An Unmanned Aerial Vehicle Simulation Framework for

Training Simulation and Simulation-based Design

Dr. Michael Selig

University of Illinois Urbana-Champaign m-selig@uiuc.edu

Walter Malley

Naval Air Systems Command

Daniel Lavery

National Technology Associates, Inc.

Frank McCoy

FPM Enterprises, Inc.

J effrey Wallace

Space and Naval Warfare Command Systems Center San Diego j wallace@spawar.navy.mil

ABSTRACT

We present a completelygeneral object-oriented flight vehicle simulation which is written in C++ and used to train unmanned aerial vehicle (UAV) pilots. T o illustrate the utilityof the design, an IMPORT CASE tool simulationbased design implementation of a more detailed UAV scenario is shown.

T his re-uses the high fidelityvehicle dynamics fromthe

C++ framework in the IMPORT simulation. T hen, using the flexibilityof IMPORT , we demonstrate howto quickly prototype a detailed, automatic control systemand electromechanical device simulation framework

(ACS/EMD) to implement the UAV avionics system, mechanical actuators, and sensors.

INTRODUCTION

T he Department of Defense (DOD) is beginning t o rely on simulation to do training, design newsystems, and develop courses of action for the myriad of decisions facing

DOD personnel, both militaryand civilian. T o simplifythe task of managing modeling and simulation, we advocate a technologyapproach that maximizes simulation software reuse. T hat is, if we have a real-time pilot training simulation for UAV operators, we want the design of the permit simulation-based design on the same UAV system.

T o accomplish this goal, we present the six-degree-of-freedomequation of motion formulation implemented in the flight vehicle modeling (FVM) framework. T he conceptual

design for the FVM framework is presented in Object

Modeling T echnique (OMT ) [Rumbaugh 91]. We then demonstrate howto employthe C++ flight vehicle modeling framework in an IMPORT simulation-based design problem requiring veryhigh level of detail modeling. T o implement these requirements, as illustrated in Figure 1, we describe a framework for modeling automatic control systems and electromechanical devices to model UAV avionics, actuators, and sensors.

In the process of presenting the ACS/EMD framework, the parallel semantics and synchronization constructs of the process based, object -oriented simulation CASE tool

IMPORT [Whitehurst 95] will be explained.

Figure 1 . OMT Conceptual Model of UAV Simulation.

M VC-BASED DESIGN

T he general purpose FVM approach features the Model-

View-Controller (MVC) framework [Leonard 97]. We

Payloa d Remotely

Sensed Entities

UAV

Model

Environmental

Force and Moment

Source s

RF Uplink or

Downlink

Pilot

Control Pane l explain howthe MVC paradigmis ideal for model reuse in our example. We enumerate several advantages of the MVC philosophy:

T he MVC paradigmpermits a wide varietyof information and event probes, or views to be attached to the same model. T he model is unaware of the presence of zero or manyviews. T his is at the heart of model reuse.

Views are employed to encapsulate information outflows frommodels. In this case, X-windowdisplaygauges, realtime 3D rendering on Silicon Graphics workstations, and data logging for analysis purposes are examples.

Controllers maybe interchanged, allowing different user interaction devices. Here we could have manydifferent input devices and different user input modes, such as input file for non-interactive, analysis modes, instead of human-in-the-loop inputs real-time modes.

Figure 2 . OMT Conceptual Model of FVM Framework..

T his approach provides a propagation of change

(dependent updates), or cause-and-effect object-oriented design pattern. T his cause-and-effect analysis and design approach is inherent in howwe conceptuallyrepresent interactions in the world, and can nowbe implemented easilyand efficiently.

FLIGHT DYNAM ICS M ODELING

A general flight vehicle simulation framework must also allowfor:

1. wide ranges of speed, flight vehicle configuration, and maneuvers

2. a wide range of environmental conditions.

A widelyaccepted coordinate systemfor vehicles flying through an air mass uses the following notation, shown in

Figure 3. T he origin, O , is defined as the center of gravity, with the triple (X,Y,Z) = p

B

denoting a local orthogonal

coordinate system, an example of a ‘body-fixed’ coordinate system. In the following discussion, vectors will be lower case bold letters with identifying subscripts to illustrate meaning.

For example, the symbol p

B

means position in the bodycentered coordinate system. Bold capital letters indicate matrices, such as B , which will be defined as the direction cosine matrix below. T he remaining triples express the following quantities in terms of this coordinate system

[Roskam1979]:

(U,V,W) linear velocityalong bodyaxes, v

B ;

(P,Q,R ) angular velocityalong bodyaxes, a

B ;

( F x

,F y

,F z

) f

B

, the forces acting on flight vehicle resolved along the bodyaxes;

(L,M,N) m , the moments acting along the body axes.

In our formulation of the six-degree-of-freedom equations, however, we will use the position measured from an inertial reference frame, e.g. one measured froma point outside the flight vehicle, p

I

. Other quantities of interest are mass, the angle of attack, angle of side-slip, and some common control inputs:

m mass a angle of attack[tan -1 (W/U)] b angle of side -slip[tan -1 (V/(U 2 +W 2 ) ½ )] d e elevator deflection, positive down d a aileron deflection, positive left d r rudder deflection, positive nose left

Figure3 .Axesand notation.

T he mass characteristics are defined bythe inertial tensor J . T his mayvarywith time, in particular when the flight vehicle configuration changes during the simulated flight. When referred to a bodyframe of reference oriented

P r o p u l s io n

D e v ic e

F li g h t V e h i c le

M o d e l

V i e w

C o n tr o l le r

N L P S o l ve r

A e r o d yn a m i c

C o n t r o l D e v ic e

H u m a n In p u t

A u t o p i lo t I n p u t

E x t e rn a l F o r c e s

C o n tr o l S y s te m

O D E S o l ve r fromthe center of mass (the bodyaxis denoted bya subscript B), and an inertial axis, denoted bya subscript I

[Rolfe 1991], the general equations of motion of a rigid flight vehicle flying in air are:

q = (q

0

, q

1

, q

2

, q

3

) quaternions, which measure orientation;

x = ( p

I

, v

B

, a

B

, q ) the 6 DOF state variables;

u = ( d e, d a, d r, t, e

SNE

) the control and synthetic natural environment inputs;

and the general formof the 6 DOF equations-of-motion are:

d x /dt = A(x) x + b(x,u)

B = [b ij

] C = [c ij

] D = [d ij

] J = [j ij

] b

11

= q

0

2 + q

1

2 - q

2

2 - q

3

2 b

12

= 2*(q

1

*q

2

- q

0

*q

3

) b

13

= 2*(q

1

*q

3

- q

0

*q

2

) b

21

= 2*(q

1

*q

2

- q

0

*q

3

) b

22

= q

0

2 - q

1

2 + q

2

2 - q

3

2 b

23

= 2*(q

2

*q

3

- q

0

*q

1

) b

31

= 2*(q

1

*q

3

- q

0

*q

2

) b

32

= 2*(q

2

*q

3

- q

0

*q

1

) b

33

= q

0

2 - q

1

2 - q

2

2 + q

3

2 c

11

= 0 c

12

= -R c

13

= Q c

21

= R c

22

= 0 c

23

= -P c

31

= -Q c

32

= P c

33

= 0 d

11

= 0 d

12

= P d

13

= Q d

14

= R d

21

= -P d

22

= 0 d

23

= -R d

24

= Q d

31

= -Q d

32

= R d

33

= 0 d

34

= -P d

41

= -R d

42

= -Q d

43

= P d

44

= 0 j

11

= I xx

j

12

= 0 j

13

= -I xz j

21

= 0 j

22

= I yy

j

23

= 0 j

31

= -I xz

j

32

= 0 j

33

= I zz d p

I

,/ dt = B T p

I d v

B

/ dt = - C v

B

+ f

B

/m + B g ( g = gravityvector) d a

B

/ dt = -½J -1 CJ a

B

+ J -1 t

B d q / dt = -½D T q .

T hus, integrating the four systems of differential equations above for x = ( p

I

, v

B

, a

B

, q ) given a set of initial conditions solves the 6 DOF flight vehicle simulation problem.

T he FVM framework is focused around accumulating the force term, f

B

, and t

B

, the moment term, as a function of the control inputs and the interaction with the synthetic natural environment, u = ( d e, d a, d r, t, e

SNE

). T he diagram in Figure 2 represents the relationships present among the

base classes. Aerodynamic control sources include the base aerodynamic representation of the body, elevators, ailerons, rudders, landing gears, canards, trimtabs, various farings, rotors, and armaments. Propellers, rotors, and jet engines are examples of propulsion sources.

In the case of the U.S. Navy’s Pioneer UAV, there are three aerodynamic control sources(ADCs), a rudder, elevator, and aileron, one propulsion source, a Sachs SF2

350 engine model with propeller effects. T he local pattern

UAV pilots have two joysticks to provide d e, d e, d e, and t.

Forces fromthe SNE, such as wind, air pressure and density are also moderated through viewand controller classes and are used in the equations of motion.

T he joystick s and throttle are encapsulated by view and controller classes, and provide angle inputs to the ADCs.

Along with the angles of attack and side-slip, the ADCs calculate coefficients which are provided to the FVM class for use in solving the equations of motion.

We nowdemonstrate howthe twentyfive core C++ classes in the FVM framework, originallydesigned for, and fielded as, a high fidelityphysics-based virtual realityUAV pilot training simulator were reused to create a simulationbased design framework for UAVs.

SIMULATION-BASEDDESIGNEXAMPLE

Inthissectionwedescribethedevelopmentofa simulation-based designframeworkforUAVs,thatisto be ableto veryaccuratelysimulateeveryaspectofanoperational

UAV.To accomplishthis,wereuseourC++FVM,which implementsflightvehicledynamicsaccurately,inasimulation frameworkimplemented withtheIMPORT simulationCASE tool.

TheFVMframeworkmodelsmotiondueto airframe, powerplant,and masscharacteristicsofflightvehiclesvery well.Itdoesnotmodelthephysicsoftheavionicssystems and detailssuchastheeffectsofcontrolsurfaceactuatorsin greatdetail,sincethisisnotrequired foroperatortraining.A completeUAVframeworkforsimulation-based design,then, mustmodelallsystemcomponentsshowninFigure1,the subsystemsatthehighestlevelsofdetailand fidelity,e.g.

avionicsand mechanicalactuators.

Thus,wehave amodelofaground controlstation,the

GCS class,anuplink Radio classto send inputcommandsto theUAV,adownlink Radio classto send UAVtelemetryand payload databackto the GCS .Thesourcecodebelow executesarunoftheSBDversionofthePioneerUAV simulation.

EXPORTMain=OBJECT

EXPORTCONSTRUCTORMETHOD()

VAR infile:InFile;

input, output, fname:STRING;

gcs:GCS;

pioneer:PioneerUAV;

gcsRadio, uavRadio:Radio;

finaltime:REAL;

clockRate:INTEGER;

BEGIN fname:=ARGS();

input:=CONCAT( fname,".in");

output:=CONCAT( fname,".out");

gcsRadio:=NEWRadio(56,6);

uavRadio:=NEWRadio(56,6);

gcs:=NEW

GCS(gcsRadio,26,4,input);

pioneer:=NEW

PioneerUAV( input,output, uavRadio);

ASK uavRadioTO ConnectTo(pioneer);

ASK uavRadioTO TransmitTo( gcsRadio);

ASK gcsRadioTO ConnectTo( gcs);

ASK gcsRadioTO TransmitTo( uavRadio);

TELL gcsTO ProcessInput();

TELLpioneerTOFly();

ENDMETHOD;

ENDOBJECT;

Aframework,called theAutomaticControlSystemand

ElectromechanicalDevice(ACS/EMD)simulationframework wasdeveloped to representtheavionicssystemsand electromechanicaldevicesrequired.TheACS/EMD frameworkcanbeused to modelarbitraryfeedbackcontrol system,automaticcontrolsystems(e.g.theavionicssystem), and electromechanicaldevices,suchasmechanicalactuators.

Wefirstillustratethemechanismbywhichwelinkthe

FVMframeworkinto IMPORT simulations,which demonstratesthegeneralcapabilityinIMPORT to directly linkinnativeC++libraries.WethendescribetheACS/EMD framework,and finallyillustratehowtheelementsare combined.

InterfacingC++to IMPORT

LinkinginapreviouslywrittenlibraryforuseinIMPORT isstraightforward,asillustrated below.The header:

variableinthe

INTERFACE statementpointsto thelocation

oftheheaderfilewhichdefinesthelibraryinterface,and library: pointsto theexecutablelibrary.

Theclassnamemustbethesameastheclassnameinthe

C++header,and themethod namesmustbethesameaswell.

Thevariabletypesoftheargumentsmustmatchaswell.

MODULEPIONEER

INTERFACE( header:"inc/ Pioneer.h",library:

"src/ pioneer.a")

EXPORTPioneer=OBJECT

EXPORTCONSTRUCTORMETHOD(IN infile:

STRING;IN outfile:STRING);

EXPORTASKMETHODadvance(IN numsteps

:INTEGER;IN RTime, RTimeStep:

REAL):REAL;

EXPORTASKMETHOD setInputCmds(IN elev, ailer, ruddr, thrtl:REAL);

EXPORTASKMETHOD getAlpha():REAL;

EXPORTASKMETHOD getBeta():REAL;

EXPORTASKMETHOD getDynamicPressure():REAL;

EXPORTASKMETHOD getPitchFeedback():REAL;

EXPORTASKMETHOD getRollFeedback():REAL;

EXPORTASKMETHOD getYawRateFeedback():REAL;

ENDOBJECT;

ENDMODULE;

Thiswillbeused onlyforthesolutionto the6 DOF aircraftmodel,nottheavionics,etc.Forthatreason,weuse the Pioneer classinthe PioneerUAV classbelow.

PioneerUAV=OBJECT

AMSubsystem:Pioneer;

Autopilot: UAVControlSystem;

EndTime,deltaT:INTEGER;

EXPORTCONSTRUCTORMETHOD(IN instr,outstr:STRING;INradio:Radio)

VAR infile: InFile;

endtime:REAL;

timestep:INTEGER;

BEGIN infile:=NEW InFile( instr);

infile>> endtime;

EndTime:=TRUNC(1000.0*endtime);

infile>> timestep;

deltaT:=TRUNC(1000.0/timestep);

DISPOSE infile;

AMSubsystem:=NEW

Pioneer( instr,outstr);

Autopilot:=NEW

UAVControlSystem( AMSubsystem,instr);

ASK AutopilotTO

AttachAMSubsystem( AMSubsystem);

ASKradioTO ConnectTo( Autopilot);

ASK AutopilotTO ConnectTo(radio);

TELL AutopilotTO

UpdateControlLoop();

ENDMETHOD;

EXPORTTELLMETHODFly()

VAR time:REAL;

BEGIN

WHILE(SIMTIME()<= EndTime)DO time:=ASK AMSubsystemTO advance(1,SIMTIME()/1000.0,deltaT/1000.0)

;

WAIT( deltaT);

ENDWHILE;

ENDMETHOD;

ENDOBJECT;<-- PioneerUAV

TheACS/EMDclassisused to implementthe

UAVControlSystem classused inthe PioneerUAV class.The statement:

TELL AutopilotTO

UpdateControlLoop(); activatesaprocesswhich samplestheoutputofanetworkofoverseventycomponents and subsequentsimulationprocessesfromtheACS/EMD class.Animplementationshortcutwastaken,and the componentsto representonboard sensorsand theactuatorsfor aerodynamiccontrolsurfaceswereinstantiated inthe

UAVControlSystem class,sincethesearealwayspresentin almostallUAVs.

ACS/EMDFramework

Theintentisto allowdesignertheabilityto implement controlsystemblockdiagramseasily.To do so,anumberof classeswillbepresented to representsysteminputs,allow systemoutputsampling,gains, Laplacetransformtransfer functions,summingjunctions, bandpassfilters,and astructure fromwhichto implementanyfunctiononemaywishto implementinablockdiagramstructure.Forexample,to implementthemechanicalactuatorsforthePioneerUAV,a proprietaryrealvalued functionblockwasdeveloped.

The BDElementclassbelowimplementsadatastructure whichhasasstatevariables:arealvalue,anarrayof

BDElementswhichimplementsanarbitrarygraphof

BDElementswithamaximumfan-inofMAXINand a coefficientassociated witheachinput.Thiswillallowimplicit chainingofagaininseriesto anarbitraryblock.Themain abstractionsareto allowblocksto connect,to gettheinput fromconnected blocks,and allowoutputsamplingatanytime.

The addInput method implementstheconnection protocol,and calculateOutput getsinputfromtheconnected blocks,and providestheoutputatanytime.Themethod getValueimplementstheoutputsamplingprotocol.This method chainsbackward throughthecontrolsystemdiagram to theinputdatablocks.Thisforcesfunctionalevaluationat thecurrentsimulationtimeoftheblockbeingsampled.This ensurescausalitycorrectnessincasethecodewasexecuted in aparallelsimulationenvironment.

BDElement=OBJECT

Value:REAL;

Inputs:ARRAY[MAXIN]OF BDElement;

Coeffs:ARRAY[MAXIN]OFREAL;

NumInputs:INTEGER;

ID:INTEGER;

EXPORTASKMETHOD calculateOutput():REAL

VAR

I:INTEGER;

value:REAL;

BEGIN

IF( NumInputs<=1)THEN

RETURNValue;

ELSE

Value:=0.0;

FORI:=0TONumInputs-1DO

Value:=Value+ Coeffs[I]*(ASK

Inputs[I]TO calculateOutput());

ENDFOR;

RETURNValue;

ENDIF;

ENDMETHOD;

EXPORTASKMETHOD addInput(IN bde:

BDElement;

IN coeff:

REAL)

BEGIN

Inputs[ NumInputs]:= bde;

Coeffs[ NumInputs]:= coeff;

NumInputs:= NumInputs+1;

ENDMETHOD;

ASKMETHOD getValue(INvalue:

REAL):REAL

BEGIN

IF NumInputs=0THEN

RETURNValue;

ELSE

RETURNASKInputs[0]TO calculateOutput();

ENDIF;

ENDMETHOD;

ENDOBJECT;<-- BDElement

The Junction classimplementssummingjunctions.

Junction isalso used asabaseclassforthe BlockElt class, whichspecializesthe Junction to serveasthebaseclassforall blockdiagramcomponents.

Junction=OBJECT( BDElement)

JunctionID:ARRAY[MAXIN]OFINTEGER;

JunctionCoeff:ARRAY[MAXIN]OFREAL;

NumJunc:INTEGER;

BlockID:ARRAY[MAXIN]OFINTEGER;

BlockCoeff:ARRAY[MAXIN]OFREAL;

NumBlocks:INTEGER;

EXPORTASKMETHOD addJunction(INid:

INTEGER;IN coeff:REAL)

BEGIN

JunctionID[ NumJunc]:=id;

JunctionCoeff[ NumJunc]:= coeff;

NumJunc:= NumJunc+1;

ENDMETHOD;

EXPORTASKMETHOD addBlock(INid:

INTEGER;IN coeff:REAL)

BEGIN

BlockID[ NumBlocks]:=id;

BlockCoeff[ NumBlocks]:= coeff;

NumBlocks:= NumBlocks+1;

ENDMETHOD;

ENDOBJECT;

ENDMODULE;<--EndJunction

BlockElt definestheprotocolwhichmakesthediagram simulate,theabilityto TurnOn .

BlockElt=OBJECT(Junction)

EndTime, deltaT:INTEGER;

TELLMETHOD TurnOn()

BEGIN

ENDMETHOD;<--tellmethod

ENDOBJECT;<-- BlockElt

The DataBlock classisused to encapsulateasysteminput,or do azero orderhold foroutput.

DataBlock=OBJECT( BlockElt)

EXPORTCONSTRUCTORMETHOD(IN et ,dt:

INTEGER;INid:INTEGER)

INIT BlockElt( et ,dt,id);

BEGIN

{Value:=0.0;}

ENDMETHOD;

EXPORTASKMETHOD getValue():REAL

BEGIN

IF NumInputs=0THEN

RETURNValue;

ELSE

RETURNASKInputs[0]TO calculateOutput();

ENDIF;

ENDMETHOD;

ENDOBJECT;<-- BlockElt

The NoiseBlock provides Gaussiannoiseinjectioninto the system.

NoiseBlock=OBJECT( BlockElt)

Mu,Sigma:REAL;

normal:Random;

EXPORTTELLMETHOD TurnOn()

BEGIN

WHILESIMTIME()<= EndTimeDO

WAIT( deltaT);

Value:=ASKnormalTO

Normal( Mu,Sigma);

ENDWHILE;<--SIMTIME()<= EndTime

ENDMETHOD;<--tellmethod

ENDOBJECT;<-- NoiseBlock

The MultiplierBlock implementsasystemgain.

MultiplierBlock=OBJECT( BlockElt)

Multiplier:REAL;

EXPORTTELLMETHOD TurnOn()

VAR input:REAL;

BEGIN

WHILESIMTIME()<= EndTimeDO

WAIT( deltaT);

input:=ASKInputs[0]TO calculateOutput();

Value:= Multiplier*input;

ENDWHILE;<--SIMTIME()<= EndTime

ENDMETHOD;<--tellmethod

ENDOBJECT;<-- MultiplierBlock

The LimitBlock implementsafilterwhichlimitsoutput betweenarangeofvalues.

LimitBlock=OBJECT( BlockElt)

High,Low:REAL;

EXPORTTELLMETHOD TurnOn()

VAR input:REAL;

BEGIN

WHILESIMTIME()<= EndTimeDO

WAIT( deltaT);

input:=ASKInputs[0]TO calculateOutput();

IFinput<=LowTHEN

Value:=Low;

ELSEIFinput>=HighTHEN

Value:=High;

ELSE

Value:=input;

ENDIF;

ENDWHILE;<--SIMTIME()<= EndTime

ENDMETHOD;<--tellmethod

ENDOBJECT;<-- LimitBlock

The TransformBlock implementsthetransfer funtion

T(s)=A(a)/B(s);

A(s)=a

0

+a

1

s+�+a n

s n ;

B(s)=b

0

+b

1

s+�+ b m

s m ;

wheren<=m.

Thetransferfunctionisrepresented internallyasanm- th ordersystemoflinearordinarydifferentialequations(ODE) usingthe b coefficientsaboveintherighthand side calculation.The X variablesbelowaretheinternalODEstate variables.The TurnOn processbelowcollectstheinputs,and evaluatesthetransferfunctionusingthatinput.The evaluateTransferFunction method belowcalls integrate , whichusesthemethod computeRHS inafourthorder Runga-

Kuttanumericalintegrationscheme.Theoutputisthen calculated using the a coefficientsto calculatetheoutput.

Ifn=m,the b coeffienctsareused to calculateacomplex residue.

TransformBlock=OBJECT( BlockElt)

B:ARRAY[9]OFREAL;

A:ARRAY[9]OFREAL;

N,M:INTEGER;

Input:REAL;

X:ARRAY[9]OFREAL

EXPORTTELLMETHOD TurnOn()

BEGIN

WHILESIMTIME()<= EndTimeDO

WAIT( deltaT);

Input:=ASKInputs[0]TO calculateOutput();

ASKSELFTO evaluateTransferFunction();

ENDWHILE;<--SIMTIME()<= EndTime

ENDMETHOD;<--tellmethod

ASKMETHOD computeRHS(INx:ARRAY[9]OF

REAL;IN rhs:ARRAY[9]OFREAL)

VAR

I:INTEGER;

value:REAL;

BEGIN

FORI:=1TOM-1DO rhs[I]:=x[I+1];

ENDFOR;

value:=0.0;

FORI:=1TOMDO value:=value+B[I-1]*x[I];

ENDFOR;

rhs[M]:=(Input-value)/B[M];

ENDMETHOD;

ASKMETHOD evaluateTransferFunction()

VAR value:REAL;

I:INTEGER;

BEGIN

ASKSELFTO integrate(deltaT/1000.0);

IFN=0THEN

Value:=A[0]*X[1];

ELSE

Value:=0.0;

FORI:=0TON-1DO

Value:=Value+A[I]*X[I+1];

ENDFOR;

IFN<MTHEN

Value:=Value+A[N]*X[N+1];

ELSE value:=0.0;

FORI:=1TOMDO value:=value+B[I-

1]*X[I];

ENDFOR;

Value:=Value+

A[N]*(Inputvalue)/B[M];

ENDIF;

ENDIF;

ENDMETHOD;

ENDOBJECT;

Thefollowingcodefragmentillustratesthe implementationofanelevatoractuator.Theobjectsare instantiated and thenthecomputationgraphisestablished usingthe addInput method eachoftheclasses inherit.The objectsarethenactivated byspawningthesimulationthreads usingtheTELLinvocation.

EAj1:=NEWJunction(51);

EAj2:=NEWJunction(52);

EAtsf1:=NEW

TransformBlock(a,b,0,1,EndTime,deltaT/

2,57);

EAtsf2:=NEW

TransformBlock(a,b,0,1,EndTime,deltaT/

2,58);

EAm:=NEW

MultiplierBlock(30.8,EndTime,deltaT/

2,63);

EAcut:=NEW

LimitBlock(-

23.0,23.0,EndTime,deltaT/2,66);

EArl:=NEW

RateLimitBlock(uav,EOut,250.0,1,c,2,En dTime, deltaT/2,69);

ASKEAj1TO addInput(EActIn,1.0);

ASKEAj1TO addInput(EAcut,-1.0);

ASKEAtsf1TO addInput(EAj1,1.0);

ASKEAj2TO addInput(EAtsf1,1.0);

ASKEAj2TO addInput(EAcut,-1.0);

ASK EAmTO addInput(EAj2,1.0);

ASK EArlTO addInput(EAm,1.0);

ASKEAtsf2TO addInput(EArl,1.0);

ASK EAcutTO addInput(EAtsf2,1.0);

ASK EOutTO addInput(EAcut,1.0);

TELLEAtsf1TO TurnOn();

TELL EAmTO TurnOn();

TELL EArlTO TurnOn();

TELLEAtsf2TO TurnOn();

TELL EAcutTO TurnOn();

PERFORMANCERESULTS

Wepresented aflightvehicleframeworkwhich,in accordancewiththeDODinitiativeto employvirtual environments,allowsthedesign,testingofflightvehiclesina virtualenvironment.

Thissimulationwasexecuted usingtheIMPORT objectoriented simulationCASEtoolona166 MHzPentium computer.The14 th ordernonlinearODEwhichcomputesthe

6 DOFequation-of-motionusingfourthorder Runga-Kutta and wasexecuted at100 Hz.Eachofthemorethanseventy activeblockdiagramelementswasexecuted at200 Hz.

Twelveofthesewere Laplacetransformtransferfunctions, and so wereembedded ODEs.Thisexecuted sixtimesfaster thanrealtimeonthePentium.Weconsiderthisto bequite acceptable,consideringtheeasewithwhichthissimulation wascreated.

ACKNOWLEDGEMENTS

Wewould liketo thanktheNavalAirSystemsCommand

PMA263 fortheirsupport.Wewould liketo thankJeffrey

Wallace,SPAWARSYS-SD,CodeD44202 forhisOOA,

OOD,and OOP assistance.Wewould also liketo thankDr.

AlbertHerman,Dr.EricHirschorn,and Donald Mowbrayfor theirprogrammingsupport.

REFERENCES

Leonard G., L. Peterson, and J. Caldwell. 1997. ^Using the

Model-View-Controller Framework as a Simulation

Development Methodology,~ In Object-Oriented Simulation

1997 , Wallace J. et al Eds., Simulation Councils, Inc.,

January1997.

RolfeJ.M.and J.K.Staples. FlightSimulation ,Cambridge

UniversityPress,Cambridge,UK,1991.

RoskamJ. AirplaneFlightDynamicsand AutomaticFlight

Controls ,RoskamAviationand EngineeringCorporation,

1979.

RumbaughJ.,etal. Object-Oriented Modelingand Design ,

PrenticeHall,Englewood Cliffs,NJ,1991.

Whitehurst R. A. and V. P. Morrison. 1995. ^IMPORT : A

Language for Simulation of Complex Systems,~ In Object-

Oriented Simulation 1995 , Roberts C. et al Eds., Simulation

Councils, Inc., January1995.