Dynamic analysis of ground steering response of aircraft
with electric taxi system
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Abstract. To provide taxi capability without the use of engines or tractor, electric landing gear
drive is considered as a potential system add-on. Driving torque and nose wheel steering angle
controller are established which are verified by civil aircraft examples. Quasi-steady method is
applied to calculate tire forces and moments. The ground steering response of aircraft is simulated,
and then different taxi conditions including powered nose wheel mode and powered main wheel
mode are compared. Two conclusions are obtained: Electric taxi system helps the aircraft turn on
the spot and the turning radius is smaller than the aircraft using engines; differential powered main
wheel mode has the minimum turning radius while turning-circle with uniform velocity, and it has
smaller difference between two vertical loads of main landing gear than powered nose wheel
mode.
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1. Introduction

Rising fuel prices and environmental issues with aircraft emissions have resulted in the need
for more efficient aircraft operations [1]. Since taxi time has been rising significantly over the last
few years and will keep rising, electric taxi system (ETS) is rapidly developing as it uses auxiliary
power unit (APU) to power the nose wheel (NW) or the main wheel (MW), which aims to allow
the aircraft to begin pushback and taxi forward fully autonomously without using its main engines
[2, 3]. The landing gear (LG) of aircraft with ETS is equipped with powered wheels which are
actuated by electric traction motors with high torque density. The benefits of ETS include saving
of fuel burn and repair costs, reduction of carbon emission and noise pollution, improvement of
safety on apron and optimization of precision maneuvering etc. [4-6].

ETS has unique electronics system controllers which gives pilots total control of the aircraft’s
velocity and direction during taxi operations. The two companies have chosen different solutions:
WheelTug PLC, a Gibraltar corporation, uses electrically driven motors in the NWs of nose
landing gear (NLG) to provide full mobility on the ground [7]; While Safran and Honeywell
together under the project name Electronic Green Taxi System (EGTS) incorporate motors fitted
to the MWs in main landing gear (MLG), without using its turbofans [8]. Both of plans reduce the
amount of time that an airplane spends on the ground [9, 10].

The design and construction aspects of the powered wheel are addressed. A new ground
handling model is established to analyze dynamic response of aircraft with ETS, in order to
demonstrate a proof-of-concept of ETS. Simulation includes steering with uniform velocity.
Aircraft ground dynamic responses of four different taxi conditions including powered NW and
simultaneous, outside, differential powered MW are analyzed and compared. The virtual
prototype and scaled test verify the feasibility of the powered wheel.

2. Virtual prototype

The tricycle LG has two MLGs behind center-of-gravity and a NLG ahead of center-of-gravity
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The aircraft simulated is chosen to be a Boeing 737-800 with ETS replacing the conventional LG.
Boeing 737-800 operates short-haul to medium-haul routes and is in widespread use. The MTOW
of modeled aircraft is 79010 kg and the location of center-of-gravity is between 26 % and 32 %
of the mean airel chord. There are two tires per gear in the model. A detailed schematic is shown
in Fig. 1.

Fig. 1. The simulated aircraft equipped with ETS

ETS uses a series of hub mounted traction motors with high torque density to actuate the
powered wheels. The initial design of the traction motor has a rotating armature and fixed field
windings surrounding the permanent magnet synchronous machine (PMSM). The windings
consist of tightly wound coils of wire fitted inside the motor case. It indicates that the best
performances in terms of torque density are achieved by a single air-gap, outer rotor and PMSM
option [11], which behaves exactly in the same manner as any brushless alternating current motor.
The planetary gear assembly of the powered wheel comprises a ring gear, a sun gear, a plurality
of planet gears configured to meshingly engage the ring gear and the sun gear and a carrier
connected to the plurality of planet gears.

The virtual prototype and scaled model of the powered wheel with brushless direct current
motors and gear systems mounted in NW are shown in Fig. 2.

‘ - e
Fig. 2. The virtual prototype and scaled model of the powered wheel

ETS has unique power electronics and system controllers. Power for ETS is transferred via
cables to the NLG or MLG, where an electric engine is present to permit the wheel to freely spin
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during the pushback and taxi process.
3. Ground dynamic model

Dynamic differential equations are used to analyze the taxi phase at a speed below 20 knots
(10 m/s) rather than touchdown process, so the forces generated by the wheels have a dominant
effect over aerodynamic forces on the motion of the aircraft. The dynamic performance of
powered wheels is analyzed on the basis of handling characteristic of inelastic support mass and
overall system.

As ETS does not need propulsive force provided by engines, the loads on the whole aircraft
except from the aerodynamic forces and gravitational forces are all applied at the tire—ground
interface. The rolling contact is the core problem of tire/aircraft dynamics.

At low velocities (below 10 m/s) during the pushback and taxi process, normal force acting on
the tire has no obvious change and positive inclination angle is close to zero during the taxi
process. As tire overturning moment and positive inclination angle are not major factors, Fiala tire
model [12] is used in software ADAMS. Aircraft tire is considered as the beam element with
lateral elastic deformation. The vertical force component on the tire can be approximated by a
linear spring and damper system, and the contact method supplies the tire model with the effective
road plane for the tire deflection/penetration calculation. Tire longitudinal and lateral slip effects
can be considered unrelated.

The loaded tire model in wheel reference frame is shown in Fig. 3, as the electro engine is
incorporated in the NLG wheel rim (powered NW mode).

Zad -
= (2&1/‘1—5:) 4

Fig. 3. The loaded tire model in wheel reference frame (powered wheel in NLG)

4. Control system model
4.1. Requirements from the taxi mission

Dynamic differential equations focus on the ground steering response of aircraft with ETS.
According to WheelTug PLC, an aircraft with ETS can turn sideways at the gate so the pilot does
not have to perform pushback. Fig. 4 provides the aircraft’s turning on the spot with a NW steering
angle of 73.5° [13], and the turning radius of center-of-gravity is close to 4.5 m.

4.2. Driving torque model

To ensure the aircraft’s steering with uniform velocity, the driving torque T; of the jth powered
wheel changes with the jth wheel’s velocity, as follows:
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where AT}, is the maximum variation of the driving torque of the jth powered wheel; Vy; is the
taxi speed of the jth powered wheel; AV is a small variable quantity of the taxi speed which is used
to maintain the concrete taxi speed according the speed requirement to the beginning of the

runway.

g
G

Fig. 4. Turning on the spot with a NW steering angle of 73.5°

4.3. Steering response model

Qs

The closed-loop control laws integrated within the aircraft avionics must ensure convergence,
rapidity, precision and robustness to perturbations within components' intrinsic limits [14]. A

Matlab/Simulink model in Fig. 5 is established based on the previous mathematical model.

The multiple thresholds PID controller is written by trapezoid formula and first order two-point

formula, as the differential equations are solved by fourth order Runge-Kutta method [15].
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Fig. 5. Control model architecture
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5. Simulation results

Based on the ADAMS simulation platform, a Boeing 737-800 virtual prototype with ETS is
established. Dynamic simulation is performed for comparison between powered NW and powered
MW with the same LG configuration and parameters. The taxi speed, NW steering angle and MW
differential driving torque can influence aircraft’s turning radius. The NW steering angle of 73.5°
and taxi speed of 3 m/s during turning-circle are determined during the steering process.

The turning radius of outside powered MW is smaller than the turning radius of inside powered
MW [16], so only outside powered MW mode is chosen for simulation. The parameters of four
taxi conditions used in following simulation are given in Table 1.

Ground steering response of aircraft with ETS including motion track of center-of-gravity of
aircraft in horizontal plane and vertical loads of LG are shown in Fig. 6(a), (b), respectively.

Table 1. Four taxi conditions

Taxi condition number | Taxi condition mode | Powered wheel in use
1 Simultaneous MW | Outside and inside MW
2 Only outside MW Only outside MW
3 Only NW Only NW
4 Differential MW Outside and inside MW

=——Simultanecus MW
Only outside MW

——Outside MLG (Differential MW) ——Outside MLG (Only NW)
= =inside MLG (Differential MW) = =inside MLG (Only NW)
=== NLG (Differential MW) === NLG (Only NW)

ly NW
—Differential MW

16.0 <

s
W WA
DAY N

N .'."-,_ivy(;c»f;mc.ﬁﬁmcQ-W'\\\}fwvé_'
1001 i

Y-direction cisplacement of the c.g. /meter
Vertical loads of NLG and MLG/(10°N)
=

4
AR A
\[ ‘j UP'RY ‘{'7"':?‘(,"\' L T P T NPT NPL PSSV

-100 40 20 80 140 00 100 200 300 400
X-direction displacement of the c.g. /meter Timels

a) b)
Fig. 6. Motion track of center-of-gravity of aircraft in horizontal plane

The turning radius of the aircraft with powered NW fluctuates around 4.5 m and conforms to
the taxi requirements and mission in Fig. 4.

When the NW steering angle and the taxi speed are constant, simultanecous MW mode has the
largest turning radius. Compared with powered outside MW mode, powered NW mode can
decrease the turning radius. MW differential driving torque mode has the minimum turning radius.

Compared with powered NW mode, differential powered MW mode decreases the difference
between two MLG’s vertical loads of conventional tricycle LG aircraft under the same taxi
condition. NLG’s vertical loads of different modes are almost the same at the beginning of
turning-circle. However, the vertical load of NLG of powered NW mode gets smaller than
differential powered MW mode over time.

6. Conclusions
A new mathematic model of ground movement of aircraft with ETS is established, considering
the six-degree-of-freedom aircraft body, the flexible LG’s main strut and the powered wheels

mounted in different LGs. Dynamic simulation is used to output ground steering response of
aircraft with ETS. Two conclusions are obtained.
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Driving torque and nose wheel steering angle controller are adopted to ensure the aircraft’s
turning-circle with uniform velocity.

Electric taxi system helps the aircraft turn on the spot and the turning radius is smaller than the
aircraft using engines. Differential powered MW mode has the minimum turning radius, and the
difference between two MLG’s vertical loads of differential powered MW mode is smaller than
powered NW mode during the process of steering.

References

[1] Wijnterp C., Roling P. C., de Wilde W., et al. Electric taxi systems: an operations and value
estimation. 14th AIAA Aviation Technology, Integration, and Operations Conference, 2014.

[2] Wollenheit R., Miihlhausen T. Operational and environmental assessment of electric taxi based on
fast-time simulation. Transportation Research Record: Journal of the Transportation Research Board,
Vol. 2336, 2013, p. 36-42.

[31 Hospodka J. Cost-benefit analysis of electric taxi systems for aircraft. Journal of Air Transport
Management, Vol. 39, 2014, p. 81-88.

[4] ReF. Viability and state of the art of environmentally friendly aircraft taxiing systems. IEEE Electrical
Systems for Aircraft, Railway and Ship Propulsion (ESARS), 2012, p. 1-6.

[S] Dzikus N., Wollenheit R., Schaeffer M., et al. The benefit of innovative taxi concepts: the impact of
airport size, fleet mix and traffic growth. AIAA Aviation Technology, Integration, and Operations
(ATIO) Conference, German Aerospace Center (DLR), 2013.

[6] Roling P., Sillekens P., Curran R., et al. The effects of electric taxi systems on airport surface
congestion. 15th AIAA Aviation Technology, Integration, and Operations Conference, Vol. 2592,
2015.

[71 Gubisch M. WheelTug is not for turning: manufacturer of nose-gear electric taxi system remains
confident in its product despite lack of support from airframers. Flight International, Vol. 185,
Issue 5426, 2014.

[8] Ganev E., Chiang C., Fizer L., et al. Electric drives for electric green taxiing systems. SAE
International Journal of Aerospace, Vol. 9, 2016, p. 62-73.

[9] Driving Aerospace, Components. WheelTug, http://www.wheeltug.gi/components.shtml, 2013.

[10] EGTS Electric Green Taxiing System, Overview. http://www.greentaxiing.com/overview.html, 2013.

[11] Galea M., Xu Z., Tighe C., et al. Development of an aircraft wheel actuator for green taxiing. IEEE
International Conference on Electrical Machines (ICEM), 2014, p. 2492-2498.

[12] Tire Modeling ADAMS/Aircraft: Basic Tire Model. MSC, Software Corporation, 2005.

[13] Driving Aerospace. WheelTug Company, http://www.sts-technology.com/docs/WheelTug-CVP-
28Nov11-16-9.pdf, 2012.

[14] Guo R., Zhang Y., Wang Q. Comparison of emerging ground propulsion systems for electrified
aircraft taxi operations. Transportation Research Part C: Emerging Technologies, Vol. 44, 2014,
p. 98-109.

[15] Hull D. G. Fourth-order Runge-Kutta integration with step size control. AIAA Journal, Vol. 15,
Issue 10, 1977, p. 1505-1507.

[16] Rankin J., Coetzee E., Krauskopf B., et al. Bifurcation and stability analysis of aircraft turning on
the ground. Journal of Guidance, Control, and Dynamics, Vol. 32, Issue 2, 2009, p. 500-511.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. DEC 2016, VOL. 10. ISSN 2345-0533 363




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


