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Development of a flying test bench using small UAVs
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This paper describes a development of lifting body type UAV and its test flight. The
span of the developed UAYV is 42 cm and its weight is 350 g. It was equipped with a flight
computer, sensors and a GPS antenna, and an autonomous flight can be performed.
After wind tunnel experiments, its dynamics was modeled and a stabilizing controller
was designed by H-infinity control method. The navigation and guidance system was
designed using PID controller, which enables waypoint tracking. Numerical simulations
and flight tests were carried out and the designed flight system was validated.

Nomenclatures
a = Angle of attack
p = Roll rate
q = Pitch rate
r = Yaw rate
@ = Roll angle
o = Pitch angle
a, = Longitudinal gust component
B = Lateral gust component
O = Aileron deflection
O = Elevator deflection
1y, = Noise of roll rate sensor
n, = Noise of yaw rate sensor
A = Root in a equation

I. Introduction

he Re-Entry Vehicle of next generation has been developed in several countries. In the developments, the

many challenging problems must be solved, for example, heat protection, path planning, flight control, and
so on. Generally, these problems are overcome with many experiments and simulations, and huge cost becomes
necessary. Recently, Unmanned Aerial Vehicle (UAV) technology has been developed and some aircraft are in
use. The small size UAV was developed in our laboratory and has demonstrated an autonomous flight. This
UAYV was equipped with a rate gyro, an accelerometer, a geomagnetism sensor, a GPS, an altitude sensor, a
wireless modem and a microcomputer. Because the equipped avionics have same functions as those of larger
aircraft, the developed UAV can be used as a test bench of an advanced flight control method. Additionally,
aerodynamic characteristics can be estimated in a flight. The smaller test model becomes, the lower cost
becomes. Therefore, a small Re-Entry Vehicle model with an ability of autonomous flight was developed and
flight tests were performed. First, mission profiles are mentioned. Then, the design and aerodynamics are
described. After the modeling of the dynamics, a flight controller is designed. Finally, numerical simulations
and flight testing are shown.
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II. Mission of gliding UAV

A Re-Entry Vehicle enters from the orbit of the earth, and its flight is divided into several phases. In each
phase, control purposes are different. In this research, final phase is focused on. The landing at the desired
baseis aimed at. In this phase, precise attitude control is necessary. The flight testing of this phase were carried
out using meter-sized test model."” The aircraft used in these research have a lifting body shape. Because the
lifting body aircraft do not have tails, and are designed for mainly heat protection, stabilities must be enhanced
by the controller. In order to estimate feasibility of aerodynamics and controller performances, flight testing is
necessary.

In this research, a small UAV of lifting body shape was developed and investigated. The controller at the
landing phase was validated and a feasible study of the lifting body Re-Entry vehicle was performed.

III.  Design of lifting body aircraft

There are many requirements for lifting body Re-Entry Vehicle. The non-classical shape results in
aerodynamic characteristics without enough stability. This challenging design requires high performance
controller and validation with flight testing. In this research, low cost flight testing of landing phase of Re-Entry
Vehicle was proposed. Therefore, flight model has a typical shape of a lifting body aircraft. Figure 1 shows the
constructed lifting body aircraft. The span is 39cm, the length is 42cm, and the gross weight is 350g. It has a
pair of elevons and a vertical tail. The body has avionics bay, where a flight computer, sensors, a battery, an
actuator and a wireless modem are installed. The body was made of styrene foam. This flight model has
aerodynamic characteristics derived from lifting body shape. The UAV has equipments of guidance, navigation
and control. Therefore, it can be used for the research about flight system and aerodynamic design.
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Figure 1. Designed aircraft model

IV. Modeling

Firstly, wind tunnel testing was carried out. Figure 2 shows wind tunnel experiments. The aircraft model was
mounted on the load cell, and aerodynamics forces were measured. Here, the wind velocity was 4m/s. Using the
measured aerodynamic data, the conditions of trim point and the aerodynamics derivatives were calculated.
Figure 3 shows lift and drag coefficients. No decrease of the lift coefficient with the increase of angle of attack
is observed even when an angle of attack is larger than 40deg. Its reason is that the aspect ratio is small.
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Figure 2. Wind tunnel experiments Figure 3. Lift coefficient and drag coefficient

From the aerodynamic derivatives, linearized 6-DOF dynamic equations were formulated.
Longitudinal motion:
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Lateral-Directional motion:
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Here, w,,, and w,, are disturbances. The trimmed forward velocity is 6.4m/s and the trimmed angle of attack

is 0.47rad. This trim condition depended on the gross weight. The aerodynamic derivatives relative to angular
velocities were estimated analytically.’® The characteristics of the dynamics were investigated using the
eigenvalues. The eigenvalues of the longitudinal dynamics are as follows:

A, =-130£4.49, 2, =-0.66

They consist of a pair of complex values for stable short period mode and a negative real value for phugoid
mode. The eigenvalues of the lateral-directional dynamics are as follows:

A, =—-403, 2 =-092+7.83, A

ro Dutch roll spiral =0.73

They consist of a pair of complex values for stable Dutch roll mode, a negative real value for stable roll mode
and a positive value for unstable spiral mode. The instability in lateral-directional dynamics of Re-Entry Vehicle
has been reported in Ref. 4. Similar instability appears in the present UAV of lifting body type. Additionally, in
a flight at a high angle of attack, the controllability of the control surfaces is degraded and sometimes they
reverse. This makes controller design difficult. Controller design of the unstable lifting body UAV produces a
useful knowledge which can be applied to developments of a Re-Entry Vehicle.
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V. Stabilizing controller design

The design goal is to accomplish flight testing in landing phase. The flight envelope of a Re-Entry Vehicle is
large. In this research, a design point of gliding at a medium angle of attack is used. Here, the velocity is 6.5m/s
and the angle of attack is 27deg. This trim point depends on the gross weight of the aircraft. Therefore, mission
equipments change the weight and trim condition. This paper treats a flight model without mission equipments.

The controllers were designed for the longitudinal dynamics and lateral-directional dynamics separately. In
both the controllers, robust stabilities subject to aerodynamic uncertainties are necessary. In order to guarantee
the enough robust stability, H-infinity controller was used’. The design requirements for the longitudinal
dynamics controller are as follows:

1.  Robust stabilities subject to multiplicative uncertainties at output side are ensured.
2. Responses are suppressed for longitudinal gust.
3. Deflection angles of elevons are suppressed.

These requirements are formulated in a generalized plant (Figure 4). The H-infinity controller was obtained
which minimized H-infinity norm from disturbance to controlled output.
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Figure 4. Block diagram for longitudinal dynamics

The design requirements for the lateral-directional dynamics controller are as follows:

Robust stabilities subject to multiplicative uncertainties at input side are ensured.
Responses are suppressed for lateral-directional gust.

Deflection angles of elevons are suppressed.

Sensor noise is taken into account.

YD =

These requirements are formulated in a generalized plant (Figure 5). The H-infinity controller was obtained
which minimized H-infinity norm from disturbance to controlled output. These controllers attain a stable flight
with existence of acrodynamics uncertainties, gust inputs and sensor noises.
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Figure 5. Block diagram of lateral-directional dynamics

VI. Guidance and navigation system design

The inner loops are constructed from the airframe dynamics and the designed controllers. It attains stable
flights. By inputting appropriate commands to the inner loops, an autonomous landing is attained. For the
longitudinal dynamics, a flight path angle is input as a command from outer loop. In this research, a single flight
path angle of -25deg, which is a value at trim condition, is used. For the lateral directional dynamics, a bank
command is input. Bank command is determined by the heading error using PID controller. Figure 6 shows the
outer loop of lateral directional dynamics. This guidance and navigation system attains a waypoint tracking.
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From the position measured using GPS and next waypoint, an error of heading angle was determined. The error
of heading angle was input to PID controller, and bank command is generated. Bank command is input to the
inner loop as an additional value of aileron angle. Because the airframe dynamics was stabilized by the
controller, bound aileron input results in steady turn. The gain of PID controller was tuned with trial-error
manner.
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Figure 6. Guidance system

VII. Simulations and results

In order to validate the designed controller, numerical simulations for gust input were carried out. Figure 7
shows the input longitudinal gust component in an angle of attack, and Figure 8 shows the simulated
longitudinal responses. Because robust stabilities are enhanced, the controller decreases the pitching motion ¢
caused by the gust.
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Figure 7. Input gust component Figure 8. Response of pitch rate to gust-input

VIII. Flight testing

Numerical simulations can not take account of actual disturbances and uncertainties. Therefore, flight testing
is necessary to evaluate performances of the flight system. The flight model was constructed from a flight
computer, and several equipments. Table 1 shows equipments of flight model. The designed flight system was
implemented in the microcomputer after discretization with 20Hz. This flight model had an ability to attain
waypoint tracking at the trim condition that is a velocity of 6.5m /s, an angle of attack of 27deg, and a glide path
angle of -25deg.

The constructed flight model is launched from the launch system using a balloon. Figure 9 shows the launch
system. It was constructed from a balloon with helium, equipments to separate the flight model, and a cable of
DYNEEMA®. First, heading tracking experiments ware carried out. The Lifting body UAV was launched at the
attitude of 35m, and the heading was maintained to point to west. In this experiment, there existed west wind of
4m/s. After launched, UAV was pulled up, and a steady glide was attained. Figure 10 shows recorded errors of
heading angle every one second. The heading was stabilized nearly at the desired heading direction. However,
because the flight time was too short, perfect heading guidance can not be attained.
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Tablel. Equipments on flight model

Flight computer (MAVC1)
Accelerometer (onboard)
Rate gyro (onboard)

GPS

Barometric altimeter
Geomagnetism sensor

R/C Receiver

Wireless modem

Servo motor

Lithimm-Polymer battery
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Figure 9. Launch system Figure 10. Error of heading angle

Next, waypoint tracking experiment was performed. The Lifting body UAV was launched at the altitude of
80m, and it was controlled to reach desired waypoints. In this experiment, there existed a west wind of 6m/s.
Figure 11 shows recoded errors of heading angle every one second. After launched, UAV was pulled up, and a
steady glide was attained. Figure 12 shows measured position data every one second. Because the wind velocity
is almost same as the trimmed forward velocity, the gliding UAV could not reach the waypoint. However, the
airplane attitude was stabilized and its divergence did not occur under strong gust disturbances.
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Figure 11. Error of heading angle Figure 12. Flight record

IX. Conclusion

The lifting body type UAV was developed. This UAV aimed at a test bench in landing phase of Re-Entry
Vehicle. From the wind tunnel experiments, acrodynamic derivatives were calculated and dynamics model was
constructed. Using H infinity control theory, the stabilizing controller, which guarantees robust stabilities, was
designed. And the guidance and navigation system was constructed from PID controller. These flight systems
attain waypoint tracking. The flight system was implemented in the flight model, and the flight tests were
carried out. After it was launched from the balloon, it attained a stable flight.

Avionics, aerodynamic design and flight system design can be investigated using a simple and low cost
flight model. Especially, it is a great advantage to perform a flight test using inherently unstable aircraft at a
high angle of attack. From this research, the ability as a test bench was shown. The work to attain more precise
path planning and path tracking, and flight tests from high altitude are going on.

Acknowledgments

This research was supported in part by the Ministry of Education, Culture, Sports, Science and Technology
through a Grant-in-Aid for Scientific Research (S), 18100002, 2006.

References

! http://www.iat.jaxa.jp/info/prm/2007/018/01 html

Bernard, M,, Matteis, G. De, Corraro, F. and Vitale, A., “System Identification for a Sub-Orbital Re-Entry Experiment
Vehicle,” AIAA Paper 2007-6719.

3 Etkin, B., “Dynamics of Flight”, John Wiley & Sons, Inc., 1959.

* http://www.iat.jaxa.jp/res/fstrc/0a06_03.html

5Zhou, K., Doyle, J. C. and Glover, K.,”Robust and Optimal Control”, Prentice Hall, 1995.

Shttp://www.toyobo.co.jp/e/seihin/dn/dyneema/




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


