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This paper discusses the construction and testing of hardware-in-the-loop simulations
using a commercial software simulation package and a custom-designed simulation. It
discusses the process of integrating an avionics computer with Unmanned Aerial Vehicle
(UAV) sensors and actuators, designing and implementing linear and non-linear simulations
of theaircraft, setting up the control system ar chitectur e and evaluating various control laws
through the hardware-in-the-loop simulations. Extensive comparisons are made between
the different versions of the simulations to ensure that every step in the piecewise
development of the final simulation is correct. Several types of control systems were tested
on this final simulation. However, despite their adequate tracking of reference trajectories,
none are robust and mature enough to yet consider for in-flight testing. A future work
section discusses options for further development of the control system and modifications to
the simulations to increase their fidelity. A straightforward, detailed and logical processis
provided for setting up hardware-in-the-loop simulations of small UAV systems similar to
the one described here, and evaluating control system performance. Important time and
cost savings from lessons learned in this process are also provided.

. Introduction

U nmamed Aerial Vehicle (UAV) sysems have proliferatedin recen years due to the faling costsof high
powered, emkedded computers,nertial measuranert units (IMUs) and other electonic conponents Red-
time operaing sydems suchas VxWorks, QNX, and LinuxRT provide software suppat for time-critical functions
onboardtheaircraft Researches with modestexperien@ in hardware softwareandcontol system desgn canbuild
a UAV from scrath, althoughthe many techncal issues lead most researcherso purchese commecial autoplot
system$ so they can focus on using the aircraft rather than integratingits conmponentsand optimizing their
interactions A complementanapproachto building and testing the UAV is to purchasea commercialsimulation
package; this solution simply trades morey for time? The drawbackto purchasinga commercal autopilot is the
inability to customizethe contrd system,which may be a fundamenrdl limitation dependingon the application of
interest>*A detailed process for designing andtesting UAV cortrol systemss well known to expers in theareabut
hasnot always beenwell comnunicated,an oversight tha oftenrequresresearchero purchase a onesizefits-all
autopilotor reinvert thewhed in each newresearcteffort.

To overcomethe traceoff between purchasinga blad box aubpilot and building one from scratch,this paper
desaibes an appoad to designing an autopiot consisting of the basic UAV compmnerts, including sensors
aduatorsandanairfrane, to testseveal control systemdesignsvia a seriesof simulations. The resulting integraed
UAV Control Sysem Testlked can be usedto explore the mary typesof contol systemsthat have beendeweloped
for generic applications’ without any significant hadware or software modifications. And while far more
sophisticatedUAVs and UAV simulationsysemsexist thanwill be presentedhere(e.g., Global Hawk and the X-
45), the detils of suchaircraft are not widely avalable in the openliterature The simulationsin thes larger
researchprojecs aregenerdly ill -suited for application to smal-scaleUAV efforts becaise of remurceconstraints®
On the othe end of the spectrum are the relativdy common UAV resarch efforts at universties; however
desaiptionsof thosesimuationstendto focuson high level architectureandareshort on detail. °

The threemain stepsin this developmenbf the hardwarein-the-loop (HITL) simulation andbasiccontrd laws
are: 1) desgn and codethe softwake driversand other tools that interface the control sysem with the exterral, real
world sensos andactuators; 2) designthe simulationsthatwill testthe controlsydgemand implementthatdesgn in
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Il. Hardware-Software Integration
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software connecions tha must be usa or

Figure1. The UAV on its development bench. ~ emuated by the HITL simulation for high
fidelity testingof the control systems.

A. UAV Systems

The primary component®f the UAV for the simuldion are the airframe,sensorsaduators,andavionics. The
airframe and sone of the sensorsare displayed on the laboratorydewelopmentbenchin Figure 1. The airframe
resemblesa saiplange a necessaryfeaturefor high enduranceapplications, hasa 4-m wingspan,andis able to stay
aloft on its one gallon tark for four hours. It was customizedfor UAV applications by the addtion of a large
payload pod on the undeside of the fusdage (not shown in Figure 1) to accanmodhte the avionicscomputer and
othe reseach electonics. The avionics compuer is a PC104stackwith a PentiumCPU, 256 MB of RAM, a 384
MB flash drive, an A/D convesion boad, a radio modan board,and an integraed power condtioning unit with
batery backup A block diagmm showing the electrical comectionsbetween the avionics, sensorsandactuatorsis
shown in Figure9 in the Appendix. The operating systemrunning on the avionics computeris QNX, a reattime
operatingsystemthat guarantees a maximumexecuton time for each process. This capablity ensureghe critical
commandandcontrol routineswill always be execited on a rigorousschedulewhetheror not badgroundprocesses
aredemandng CPUtime.

The sensorsuite on the UAV consistsof anintegated IMU and GPSreceiver, air-dataprobe,hall-eff ect switch
measuring propeller shat RPM, and hal-effect sensorsmourted to eachcontrol surfaceservo to measurethe
deflection angke. The IMU containsthree-axis accéerometes, magretometes, and rate gyros (solid state),andis
integratedwith the WAAS-equippedGPSrecaver to provide a filtered aircraft state vector The air-dataprobe
containsstatic andtotal pressureports, and angle-of-attack and angke-of-sideslip vanes It wascugom mountedto
the port wing of the UAV, and an electonic ani-aliasing fil ter was connectedto the output of the differental
pressuretransducerto reduce high-frequency noise before A/D signd conveasion. The hall-effect sensors are
mountedto the servosand provide a usefil chek ontheir operaton by giving advancd warning aboutthe failure of
anyof thecontol surfaesto moveto thedesireddeflection.

The flight contol devices on the UAV are:throttle, ailerors, elevator, rudder, flaps and nosewheel direcion.
The actuabrs that drive thesecontrol surface are typical of any largeradio-cortrolled aircraft: high speed high
torque hobby servossuppliedby Airtronics The servostake a Pulse Width Modulated(PWM) input signal that
commandsan angular disdacement, ard an internd feedback mecanisn maintains this displacementin the
presenceof disturbane inputs The aviorics compue the appropriatecontrol surfacedeflectionsand serd themall
asamessag packetover a seial line to anoff-the-shelf servo cortroller. Tha controllerinterpretsthe commanded
displacemenandgenerates the appiopriatePWM sigral, whichis theroutedto the servo.

" Simulinkis acommecial simulation packag purchasel from The MathWorks at www.mathworkscom.
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Figure2. Measured aileron deflection and 3rd degree polynomial approximation for calibration.

B. Servo Control

A high fidelity simuldion requires the avionics conputerto serd commandgo the servos ard readbackservo
deflectionsexacty asit would in flight. This incorporatesinto the simulation suchrealstic featuresascommand
andresponselelays and electronic noise effects. The avionics compuer was phydcally wired to the sewos via a
saial conredion to a commerial sevo controller and a PWM signal to the servos Functionswere written to
initialize the serll port, packetize the sevo commandswith a messag healer and checksum, and buffer the
chaacterstringsthat compiised the messageao they could be writtento the serialport  Specia two-way command
andcontrolfunctionswere also written to corfigure and communicae with the servocontroller.

With the ability to sendbasicconmandsto the servosthe next taskwas to setdiredion conventiors and place
sone software protectionsin front of any call to change the contol suface deflectims The servo protection
function was creaed by commanding ead control suface to move to the limits of the physica linkage on the
aircraft and measiring the value of the input at tha point. The servo command function always chedks the
commandeddeflection agand this limit and charges the commandto the limiting value if it is outside the
predetermmed bounds.

The PWM commandgo the sevos are in microseondsof high voltage (4.5 V, typically betweenl and 2 ms
with an overall wavelengthof 20 ms), so a convesion function betweenpulsewidth andradianswasrequred. A
table of the deflection values in radians versuspulse width was creaed for eachactuator,and a third order
poynomialfit to thedata An exampleof suchafit is givenin Figure 2. This appro&h presimesthe servo pulse
widths will consigently drive the sevos to the samedeflections, and precludeschangingthe lever arms of the
control surface or the orientation of theaduatbr. This assurption hasbeenborne out overa yearof opaation asthe
savosconsstertly returnto the samedeflection for a given pulsewidth command.

C. Sensor Inputs

The physical connedions beweenthe sensorsand the avionics conputer comein two flavors: the integrated
IMU/GPS conrecs over an RS422 serial line, while the hdl-effect sensors, differential pressire transducer,
propellershaft RPM sensr, anda andp angle sensorgande of attadk andangle of sideslp, respedtely) conned to
anA/D conversonboad attachedto the CPU.

A calibration of each sensormust be performed following conpletion of the physical wiring. The ided
approachwhich provides calibration daia for the RPM sensor,pressuretransdica and angle sensorsand helps
refine theaircraft modd, is to fly the UAV underdired pilot controlfrom the groundusing the RC link. This option
leveragesthe software and hardware systens alrealy onboardthe UAV to measureand recad experimentaldata
andsaves a significant amountof time if the aircrat is designé to beflown by aremotepilot. The drawvbackto this
approachs the needfor a full sdety analysisandhardware checkou at an early stage in the UAV'’s developnert.
This calibration methodis currently being pursued but hasnotyet beencarriedto conmpletion.

The hall-effect sersors are calibratedby commandinghe servosto move to the predetemineddeflectionpoints
(which were measired during construdion of the PWM-to-radianmgpping) and averagingseveraldozenreadngs
on eachsensorat each of thosepositions. As noted aboe, this doesnot ne@ssariy return the absolutedeflecion of
the control sufacesif the servo positionsdrift over time, but it will allow a warning flag to be raisedif the
commandeddeflection is significantly different from that meaured by the sen®r. A calibration matrix is
automaticdly corstructed as part of the initialization routine at powerup, and from that point on used to trarslate
sensorreadngsinto actualangulardisplacemetts.
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Tablel. Sensor datarates

Thefinal consideratian in writing the sensordriver ["gonoor Data Rate (H2)
sdtware is to ensue the desirel rates of sensor [ 50
readingsis not faser thanthe CPUcanhande while it 55" pitterential Pressue 10
is conputing control commands, commuricating with ADP— o andp vanes 10
the ground, and carrying out the myriad othe tasks Hall sensors 10
associatedwith piloting the UAV. The appiopriaie PropellerShaft RPM 10
senor rates were determined by this CPU spead nge erona 10

consteratia, the desirel frequencyof the individual
data types,and the capaity of the wiring itself (a particular concen for the large datavolumescoming acrass the
relatively sow seriallink). The senso dataratesselected from theseconsideraions aredisplayedin Tablel.

I1l. Simulation

Thekeyto ersuringa UAV is safeand its control sysemrobustis a rigorousprogramof testing andsimulation.
This canusually be acoomgishedby execuing several cyclesof design, test,andsimulafon at the highestpossible
fidelity, which this sed¢ion descibes. The simulaions usetwo framesof reference an EarthCertered, EarthFixed
(ECEF)frame ard a body-axis frame, both of which aredefinedin the usualway."*° The systemusedto reference
Earth’sgedd is WGS&,'° and standardEuler argle conventionsare used. Whenunit vectorsareenployedin the
following sectios the appropriate frame will be desigrated by using eitherb or e with the relevan subscrips (e.g,
g, for the Eart’s rotation axisor b, for the body-fix ed pitch axis).

A. Nonlinear Simulink Simulation

The initial simulation of the UAV was implemented using the Mathworks’ block diagrambasedsimulation
utility, Smulink. This softwae was sekctedbecaise design and constuction of the simulation would be fairly
rapid, a large number of addon tools (“todboxes’) were avdlable to simplify aralysis of the modelsand control
systemandbecausit is easyto expand andmodify.

The heartof the nonlinear simulationis a set of lookup tables that interpolae the valuesof the stablity
derivatives as functions of angle of attack and sideslp. These derivatives are convated to the appropriate
coefficients(lift, drag,x-momen, etc) through multiplication by same conmbination of aircraft and environnentd
states(dynamt pressue, referencelenghs and areas.etc) and summingof the variouscomponentof the specfic
coefficients(e.g, C. = Co+Cis+Ciq+Claieronst...). Thederivative lookup tables themsdves were obtainedfrom a
pand codedevelopedat NASA Ames calledLinAir.*

The highestlevel block diagram of the simulaton is shown in Figure 3. The block labeled “UAV Model”
containsall the necessarysimulation emvironment datg, including atmosphericconditions,aduator saturation, and
aircraft dynamcs The “Sensa Modd” blodk contains the sensor emuhtion code with basline modelsof each
sensor,noisy outputsof the actud envionment varigblesto replicaie sensoroutputs,ard unit conventionghatmatch
theacud sengrs.

u_lon in 4@—> u_lon x_lon—®|x_lon » (1D
- lon
@ P Time y_sensors y
Clock u_lat in —P@ »u_lat x_lat—®{x_lat (2
A ylat
Reference Input UAV Model Sensor Model
Feedback Gains

P time Ref State

Ref trajectory generator
Figure 3. Block diagram of Simulink Simulation. Thick vertical barsrepresent the combination or
separ ation of the longitudinal and lateral states.
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Figure 4. Response of UAV in Simulink non-linear simulation to a doublet input in ailerons.

The “Referencdnput’ block is primaiily usedin the validation of the simulaton andis not the reference input
that would normally be usel to drive the aircraft alongthe nominal trajecbry. The inputsrequred to follow the
nominal trajectory are part of the simulaton but are not shownon the diagrambeausethey would unnecesarily
clutterthefigure. This block containsa seriesof switchesthat allow the expermener to senda unit impulse, step,
doublet, or zeroinput to any or al of the contol surfaces. It is not interded for use with the feedbackcontraller.
This setupwas found to be useful at each stageof the simuation becauseit built in a method for ensuring
consbtencyateverystep

Thesimulaton hasseveal features beyondthe standard aircrat dynamicequaions thatintroducegreaterealism
to the test. Thos dynamic equatias are stardard and can be found in many aerod/namicstexts**** Features
currentlyimplemerted in the simulationincludea staic wind field and atmosphen propertes that arefunctions of
altitude.Futurework will implementa spatidly conplex, time-dependentvind field, a moredetailedengne model
variationin the CG locaion, andothe characterists thatimprovethe simuation’s realism.

The resporse of the nonlinear UAV model to initial condiions nearthe cdculated equilibrium, assuminga
nominal forward thrust, was cheded to ersure satsfactory performanceof the norlinearsimulation. The aircraft
startsat aninitial angleof atad of 0.61degres at a body-axis longitudinal velocity of 208 m/s, andremans at this
equilibrium sibject to the caveats discwssal in the following section. The phugoid mode of the aircraft is
approximately 10 seconddong, areasmablenumber for anaircraft at thistrim speed

The respones to the sameinitial conditions, but subjct to a dowblet inputin aileronsis displayedin Figure 4.
The longitudinal dynamics arelittle affeded by this input, but the roll and yaw angles slowly beginto diverge. This
yaw instablity may be causedby a combiration of the large payload pod centeredon the fuselage and the smal
vertical tail. In any case,the slowdivergenceof theresponseuggeds tha modeshould be controlable

The nextteg of the simuldion waswith a stepinputto the elevator, the resuts of which areshownin Figure5.
The 3° input correspondgo a pitch-up maneuverijn responseo which the aircraftbeginsto climb. The oscillations
tradekinetic andpotential energywith a period of abouttensecondsglosdy matding the phugoidmode

Step, impulse, doublet ard combindions of thoseinputs were tesed for eat acuaor. The responsesall show
appropriateand expeded behavior, lending crecence to the conclusion that the nonlinear Smulink simulation is
accurateenaughto design the control systemard validate the stabiity of the systemnearequilibrium.
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B. Linear Simulink Simulation Table2. Statesand inputsof the linear UAV

The nextsimulaion step leadng to the devdopmentof the  model
control sysem is to lineaiize the equatons of motion and [ gtates: X Inputs: T
che_:k_ that the linear system matces the n_qnl_mear one f(_)r X postion (vertica) 5. ailerons
suficiently large departures from equilibrium. This
linearization can be done in seveal ways, all based on
andyzing the contributions of the stability derivatives to the
aircraft dynamicsnear a seled¢ed equilibrium value. While it is
straghtforwardto comeup with the stateequationamanually
Smulink provides a built-in lineaiization function tha is fast
andefficient andofferseithe manualor autormatic sekcion of
the operatng point. The nontlinear simulation wasrearranged
so that each contol system input, given in Table 2, is
represated by an input port, and eachstae of the control | ¢ Euler angle(roll)
systeman output pott. This alows Smulink to use basic | ¢ Eulerangle(pitch)
perturbation methodsto calculae the effecs of the inputson | ¥ Eulerangle(yaw)
the statesnearthe selected equilibrium value. The operating
point usedfor the controlsysemdesignis thetrimmed flight stak, which wasgiven in the abovesection.

Smulink will auomatically create a stae spacerepresataion of the system onceit is given these parameters
This represent@n canbe analyzed usingMatlab’s step() and impulse() command; however it is simpler ard more
consstentto placethe stae spae modelin a secondSmulink simulaion so thatinitialization andanalyss routines
written for the nonlinear model can be reused The matrices comprisingthe linearmodel may be found in the
Appendixin Figurel0.

Theresporseof thelinear sysem showedgood ageenentwith the nonlinear sysemfor small departuresfrom
equilibrium, ard differences betveen the linear and nonlinear simulaions are minor. The longitudinal veloaty
reachesa lower minimumin the linear simuation of elevator responsehan the nontlinear simulation, andthe pitch
anglereactesa dightly highermaxmum The aileron doubletresponsas nearly identicalin thetwo cags This
resut suggest that a steble controller may be designedor the actual UAV usingany of severalmethodshasedon
the linearmodel includingLQR or LQG, sucessiwe loop closue, or a gain scheduledcontroler.

Linearizaton of the UAV dynamicsallows a quick check of the validity of the UAV modé with regectto the
yaw instabilty shown in Figure 4. If the aircrat is truly unstdle that fact shoul bereflectedin the statetranstion
matrix’s eigenvaluesas long as the linearization was carried out correctly. The state matrix hasthree ungable

Ye postion (longitudinal) Je €levator
Z, position (lateral) J, rudder
Uy, long. body-axisCG velocity | d¢ flaps

V,, lat. body-axis CG velodty oy throttle
w, vert. body-axis CG velodty
p aircraftangular rateaboutx
g aircraftangular rateaboutyy
r aircraftangular rateaboutz,
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Figure5. Response of UAV in Simulink non-linear simulation to a step input in elevator. Dotted green
linein upper left graph isthe unperturbed trajectory of the aircraft.
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eigevaluesat x=0.02+0.66 and0.08 A modalanalysisshowsthatthe conjugate pair of eigenvaluescorregpondsto
an unstablephugoid mode which caugsthe UAV to experieme oscilations that grow to an amplitude of 10 m
within abaut threeminutes. Thereal eigevaluecorrepondsto the spiral mode discus®din the above section and
referencedasyaw instability. Tha instability is alsoslow; the linear model analysisindicatesthe yaw would reach
45 only after three minutes. The UAV has beenflown manudly by an RC pilot so these instabilitiesare slow
enoughnot to require special compensabn; howeer, the presere of suwch dynamics probably suggess the
agodynamicmocdel shouldberevisitedto ensureno otherunforesea problens are presert.

C. Hardware-in-the-loop Simulation

Seveal appoachesto implementing a hardwarein-the-loop simuation are possble. The first simulation
archtectureexplored involved sending simulated IMU, GPSand air data probe datato the UAV’s avionicsfrom
Smulink over a serid line. The hdl-effectsersorscould directly measurethe servodeflections andso did not have
to be simulated in this way. The avionics would then calculate the control commandsbasedon the reference
trajectoryand real and simulaed sensordatg and the control suface deflectons would be sentbackto Smulink.
The onboardsoftware would therefore be idertical to the flight software except for the smulated sersor data.
Smulink would handlethe mockeling of the atmogphee, environment and motionsof the aircraft, thereby providing
the highes fidelity testingof the autopilot possiblewithout actially flying the UAV.

Unfortunaely, this plan did not work becauseof the lack of an externd interface (e.g, serial) from within the
simulationandbecauge the avdlable versim of Smulink did not allow reattime executio. This lastproblemwas
the critical limitation becausethe two simulations coud not be synchronizedwithout additional Mathworks
toolboxes (Realtime Workshop). This apprad is only mentoned as a les®nleaned in the hope that othe
researcherswill not alsoattemptto apply commercal toolsin ways theyarenotintendel.

An alternaive approac was exploral in which the entire simulation was codedin a Matlab “.m" file. This
alleviated the interfae problem becausea customserial driver may be progranmedin Matlab. It also partially
sdved the real-time exeation issue by allowing time stanps to be exchangedat each integrationstep, which
synchronizedhe two programs’ execution. Howeve, the execuion of the simulationusing this mehod wastoo
slow for reattime apgdication.

The moststraightforward andflexible, if also mosttime consumingesoluton to thes problemswasto codethe
entiresimuation in C on the avionicscompute. Therewould be no interface problems because all agpectsof the
simulationwould run on a single machine, the progran would execute quickly ermugh becaus C is a compiled
rather thaninterpretedlanguageandthe simuldion could be exeatedin red-time by using blocking processs and
wakeuptimers It is also an inexpensiveoption becase no addtiond softwareis neecd. The main drawbacks
were the neeal to write a new, complexsimulaion programin C andto validatethis simulation’soperationagainst
the Smulink model. However,somefunctions required in the final flight cortrol softwarewere written during the
avionicscompuerimplenentdion of the HITL simulation sothis apprach did hawe ancillary benefits.

The state data receivedfrom the sensorsduring flight will contain non-negligible noise compments, so the
sensordatain the HITL simulation requiredconparabledegradatn. A relaively simple noisemodel was created
for eachsensorby meauringthe meanandvariane of the sensor outputfor a single operatingpoint, usualy when
the sensorshauld be reporting a zero measurerart. For instanc, the noise was measured on the differenial
pressuretransdicer, which outputs the differencebetween total and staic presure, when the difference was
theoreticallyzero. This method doesignorethe potertially differenterrar chaactergtics of the sensorwhenit is at
the limits of its output (e.g, maximum pressue differencg, butthe methodis agoad first orderappioximationto the
true flight envdronmentandcan be mademoresophisttatedwith measwementstakenduring RC flight. A detaled
disaussionof the hall sensomoisemodelis given in Secton IV -C.

Validation of the HITL simulation was dore in the samemamer as validation of the linear smulatiort the
responseof the UAV to open loop impulse,stepand doubletcommands was measwed andcomparedwith the nont
linear modelin the Smulink simulation. In generalthe HITL simulaion showsgoodagreementvith the non-linear
simulation, but sevea minor differenes remain despite extersive debwgging and laborious compaisons. An
exampleof the UAV’s opeaation in the HITL simuation, subjed to control inputs will be discusgdin SectionV.
Most of the statedif ferenesbeweenthetwo simulationsfor a given contol input are smdl (lessthan10%),andthe
benchmarkcomparisoncaseg(elevdor stepandaileron doubkt) acarratelyreproducehe resdts shown in Figure4
andFigure5.
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IV. Control System

The HITL simulation's primary purposeis to assesghe control system’sstallity, error characteristicsand
spedl of resporse. This setion discussesseverakemaning aspecs of the overall contol systemjncluding creation
of arefererte trajectory, modding the sewvos for inclusion in the overal control system,designinga filt er for the
hall effectsersorsto enale closed loop feedbackof servopostions,ard the design of abasiccortroller.

A. Reference Trajectory

The generaibn of a referencetrajectoryprovedto be one of the mostinterestingand chdlengingaspectsof the
project. In generalthe existenceof a referencetrajecbry is frequenty takenfor grantedin control systemdesign
However,a number of informdive texts on the subject do exist that were usedas a startng point for the curren
design**® Forthis UAV appication, the goalwas acairatetracking of posiion with time. A two-stageprocessvas
designedto provide the referencetrajectory: the first would be a hybrid analytial/heuristicalgorithmto placea
continuoustrajectay between each waypoint, assigh a velodty to segmens of the trajectory and rehuild an
auxiiary pathbackto the original trajectorywhenthe UAV passes given error threshold;the secondstage creates
the full-stae reference providing each statelistedin Table 2 atany time alongthetrajectory

The approachto designinga control systemwith which to exercise the HITL simulation wasto usea simple
Linea Quadratic Regulator (LQR) becausethis method would quickly provide adejuate feedback gains. A
drawbackof the LQR, howeve, is the needto know the full referene state at every time step. While this is
relatively easyto do for position, stateslike the Euler arglesare nat nealy asstraichtforward. The mostgeneral
approachwould be to numeically solve the full s& of nonlinear equationstha descrite the aircrafts dynamics;
however,a simpler approachis to calculae a roughapproximaion to the lessimportant statesand desgn the LQR
sothaterras in thosestaescary little cost Only postion or velocity stat errars would be heavily weighted so
potentially good trajectory following could occu even without good a priori knowledgeof the completereference
state. Theequationsusel in this methodare:

— -1 Ze(t)_ze(t_l)
vit)=ten {ye(t)—ye(t—l)}
) ki1 X (D)
O(t) = y(t) + a(t) = k*sin (ub(t)) 1)

with k ~ 2 ard y theverticalflight path angle

H(t) = tan'{vf(t)%‘t)}

The Euleranglesandground position varigblescan be numerially differentiatedand filtered, and the remainirg
statevariabks(body axis velocitiesandbody axis anguar rates)calculated from the aircraftdynamicalequaions?
The poores assumption made in Eq. (1) was to setthe consantin the @ equdion equalto 2. This sd the angleof
attack for azeroclimb rateequalto the current flight pathangle (sincethe inverse sine term isthe flight pathangle).
For the expeced slow climb ratesof this aircraft that approximaion should be sufficient. Saome simultaneous
sdution or iterafon of the above equationsis necessey, but the prodem hasbeensignificantly simplified while
remainingaccurateenowgh to pemit a control solution, as will be shownin Sedion V.

B. ServoModel

The servomodel was computel by feeding a chirp signd into the servosand measurig the regponseusng the
hall sensors Becausehe hall sensorshavea direct analog connetion to the avionics computerandthat signd is
being samped at 200 kHz (rougHy 10 kHz per hall sersor) it was assumedthat the sensoroutput would be
suficiently fastwhen compaed with the mechaical sevo responséha its dynamicscould be neglecte. Theinput
signal beganat a frequencyof n rad's and increasd lineaty with time to 5z rad/s 30 secands later, with an
anplitude equal to the maximummechantal range of the servo. A bodeplot of the servorespones computedusng
the Matlab SystemID Toolbax is shownin Figure 6.
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Seveal servomocklsof varying order werecreatedby feedirg this dat into the Matlab SystemlD Toolbox, with
the transfe function of the bestfitti ng model being:

Y(s) . 216

U(s) (s+147) @

o

To validate the servo model a set of full rarge of
motion stepinputs and constantamplitude,high frequency
inputswas sentto both the sewos andthe seno model It
was observd that the model predids the output of the
savos well. The modd was then insered into the
Smulink simulation, linearized around zero degees of

Magnitude (dB)
n

N
==

deflection to obtain the linear modd, and codedinto the

HITL simulaton. The above simuldion results
incorporatedonly simplerate and sauration limits, but the 2
following contol systemtests usethe modelgiven in Eq. b3
(2). =
A
. . -135% '
C. Kalman Filter for Control Surface Sensing 10° Frequency (rad/s) 10

It was necessaryto measue the accuracy of the hall ] ]
sensors to deermine whether they could be used for ~ Figure6. Bode plot of the servo response, obtained

closedloop measirement of the control surface fromaninput chirp signal between z and 5z rad/s.
deflections or whetherthe servooutputhad to be modeled

from the opentloop sevo commands. The manufctuer of theseparicular hall-effect senors describe the outpu
(over 60 degees)asrangingbeween0.5and4.5V, with an accurag of 0.025V. Theaccuracyoversucharangeis
just 0.375 degreeswhich is abaut 10% of the full scale magitude To confrm these data and quantify the
magnitudeof the senso noise the outputof the hall sensorwas measuredwhenthe servowasstatiorary. The raw
outputof the hall sensormounted to the flap servoin this case is shown in Figure 7 in blue. The meanvalue of the
outputnoiseis -0.0639degrees,the variance is 0.055degees, ard the range is 1.045degrees.

A Kalmanfilter can often reduce the randomnoise from a sensor ard provide a betterestimateof the actual
output.The measued error distribution of the hall sensoiis not perfecly Gaussianbutit is close enoudn to conside
a Kalman filter implementation. The canonial filter assume®only a white noiseinput, but in this casethe servois
being drivenby thecontrd systemandsotheinputis not entirely random. However the systemin questionis linear
so the estmae canbe demmpose into deterninistic (se'vo commauls) and non-deterministt (hall sensornoise)
conmponens and eachestimated sepamately® The determiistic estimae is trivial sinceit is just the output of the
abowe servomodel, while the non

deterministic  noise input is 06

H H — Hall Sensor Measurements
estimatedrom the noisemeanand R g i
variance values. The improved 0.4

outputusingthis techniquewith a
zero input sigral, along with the
raw signal,is shown in Figure?7.

o
N
I

D. Control Law Development
The most succesful control
straegyteded onthe UAV wasan
LQR operating on the 12 states
listed in Table 2, with the sucess 04
criterion being the minimum
position error with respet to the ‘ L ‘ ‘ L L

Deflection (deg)
o

o
)

. 0 5 10 15 2‘0 25 30 35
reference  trajectoy. Othe Time (s)

stretegiesthat were exanined but  Figure 7. Kalman filter resultson hall sensor output given no input to
neve carriedto anequivalentlevel  the servos.
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of maturity included sucessive loop closue, feedbak linearization, model predidive control and generéized
predictive contrd.® In the LQR strategy the continuoustime stae spacerepresentan of the linearizedmodel was
convertednto adiscrete time representdabn according to:

A =Y AdT

By =A"(A,-1)B 3)
C,=C D,=D

wherethe subgript d representsthe discreteequivaknt, A* isthe pseuwo-inverseof A (becauseA is not of full
rank A does not exist), anddT is the time stepof the discretesysem. The weighing matricesQ andR of standad
LQR design which determine the costof non-zerovalues of the stateerrorand input, resgectively, wereselectedso
that errorsin position costsignificartly more thanerrorsin the other states The flap inputsarependized morethan
the otherinputsbecausehe useof flaps outsidetakeoff and landingoperatbns is not a standardway of controlling
anaircraft. A paraméer g multiplies Q to changethe relative costof stae errorsversusinputs. For this first, basic
implementaibn of the contrd systemthe approachwasto simply increasethe value of g until the UAV respnseto
position errars greate than20 m wasunstdle. When errars greaer thanthatthreshold occur theavionicsreplanthe
referencetrajectay.

V. Control System Resultsin Simulation

Thefollowing reaults of the contrd systemdesignwereobtanedusingthe full stateLQR de<ribedin theabove
section, andonly the positioneror betweenthe reference and actual trajecbries was usedto calculatethe cortrol
inputs. For the Smulink nontlinear simulaton the contoller is coninuous time, and the tracking of a sinusidal
referencetrajectory is relatively good with postion errars lessthan 1 m. Control power requrements were not
excessive, with a maximum aileron deflection of about3”.

TheHITL simulation wasrun unde the same conditionsasthe Smulink nontlinear simulation:no nominal,feed
forwardinputs to articipate tumns, a se'vo modelto providerate anddeflecion limiting, andartfici al noise addedto

Position vs. Time Velocity vs. Time
20 ; 3 ~ 20
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Figure8. UAV closed loop responsein HITL simulation, using an L QR to track a sinusoidal input in the
lateral direction: zref=20*sin(2xt/20).
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the sensoroutputs. Noise wasalso presentin the hall effect sensordecausethey were not being simulatel. The
flight control softwae had bean written and usel in the simulation to gereratea refererce trgectory, measureand
recordthe sersoroutputs, and model the aeralynamics of the UAV.

The responseof the UAV in the HITL simulationwas measuredfor a sinusoidé lateral reference trajectory of
anplitude 20 m and period of 20 seconds andis shown in Figure8. The trackingof this referencanput is not as
accurateasit is in the Smulink simulation, aresut likely dueto the additional noise in the hardwaresydems Beter
tradkking canbe obtainedwith a highervalue of u4 (the tradeoffbetweeninput cog andstate error cost),but the full
control sysgemwill usethe nominalfeed forward inputsto track a sinusadd refererce trajectoryand so the higher
gainmay be counter productive, espeially in the presece of incressedsensornoise.

V1. Conclusionsand Future Work

This paperhas discussedthe integraion of an avionics computer with sensas ard acuators desgning and
implementng se\eral typesof simulationsto assistin the desgn, implemertation, andteging of a cortrol system,
and evaluaing a contrd law throuch an HITL simuldion. The simuation's implementationhas largely been
conpleted,although additiond functionsremainto be addedto increaseoverall fidelity. Examplesof nearterm
changesinclude a bette model of the propulsion sysem, addiion of more realistic sensornoise characteistics
includingbiases andinclusionof the nominalinputs required to follow anarbitrary trajectory.

A control system hasbeen designed codedand tested, and shows decent dynamic reponsecharateristics for a
first implemenation, but significant additiond work will be required to field a flight-ready sydgem. The common
approachof linearizing the dynamicsaroundseeral operatng points and mode switching betweenthem during
flight will likely be discardedin favor of more genga techniques,including feedbacKinearizationand generalzed
predictivecontol.

A shortterm goal of the project is to evduate addiional simulaion archiecturesusing more sophisticéed
andysis tools to automatethe process of simulaion, control systen desgn, and coding Tools that warrantsuch
evduationarethe Realtime Workshop (RTW), RTW Embedded Coder (which writes C codefor RTW), the Sateflow
andSateflow Coder toolboxes,andthe Aerospace Blockset. TheseToolboxeswill allow the construdion of a more
sophisticatedandflexible simulaion, desgn of the contol systemwithin Smulink, andautomaticgeneratiornof the
coderequred for the flight control system. The tradeoff in ther useis the additionaltime spent learninghow to
apply themto a UAV projea andtheir considerablecost versusthe higher antidpated productivity andincreaed
UAYV functiorality andreliability .
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Figure 9. Block diagram of UAV hardware systems. DPT isthe differential pressuretransducer, green lines
are commands coming from the avionics, red lines are sensor data, magenta lines are analog signals, and blue

lines digital signals. The name of each component is at the top of the box in black, followed by the names of

the inputs and outputs color coded according to signal type.
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Figure 10. Reduced-order state space matrices of the UAV model linearized about operating point given in
Section I11. The statesand inputsaredefined in Table 2. Position and angular statesare not shown.
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