












information, including real-time data (traffic flows).  GIS
databases are being used to augment 3D views (building
heights, vegetation etc) for 3D displays.  We expect
airspace classifications are already included in these
databases making containment planning much simpler.
For recreational flyers park boundaries including internal
use classifications allow, or will allow, containment
planning to be automatic when the aircraft is switched on.

A. Failsafes
There are two failsafe regimes. One is externally

triggered either deliberately or by loss of radio
communications. The circuits supporting this are
independent of the Autopilot.

The second failsafe regime is initiated by the Autopilot
specifically the core FCS.

1) Externally triggered
The prospect of runaway aircraft is quite real and as a

consequence we have placed considerable emphasis on
implementing and testing our failsafe strategies.

The pilot at all times has over-riding direct RC of our
aircraft. If valid RC signals are lost for a period (2.5S) a
braking parachute is released to contain the kinetic energy
of the aircraft by limiting its airspeed to just above stall.
Release of the parachute physically cuts power to the
propulsion system.

The intention is not to lower the aircraft intact to the
ground but to prevent potential runaway as some of our
aircraft can comfortably exceed 50MS- 1 and possibly
double this in a full power dive before probable aircraft
breakup.

For longer-range missions, which are outside normal
RC range, the failsafe is triggered by loss of a low power
VHF beacon signal. If no beacon is present then loss of
RC signal triggers failsafe otherwise the Autopilot
assumes autonomous control.

The monitoring of RC and beacon signal integrity is
entirely independent of the FCS although the FCS can
also trigger, but not override, failsafe.

1) FCS triggered
For the FCS itself there is a hierarchy of failsafe

decisions leading ultimately to flight termination. This is
described by changes to the FCS state. If a particular
failsafe state persists for a timeout-period then the state
machine moves to a new state triggering some action.
‘Navigating’ is the default state.  If GPS signals are lost
then the state is changed to ‘Continuing’ where the
aircraft continues on the current heading (as determined
by zero yaw) and altitude.  ‘Continuing’ is designed to
bridge over a few GPS signal losses. If GPS is not
recovered then the state becomes ‘HoldCourse’ where the
aircraft climbs (or descends) to the failsafe altitude
followed by ‘Orbiting’ where the aircraft adopts a
maximum turn rate at constant altitude followed by
‘Terminating’ with throttle off, full spoilers/flaps.

If the altitude continues to increase, usually because of
thermal or ridge lift, the aircraft continues on the current
heading for a period and then resumes the descent orbit. If
the altitude still does not decrease the process is repeated
this time in a different heading.

The parachute is deployed once the aircraft descends to
a low altitude to minimize wind drift. Deployment

altitude is such that an aircraft that is traveling at high
velocity will be slowed to acceptable velocities prior to
impact. The ‘Terminating’ state cannot be exited by
recovery of GPS signals.

A fragment of the FCS failsafe program function is
shown below:

void UpdateLevMode()
{
  switch (Lev.Mode) {
  case Navigating:
    {
    if (ClockSeconds>=AbortTimeOut)
      {
      AbortTimeOut=ClockSeconds+AbortContinueTime;
      Lev.Mode=Continue;
      }
    break;
   }
  case Continue:
    {
    // stop any turn
    UpdateVarDesired(HeadingV, Lev.V[HeadingV].Current);
    // hold altitude
    UpdateVarDesired(AltitudeV, Lev.V[AltitudeV].Current);

    if (ClockSeconds>=AbortTimeOut)
      {
      AbortTimeOut=ClockSeconds+AbortHoldTime;
      Lev.Mode=HoldCourse;
      }
    break;
    }
  case HoldCourse:
    {
    if (ClockSeconds>=AbortTimeOut)
      {
      UpdateVarDesired(AltitudeV, DefaultAltitude+OriginAltitude);
      AbortTimeOut=ClockSeconds+AbortOrbitTime;
      Lev.Mode=Orbiting;
      }
    break;
    }
  case Orbiting:
    {
    // do orbit
    UpdateVarDesired(HeadingV, Lev.V[HeadingV].Current+
                  TurnFlare/2); 
    ContinueAbort();
    if (ClockSeconds>=AbortTimeOut)
      {
      Lev.F.FullSpoilers=true;
      Lev.F.FullFlaps=true;
      UpdateVarDesired(AltitudeV, -MaxAllowedAltitude);
      AbortEntryAltitude=Lev.V[AltitudeV].Current;
      Lev.Mode=Terminating;
      }
    break;
    }
  case Terminating:
  default:
    {
    ContinueAbort();
    if (Lev.V[AltitudeV].Current>

(AbortEntryAltitude+AltitudeHoldBand))
      {
      // fly straight to attempt thermal exit
      UpdateVarDesired(HeadingV, Lev.V[HeadingV].Current);
      AbortTimeOut=ClockSeconds+AbortThermalTime;
      Lev.Mode=EscapeThermal;
      }
    break;
     }
  }
}

A. Flight extension and mission planning
This is an entire report in its own right. In short we

have a number of opportunities to augment or extend



flight duration. To do this mission plans need to be
sufficiently flexible and framed so that the autopilot can
take advantage of naturally occurring energy sources
autonomously.

For SUAVs there is considerable opportunity to
exploit naturally occurring lift and hopefully to avoid
sink although as we have seen it may be necessary to
escape lift, particularly thermals, in some circumstances.

In some cases the desired arrival time at the next
waypoint may be relaxed such that the aircraft can take
advantage of thermal and ridge lift to save power. For
littoral missions we only have to observe birds ferry
gliding along coastal dunes or cliffs to see the
opportunities for extended patrol missions. The use of
environmental lift for flight extension, including our own
preliminary work [16] is seeing greater interest.

We are currently commissioning an in-flight solar
recharging system for the flight batteries of our aircraft.
Our initial computations indicate that the flight times of
our main research aircraft, even with their relatively small
wing areas, may be extended by a few hours.

I. AVIONICS POWER CONSUMPTION

A target mass of 50-75gm for avionics places
constraints on the architecture and physical manifestation
of the autopilot and associated sensors and control
actuators.

The power budget for computation to navigate and
control flight should ideally be less than 5% of the
aircraft’s cruise power consumption that in the case of the
P16025 would be 1.2W; this is difficult to achieve.

A. Control surface actuation
The total power consumption for the two elevon servos

on the P16025 averages approximately 0.6W with a peak
of 1.6W in turbulent air with a normal update interval of
22.5mS. This already exceeds our budget.

To reduce power consumption in relatively still air we
can lengthen the update interval or simply turn the servo
power off, relying only on its mechanical holding torque.

A. GPS and other sensors
The Trimble SQ GPS receiver power consumption is

100mW.  The balance of the sensors use an additional
30mW.

A. Computation
For larger aircraft the weight of wiring can quickly

exceed the weight of the electronics being connected. For
SUAVs the situation is not as clear given their smaller
dimensions.

Distributed architectures, with processors using CAN
Bus as the interconnecting network, have now become
well established in the automotive industry. They are also
being used in larger UAVs such as the Mark 4 Aerosonde
developed in conjunction with our university. The
principal drivers are wiring weight and modular
development.

For smaller SUAVs such as those based on the ARTF
MicroJet [3] it seems clear that the avionics will be
integrated into a single package including sensors, GPS
and data transceiver.

We ultimately chose to use a multiprocessor
architecture based on two programmable interface
controllers or PICs (Microchip 18F8722). The latest
version of the autopilot has the PICs, altitude and
airspeed sensors, GPS and yaw gyro tightly integrated.
The choice of a PIC implementation was driven as much
by curiosity as to their capability and the fact that they
were in use in our teaching programs. The code/data space
for the navigation and telemetry PIC is 12K/1K bytes and
for the FCS PIC 13K/800 bytes.

Future versions of the autopilot will use a high-
performance processor with adequate memory for
navigation, telemetry and extended mission planning
capability. Developers of processors for embedded control
and telemetry applications have been aggressive in
implementing power conservation schemes. By using
short bursts of computation as required and then sleeping
it is likely that the overall power consumption will be
less than that for the PIC implementation.

A dedicated processor, or possibly a field
programmable gate array (FPGA), will continue to be
used for the core functions of the FCS although the
principal strengths of current FPGAs lie more in high
performance image processing pipelines [10].

The autopilot is highly modular, written in C, and
already runs on a variety of platforms including
workstations and so we foresee little if any difficulty in
porting to a new processor architecture.  

I. TELEMETRY

The autopilot transmits all of its internal state
variables and flags to the ground once per second.  Each
major data structure in the program is sent as a separate
tagged packet.  The information transmitted is too large
to document here and can be best seen in the data
structure definitions in the appendices.

A simple pocket sized groundstation, which displays a
small subset of the telemetry data, has proved invaluable
and extremely practical for field trials. Telemetry data for
most trials is recorded and may be monitored in real-time
or replayed using a visualization tool [17].

I. CLOSING REMARKS

There are many elements of our autopilot that have not
been detailed here.  We hope however that some flavour
of what we have developed emerges.  We have found our
autopilots to be practical in use after several years of
flying and we believe they have a number of
characteristics, particularly those relating to ease of use
and safety, that will become commonplace.

There is a rapid increase in civilian applications of
UAVs and the somewhat more practical and affordable
SUAVs.  We expect the use of SUAVs will expand
quickly when it can be shown they can be flown safely
outside of normal civilian airspace.
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Appendices
//********************************************
// UAV Autopilot – P16025 Hacker B40/21L
//            5:1 Maxon 16.5x13 Aeronaut
// Copyright (C) G.K. Egan 2001-2006
//********************************************

const uint8 AircraftID[8]="P16025 ";
// Configuration default - Ailerons,
// Rudder and Elevator
#define ELEVONS
//#define RUDDERELEVATOR

//#define HASFLAPERONS
//#define HASSPOILERONS

#define UseAltimeter true
#define UseAirspeedIndicator false
#define UsePropellorDrag false
#define UseGliderStrategies false
#define UseZAxis false

#define LiP 0
#define NiMH 1
#define NiCad 2

#define BatteryType LiP
#define BatteryCells 9

#define AVIONICSUSESMAINBATTERY

// Throttle and Airspeed
#define MaxThrottle 80 // 13.5x11
#define CruiseThrottle 60 // 16.5x13
#define BestClimbThrottle MaxThrottle
#define ThrottleCutout 5
#define RestartThrottle 7
#define DescentThrottle 10

#define  StallAirspeed 82
#define  MaxAirspeed 270
#define  BestAirspeed 114
#define  BestClimbAirspeed (BestAirspeed+10)
#define  VNEAirspeed (MaxAirspeed*2)

// Pitch
#define  PitchSensorSense (1)

#define  MinDragPitchDeg (-2)
#define  BestLDPitchDeg 5
#define  LaunchPitchDeg 7
#define  MaxCLPitchDeg 11
#define  MaxFlarePitchDeg MaxCLPitchDeg
#define  StallPitchDeg 13

#define  MinPitchDeg MinDragPitchDeg
#define  MaxManualPitchDeg 45
#define  MinManualPitchDeg (-20)
#define  StallDescentPitchDeg StallPitchDeg

#define  BestClimbPitchDeg 16

// Roll
#define  RollSensorSense (1)

#define  MaxRollDeg 40
#define  MaxManualRollDeg 45

#define AileronRudderCoupling 0
#define AileronDifferential 80
#define AileronElevatorCoupling 20

// heading rate from roll angle
// (%) extrapolation to compensate between
// GPS updates
#define RollToHeading 50

// Servo sense and mechanical throw limits
#define ThrottleServoSense 1

#define  MaxAileronServoThrow 40
#define  MinAileronServoThrow (-40)
#define  LeftAileronServoSense (-1)
#define  RightAileronServoSense (-1)

#define  ElevatorServoThrow 40
#define  LeftElevatorServoSense (-1)
#define  RightElevatorServoSense (-1)

#define  RudderServoThrow 0
#define  RudderServoSense (1)

// Flap and Spoiler settngs below are for
// where there are dedicated control surfaces
// for these functions
#define  LeftFlapServoSense (1)
#define  RightFlapServoSense (-1)
#define  FlapServoSense 1 // for Flap mixer
#define  MaxFlapServoThrow (100)
#define  MinFlapServoThrow (-100)

#define  SpoilerServoSense (1) // always Y
lead
#define  MaxSpoilerServoThrow (0)
#define  MinSpoilerServoThrow (-0)

#define Aux1ServoSense 1
#define MinAux1ServoThrow 0
#define MaxAux1ServoThrow 0

// Control gains
#define DefPitchGain 35
#define DefRollGain 45
// Abort strategy



#define DefHardAbort false
#define HasParachute true

//********************************************
// UAV Autopilot – Data Structures
// Copyright (C) G.K. Egan 2001-2006
//********************************************

--------------------

typedef struct {
  uint8 BadAlmanac:1;
  uint8 NoRTC:1;
  uint8 NoAntenna:1;
  uint8 NoBattery:1;

  uint8 No3DFix:1;
  uint8 Mode2D:1;
  uint8 Mode3D:1;
  uint8 Fault:1;
  } TrimbleFlags;

typedef struct {
  uint8 DGPSMode;
  uint8 Status;
  TrimbleFlags F;
  } TrimbleState;

typedef struct {int16 Current, Desired, Error,
IntError;} VarRec ;

typedef struct {
  uint8 UseAirspeed:1;
  uint8 UseAltitude:1;
  uint8 ThrottleArmed:1;
  uint8 ElevatorArmed:1;

  uint8 Flying:1;
  uint8 StallAlarm:1;
  uint8 Gliding:1;
  uint8 Landing:1;

  uint8 AltitudeAlarm:1;
  uint8 FullFlaps:1;
  uint8 FullSpoilers:1;
  uint8 GroundProximityAlarm:1;

  uint8 PropellorDragOn:1;
  uint8 f8:1;
  uint8 f9:1;
  uint8 f10:1;

  uint8 RCLinkUp:1;
  uint8 Glitch:1;
  uint8 NavValid:1;
  uint8 MustLandNow:1;

  } LevFlags;

typedef struct  {
  uint8 NavArrivalAlarm:1;
  uint8 ReturningToOrigin:1;
  uint8 GPSValid:1;
  uint8 NavValid:1;

  uint8 No3DFix:1;
  uint8 WayPointValid:1;
  uint8 Flying:1;
  uint8 Landing:1;

  uint8 CameraOn:1;
  uint8 CameraShutter:1;
  uint8 OutOfBounds:1;
  uint8 f11:1;

  uint8 f12:1;
  uint8 f13:1;
  uint8 f14:1;
  uint8 f15:1;
  } NavFlags;

typedef struct {
  uint8 AvionicsBatteryVoltsAlarm:1;
  uint8 ServoBatteryVoltsAlarm:1;
  uint8 MotorBatteryVoltsAlarm:1;
  uint8 BatteryTemperatureAlarm:1;

  uint8 MotorTemperatureAlarm:1;
  uint8 MotorTemperatureNotAvailable:1;
  uint8 BatteryTemperatureNotAvailable:1;
  uint8 MotorCurrentNotAvailable:1;

  } AirframeFlags;

typedef struct {
  uint8 NavValid:1;
  uint8 No3DFix:1;
  uint8 Abort:1;
  uint8 ReturningToOrigin:1;
  // etc.
  } UpdateFlags;

typedef struct  {
  real32 Latitude, Longditude;
  int16 Altitude;
  int16 GroundSpeed;
  int16 Heading;
  int16 RateOfClimb;
  int16 EstHorizontalError;
  int16 NoOfSats;
  } GPSState;

typedef struct {
  int32 Time;
  real32 Latitude, Longditude;
  char PointID[8];
  int16 Altitude;
  uint8 Strategy; // + desired AS
  uint8 padding; // force 16 bit align
  } WayState;

typedef struct {
  uint8 ID[8];
  VarRec V[StateVars];
  int16 Controls[MaxControls];
  int16 RCCommands[NoOfCommandInps];
  int16 AttitudeSensorSwing;
  int8 GroundProximity; // 120dM max
  uint8 CommandState;
  uint8 Mode;
  LevFlags F;
  } LevState;

// inter processor FCS update
typedef struct {
  int16 GPSAltitude, GPSHeading,
    DesiredHeading, DesiredAltitude,
    AltitudeLimit;
  int8 Strategy;
  int8 AirspeedIncrease;
  UpdateFlags F;
  } Update;

typedef struct {
  int32 MissionTime;
  GPSState GPS;
  WayState Way;
  int32 ClosingRange;
  int16 WayHeading;
  char TurnAdvice, ClimbAdvice;
  NavFlags F;
  uint8 AirspeedIncrease;
  } NavState;

typedef struct {
  int16 MotorBatteryVolts, MotorCurrent,
      AvionicsBatteryVolts, ServoBatteryVolts;
  real32 BatteryDischarge;
  int8 BatteryTemperature, MotorTemperature;
  AirframeFlags F;
  } AirframeState;

typedef struct {
  int16 Altitude, Airspeed, GlitchCount,
        RateOfClimb;
  } BasicState;

typedef struct {
  uint8 S[MessageLength];
  int16 Value;
  boolean RaiseAlarm, Sent;
  } MessageState;

typedef struct {
  int16 WindSpeed;
  uint8 NorthLift,EastLift;
  int8 MaxLift;
  uint8 WindSector;
  uint8 LiftAdvice;
  } EnvironmentState;


