular
velocity components (pitch rate q, yaw rate r, and roll rate
p), and aerodynamic angles (angle of attack, sideslip an-
gle).

Each derivative (also referred in VATES as a “character-
istic”) can be function of several operational parameters.
VATES accepts up to three-dimensional characteristics al-
though the third dimension node points have to be hard-
coded within the aerodynamic model subroutine in the
available version. For simplicity and due to version avail-
ability, it was chosen to provide all characteristics as two-
dimensional tables functions of Mach number and angle
of attack.

Aerodynamic code selection: In this study the identifica-
tion of key stability, control, handling and safety metrics is
of prime importance. Such metrics rarely depend on com-
plex aerodynamic flow phenomena, with the exception of
stall. Aerodynamic tools based on vortex lattice methods,
which are regularly used in conceptual aerodynamic de-
sign studies, can capture all six force and moment coef-
ficients and/or their linear sensitivities to key variables in
the form of stability and control derivatives. Depending
on the types of panels and paneling schemes used, some
non-linear effects can be captured. Furthermore, the en-
hancement of such tools with semi-empirical models for
complex flow phenomena such as vortex burst and stall is
possible.

Three aerodynamic computer programs were evaluated
for use as data generator for the aerodynamic model:
VORLAX, HASC95 [13] and DATCOM [14].

The first two programs output total force and moment co-
efficients in body, stability or wind axes, and DATCOM
outputs stability derivatives in stability axes. Practically,
output formats including derivatives are ideal, however
DATCOM is based on semi-empirical methods rather than
methods based on the physics of the problem (physics-
based methods). Empirical methods tend to break down
when applied to vehicles which are outside their range;
the SSBJ is possibly one such case. For this reason,

physics-based programs were preferred.

HASC95 is based on VORLAX, which itself is based on
a vortex lattice/panel method [15] extended to supersonic
speeds. However, HASC95 also includes semi-empirical
methods to capture non-linear aerodynamic effects such
as vortex lift and vortex burst. Furthermore, the paneling
scheme used by HASC95 is far simpler than that of VOR-
LAX. Consequently, HASC95 was chosen as the aerody-
namic model data generator.

Paneling pre-processor: An automatic paneling genera-
tor needed to be developed as pre-processor to HASC95.
The program can panelize simple canards, double-delta
wings, simple horizontal and vertical tails and fuselages
following the paneling rules required by HASC95. Con-
trol surfaces are included: canards can be defined as all-
moving or flapped; wings include ailerons and simple trail-
ing edge flaps; horizontal and vertical tails include eleva-
tors and rudder respectively. Camber and twist distribu-
tions for the main wing are established with the aerody-
namic optimizer program WINGDES [16] and passed on
to the paneling program so that they are used by HASC95.
Figures 3 and 4 show top and side view paneling of the
SSBJ baseline.

Figure 3: SSBJ HASC95 paneling (top)

Figure 4: SSBJ HASC95 paneling (side)

Derivatives post-processor: In addition to the paneling
pre-processor, a post-processor which calculates the
derivatives that make up the aerodynamic model needed
to be developed. HASC95 produces total aerodynamic
coefficients for given sets of Mach number, angle of at-
tack, angle of sideslip, rate of pitch, rate of yaw and rate of
roll. This limits the number of derivatives that can be cal-
culated from HACS95 output. Based on these limits, the
following six equations were chosen to represent the aero-
dynamic model used for the SSBJ. In these equations the
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subscript prqtsvuxwyqtz|{ denotes a collection of derivatives cap-
turing the effect of all control surface deflections (including
flaps) on the vehicle.
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The steady coefficients are those for which the rotational
velocities are zero; they are functions of angle of attack
and Mach number. These steady coefficients are then
used to compute the unsteady ones. For example, the
change in lift due to pitch rate is computed as follows:

} · ���»º }�·
º �

� }�·¸���£���t�r�½¼¾}�·¯��¿µÀ��
�´�

In this manner, unsteady coefficients are functions of
Mach number and angle of attack as well. The effects
of deflecting control surfaces are modeled as deltas from
the undeflected state, computed as follows:

��} ~ÂÁ���� ± � � } ~ÂÃ Á ¿ÅÄ ¼¾} ~ÂÃ Á ¿µÃ ÁxÆ ��Ç
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All drag coefficients are induced drag only; HASC95 does
not output friction or profile drag. Friction drag was in-
cluded as an add-on, using the BDAP program [17]. All
moment coefficients are calculated about a fixed point
in the vehicle i.e. 25% of the mean aerodynamic chord
(MAC). VATES automatically translates aerodynamic co-
efficients to the current center of gravity. This takes the
dependency on the center of gravity away from the aero-
dynamic problem. In this way, the nominal center of grav-
ity position at the start of the simulation becomes a design
variable.

In order to generate tables of data to fit the mathematical
aerodynamic model described above, HASC95 needs to
be executed eight times:

1. A steady run with sweeps of Mach number and angle
of attack (user defined),

2. An unsteady pitch run with same Mach number and
angle of attack sweep,

3. An unsteady yaw run with same Mach number and
angle of attack sweep,

4. An unsteady roll run with same Mach number and
angle of attack sweep,

5. A steady, flap deflected run with same Mach number
and angle of attack sweep,

6. A steady, aileron deflected run with same Mach num-
ber and angle of attack sweep,

7. A steady, rudder deflected run with same Mach num-
ber and angle of attack sweep,

8. A steady, canard deflected run with same Mach num-
ber and angle of attack sweep.

Moreover, effects that could not be directly calculated from
HASC95 were either not included or were treated as fixed
effects. These include spoiler, landing gear and atmo-
spheric conditions effects (such as rain, icing, and sleet).
These effects, when included, were based on existing es-
tablished empirical models implemented in VATES. Aero-
dynamic effects not included comprise time rate of change
of angle of attack and sideslip, as well as gear effects.

The choice of such an aerodynamic model is solely the
decision of the designer. As more effects are included,
the fidelity and accuracy of the simulation will be greater.
For this work, the choice of model was based on past ex-
perience, the demands of VATES, and the capabilities of
HASC95.

PROPULSION MODEL Propulsion preliminary data is
usually readily available from sizing since the process
guarantees an engine of appropriate size through the
thrust balance algorithm. Such data take the form of pre-
liminary engine decks, usually including installed thrust
variations with Mach number, altitude and throttle position
in tabular or other form. Fuel flow or estimates of fuel con-
sumption are also readily available since sizing algorithms
generally need such information for fuel balance.

In this study, the engine deck data produced by ENGGEN,
the engine deck program within FLOPS, was used as the
main propulsion model data. A simple post-processor
needed to be developed to format the data to fit VATES
input format requirements. The data obtained was that of
three dimensional tables of installed thrust as functions of
Mach number, altitude and throttle position.

MASS PROPERTIES Although detailed knowledge of
the structural makeup of a vehicle is usually not known
until the preliminary or detailed design stage, preliminary
data on mass distribution are nevertheless easily obtain-
able. Knowledge of component weights and their respec-
tive centers of gravity are used to compute system empty
weight during sizing. Such data can be used to quantify
initial moments and products of inertia to be used in sim-
ulation. Simple estimates of component weights and cen-
ters of gravity were used to compute constant moments of
inertia for the SSBJ.
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MODELING SUMMARY A large part of the work pre-
sented in this paper was dedicated to create the tools nec-
essary for a direct link between the design database and
the simulation environment. A collection of computer pro-
grams were developed to create appropriate model data
for VATES. Figure 5 depicts the architecture developed to
create the design/simulation link identified as step ➀ in
Figure 2. The central part is the aerodynamic data gen-
erator made up of the paneling pre-processor, HASC95
execution and the derivative post-processor. Engine deck
data is reformatted into VATES input data along with the
aerodynamic and mass properties data.
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Figure 5: Link from design to simulation created

VIRTUAL FLIGHT TESTING AND EVALUATION

Once an automatic link between the design database and
VATES is in place, virtual flight testing and evaluation can
begin. VATES allows autonomous simulation of the “pilot-
vehicle-operational environment” system, a key require-
ment for the VT&E process. This is achieved by design-
ing flight scenarios to model a required flight test run. A
flight scenario represents a discrete/continuous model of
a flight situation under study [9–11]. The human pilot is
modeled with a simple feedback control system operat-
ing on any given state variable and/or its multitude of time
derivatives. The pilot has direct control over a set of con-
trols predefined by the user. This is distinct from an au-
tomatic controller or stability augmentation system, which
can also be defined but was not used in this study.

The following sections describe scenarios that were de-
veloped for the SSBJ to demonstrate the capabilities of
VATES and the VT&E methodology. Vehicle behavior dur-
ing cruise and takeoff is virtually evaluated with the help
of autonomous simulation.

Scenario 1: Trim at cruise The available version of
VATES does not include a trimming routine. Instead, the
“silicon pilot” is asked to maintain certain conditions with
a set of controls available to him. For example, to trim
the aircraft at cruise, a trimming scenario would have
the pilot keep wings level with the ailerons, zero sideslip
with the rudder, cruise velocity with the throttles, and
altitude with longitudinal controls (canards in the SSBJ).
Leaving enough time for the transients to die, trim would

be obtained at the end of the run starting from a guessed
set of control deflections for the initial flight conditions.
Therefore the first set of scenarios developed for the
SSBJ were trimming routines for the subsonic cruise
condition.

The trimming scenario was designed to establish the sub-
sonic cruise trim condition for the SSBJ. This condition
corresponds to an altitude of 35’000 ft and a Mach Num-
ber of 0.75. This trimming scenario was applied for the
first 20 seconds of every flight scenario starting at the
cruise condition to ensure proper trim.

Scenario 2: Phugoid dynamics Starting from the trim
conditions obtained by the trimming scenario, the phugoid
mode was triggered by a canard step of

��� q . Throughout
the flight, the pilot is asked to maintain speed and zero lat-
eral attitude. Altitude hold is switched-off after the control
input to obtain the desired open-loop phugoid.

Figure 6 on the following page shows the time history of
the phugoid mode triggered by the canard step. Char-
acteristics of the phugoid mode are easily observed from
the time histories: long period, little or no angle of attack
variations, and exchange of kinetic energy for potential
energy (observed from phase shift between altitude and
speed plots).

Scenario 3: Short Period dynamics From the trim con-
ditions obtained by the trimming scenario, the short pe-
riod mode was triggered by a canard pulse of

��� q�� ¼�� q .
As before, the pilot is asked to maintain speed and zero
lateral attitude throughout the remainder of the flight. Al-
titude hold is switched-off after the control input to obtain
the desired open-loop short period response.

Figure 7 on the next page shows the time history of the
longitudinal short period mode triggered by the canard
pulse. Characteristics of this mode are observed from the
time histories: short period, violent variations in angles of
attack and pitch, and little or no altitude and speed change
throughout the motion.

Scenario 4: One Engine Out in Cruise Figure 8 on
page 8 shows the time history for the engine out in
mid-cruise flight. From the subsonic trim condition,
engine 2 is failed 30 seconds into the flight. The pilot is
asked to maintain airspeed, altitude and attitude with all
available controls. The failure of the engine resulted in
a large yawing moment which is immediately corrected
with the use of the rudder to maintain the zero sideslip
trim condition. Small aileron and canard deflections
are observed, resulting from the need to maintain level
attitude. It is clear from this flight that the aircraft can
safely maintain its en-route flight with only one engine.

Scenario 5: Takeoff To model takeoff the “silicon pilot” is
asked to apply full throttle, steer the airplane on the run-
way centerline and lift-off 30 seconds after engine start.
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Figure 6: Phugoid at subsonic cruise

0 20 40 60 80

Alt m

9000.0

9400.0

9800.0

10200.0

10600.0

11000.0
IAS km/h

100.0

180.0

260.0

340.0

420.0

500.0

0 20 40 60 80

vert sp m/s

−35.0

−25.0

−15.0

−5.0

5.0

15.0
AoA degr

−5.0

0.0

5.0

10.0

15.0

20.0

0 20 40 60 80

pitch degr

3.0

4.0

5.0

6.0

7.0

8.0
canards degr

−5.0

0.0

5.0

10.0

15.0

20.0

0 20 40 60 80

bank degr

−20.0

−10.0

0.0

10.0

20.0

30.0
aileronR degr

−30.0

−20.0

−10.0

0.0

10.0

20.0

0 20 40 60 80

sideslip degr

−25.0

−15.0

−5.0

5.0

15.0

25.0
rudder degr

−20.0

−10.0

0.0

10.0

20.0

30.0

0 20 40 60 80

Mach −

0.3

0.46

0.62

0.78

0.94

1.1
throttl1 %

0.0

25.0

50.0

75.0

100.0

125.0

0 20 40 60 80

path degr

−25.0

−15.0

−5.0

5.0

15.0

25.0
mass kg�

0.0

20000.0

40000.0

60000.0

80000.0

100000.0

0 20 40 60 80

CD_(s) −

0.0

0.01

0.02

0.03

0.04

0.05
CL_(s) −

0.0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80

CM_pitch −

−0.25

−0.15

−0.05

0.05

0.15

0.25
flaps degr

−30.0

−20.0

−10.0

0.0

10.0

20.0

0 20 40 60 80

S_shock1 m

0.0

0.2

0.4

0.6

0.8

1.0
S_shock2 m

0.0

0.2

0.4

0.6

0.8

1.0

Figure 7: Short period at subsonic cruise
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Figure 8: Engine out in en-route cruise flight

Flaps are deflected � � q until the altitude reaches 500 ft,
at which point they are retracted to ��� q . Canards are de-
flected � � q once the rotation speed is attained and then
used to maintain a climbing speed of 20 m/s. Bank and
sideslip angles are maintained at zero with the use of
ailerons and the rudder. The two engines are throttled
back to 75% once the 500 m altitude mark was achieved.

Figure 9 on the next page shows the result of this simu-
lation for the SSBJ. Rotation speed was guessed at 360
km/hr. From the shock absorber data history (S-shock1
and S-shock2) we observe that the nose wheel becomes
airborne at 18.2 seconds and that the main gears are off
the ground 27.7 seconds into the scenario. The indicated
airspeed at the point of liftoff is 603 km/hr.

EXTRACTION OF METRICS FROM SIMULATION

The output of the simulation in VATES includes, in par-
ticular, time histories. Any variables used within VATES
can be recorded against time or one another. From these
time histories, stability and control metrics need to be ex-
tracted. In the interest of time, this study concentrated on
the extraction of handling quality metrics for the phugoid
and short period longitudinal modes.

The time histories for vertical speed, flight path angle
and angle of pitch of Figure 6 were used to extract fre-
quency and damping ratio from the phugoid motion. Due
to the low sampling frequency of the data contained in the
VATES time histories (2Hz), fast Fourier transform (FFT)
techniques could not be used. Instead, averaged peak to
peak times were used to determine the period from the

time histories. The phugoid period is 77.1 seconds. Aver-
aged peak amplitudes were used to determine the damp-
ing ratio to be 0.0441.

The same analysis was conducted for the short period
motion based on the pitch angle and angle of attack time
histories. However, the low sampling frequency coupled
with the speed of motion makes it difficult to extract mean-
ingful dynamic information. Only one oscillation is ob-
served in the span of 2 seconds, which yields 4 data
points that can be used to extract period and damping
ratio information. With larger sampling frequencies it is
expected that FFT techniques would yield valuable data.

However, metrics that can be extracted from the time his-
tories are not limited to dynamic modes. For instance from
the takeoff scenario, total takeoff roll length, duration, and
time to the 50 ft mark could be extracted. From the engine
out scenario, recovery time, altitude loss, and control de-
flections necessary to sustain normal attitude could also
be extracted. Furthermore, flight scenarios can be de-
signed to match Federal Aviation Regulations (FARs) cer-
tification criteria [18]. This allows certifiability and safety
issues to be quantified and examined as early as the con-
ceptual design phase within the VT&E methodology.

DISCUSSION OF RESULTS

DESIGN/SIMULATION LINK A set of computer tools
were developed to link the design to the simulation en-
vironment. This allows for the automatic generation of
necessary input data for flight simulation in VATES, the
first step of the VT&E methodology. Successful automatic
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Figure 9: Normal Takeoff

VATES input generation was obtained for the SSBJ base-
line.

However, the link developed here cannot yet practically be
implemented within a larger design architecture where the
design metrics are regressed on the design variables to
establish the design relationships needed to evaluate the
design space for feasibility, viability, optimum, etc . . . This
is due to the fact that for a single design point (as here for
the baseline SSBJ), it takes in excess of two hours to gen-
erate aerodynamic data alone. The large computational
time is due to the fact that HASC95 has to be executed 8
times for a large angle of attack and Mach number sweep
to generate the derivatives needed for the aerodynamic
model. If this were to be repeated for 150 different de-
signs, as is often the case with DOE/RSM methodology,
300 hours would have to be spent to arrive at the desired
design relationships for one vehicle.

One solution to such problem is to have the aerodynamic
model provide total force and moment coefficients (rather
than derivatives) as functions of both state and geome-
try to the simulation. This could be achieved, for example,
with the DOE/RSM methodology. The aerodynamic model
would then be made of polynomial expressions for the six
coefficients as functions of contributing state and design
variables. Such a model would not need to be recom-
puted for each design point, thereby eliminating the need
for 2 hour computations every time the geometry changes
slightly. Instead, computations would be made up-front
and only once.

The authors also experienced difficulties when trying to

obtain supersonic, or vortex lift data with HASC95. The
difficulty seems to be in the paneling obtained from the
paneling program. Moreover, direct applicability of the
paneling program to drastically different configurations is
difficult due to the fact that some of the paneling features
for the SSBJ were “hard-coded” for the sake of simplic-
ity and time. However, a complete rewrite of the panel-
ing program in the object-oriented JAVA language is cur-
rently in progress. The object-oriented features will allow
for generic paneling of any configuration, thereby extend-
ing its use to other vehicle types.

VT&E METHODOLOGY After obtaining model data, the
second step in the VT&E methodology consists of design-
ing appropriate flight scenarios to test and evaluate vehi-
cle behavior accordingly and quantify needed operability
design metrics. Four scenarios were designed to eval-
uate the dynamic behavior of the SSBJ baseline during
subsonic cruise and takeoff. Because these scenario def-
initions are independent of the aircraft being simulated,
they can be conveniently reused for other types of aircraft.
Once a library of flight scenarios is created to allow for
the capture of necessary metrics, it can be used to extract
such metrics for any aircraft model.

The last step in the VT&E methodology consists of ex-
tracting design metrics from the output of the simulations
performed. Computer scripts were written to extract the
period and damping ratios of the two longitudinal modes.
This process hopefully demonstrates the ease with which
metrics of interest can be extracted from simulation out-
put. Any metric automatically extracted in this way can
then be linked back to the design variables to establish
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the desired design relationships.

FIDELITY The use of simulation in early phases of de-
sign and the value its output brings to the design pro-
cess is limited by modeling fidelity and uncertainty. Sys-
tem characteristics such as aerodynamics, propulsion,
and mass distribution are evaluated by computer analy-
ses which carry uncertainty, thereby affecting the fidelity
of simulation models and of the simulation itself. This
study was not intended as an accurate demonstration of
the true flying characteristics of the SSBJ. Rather, the aim
was to demonstrate and implement the methodology by
which flight simulation can be used in conceptual design.

Assessing model fidelity and uncertainty and its effect on
the simulation is understood as being the next step in the
process of successfully implementing simulation in con-
ceptual design. Capturing and quantifying such uncertain-
ties is necessary for the assessment of risk in design de-
cisions based on simulation. DeLaurentis has described
the use of statistical analyses to model uncertainty within
early handling qualities evaluation based on parametric
metamodels [6] and in the generation of dynamic model
[19]. Applying these methods to capture each source of
quantifiable uncertainty related to simulation model data
should the basis for future work on the VT&E methodol-
ogy.

CONCLUSIONS

A direct link between the design geometry and the simu-
lation environment was developed. This link comprises an
aerodynamic model data generator based on the HASC95
program and various data formatting programs to gen-
erate simulation input from a vehicle geometry descrip-
tion file. The Virtual Autonomous Testing and Evaluation
Simulator (VATES) was used as the main simulation tool
within the Virtual Testing & Evaluation methodology. It al-
lowed for autonomous simulation of the vehicle based on
a set of predefined flight scenarios, a core attribute of the
methodology.

It was demonstrated that key stability and control metrics
can be extracted from the output of such autonomous sim-
ulations thereby extending the set of metrics from readily
available performance and economic metrics.

Overall the VT&E methodology holds many promises. As
the link between design and simulation evolves and better
usability is gained, total virtual conceptual design based
on simulation will provide more and better design knowl-
edge to the designer. This will, in turn, translate into sub-
stantial amounts of cost and design cycle time savings, as
is predicted by the paradigm shift.
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