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Mid-course Trajectory Optimization for Boost-Glide Missiles
Based on Convex Programming

Hyuck-Hoon Kwon', Seong-Min Hong?, Gyeong-Hun Kim’ and Yoon-Hwan Kim*
LIG Nex1

ABSTRACT

Mid-course trajectory of the missiles equipped with seeker should be designed to detect target
within FOV of seeker and to maximize the maneuverability at the point of transition to terminal
guidance phase. Because the trajectory optimization problems are generally hard to obtain the
analytic solutions due to its own nonlinearity with several constraints, the various numerical
methods have been presented so far. In this paper, mid-course trajectory optimization problem
for boost-glide missiles is calculated by using SOCP (Second-Order Cone Programming) which is
one of convex optimization methods. At first, control variable augmentation scheme with a
control constraint is suggested to reduce state variables of missile dynamics. And it is
reformulated using a normalized time approach to cope with a free final time problem and boost
time problem. Then, partial linearization and lossless convexification are used to convexify
dynamic equation and control constraint, respectively. Finally, the results of the proposed method
are compared with those of state-of-the-art nonlinear optimization method for verification.
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Fig. 1. Mid-course Trajectory Geometry
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Table 1. Missile Specification

e
Thrust 6000 N
Burning Time 3 sec
Maximum AOA 10°

Table 2. Initial Conditions

Initial Value

Missile Altitude Om

Missile Velocity 20m/s

Missile Flight Path Angle | 50°

Target Range 5km

Target Altitude 1km

Detection Range 1km
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Fig. 2. Sequential Convex Optimization Results
for Missile Trajectory
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Fig. 5. Control Variable Profile for Ground-to-Air
Engagement

Table 3. Simulation Results for Convex & Nonlinear
Programming

Convex Nonlinear
Run Time(Avg.) 1.76sec 6.42sec
Transition Velocity 250.19m/s 245.59m/s
Transition Path Angle 0.316° -4 .520°
2000 :
——GPOPS-II
=8—Convex
1500
E
Q
S 1000 n
<
500
0 | | . |
0 1000 2000 3000 4000 5000

Downrange (m)

Fig. 6. Comparison Results for Missile Trajectory
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Table 4. Simulation Results for Fixed Final Flight
Path Angle (tolerance for non. : 1e-5)

Nonlinear
244,07 m/s
24479 m/s
245.07 m/s
244.84 m/s

Convex
249.57 m/s
249.03 m/s
250.30 m/s
249.30 m/s

Transition Path Angle
-5.0°
-2.5°
0.0°

-‘j—ilaﬂ‘jolgl 7§T,
7F - =ZA
Aol st

A~ g e 01
Z1A A H 2 5}l
949 £55 a‘ﬂﬂli}
o7 M&Edlr
&3ttt

P,E

e 4
il
9
Og(zl

=
[>

o Md
X

10 oft fh P
o0 o 2 > 2P ol

4 AL o

X

EEf&,

ATt

mﬁb [
M ot o ¥ KU g o [k Ok Ok pfy okl AL O > > i (K 2

4 ot O

Mool oxe

References

1) Bryson, A. E., “Linear Feedback Solutions for
Minimum Effort Interception, Rendezvous, and Soft
Landing,” AIAA Journal, Vol. 3, No. 8, 1965, pp.
1542~1544.

2) Cho, H., “Navigation Constants in PNG Law

and the Associated Optimal Control Problems,”

Proceedings  of the Korean  Automatic  Control
Conference, Seoul, Korea, 1992, pp. 578~583.
3) Ryoo, C. K, Cho, H. and Tahk, M. ],

“Optimal Guidance Laws with Terminal Impact
Angle Constraint,” Journal of Guidance, Control, and
Dynamics, Vol. 28, No. 4, 2005, pp. 724~732.

4) Ratnoo, A. and Ghose, D,
Constrained Guidance Against Nonstationary Non-

“Impact Angle

maneuvering Targets,” Journal of Guidance, Control,
and Dynamics, Vol. 33, No. 1, 2010, 269~275.

5) Kim, T. H., Park, B. G. and Tahk, M. ],
“Bias-Shaping Method for Biased Proportional
Navigation with Terminal-Angle Constraint,” Journal
of Guidance, Control, and Dynamics, Vol. 36, No. 6,
2013, pp. 1810~1816.

6) Han, S. Y, Bai, J]. H, Hong, S. M., Roh, H.



30 A8 EF - 3AAY - AAF - 284S st s F 83| K|
K., Tahk, M. J, Yun, J. S. and Park, S. H,, Programming,” Journal of Guidance, Control, and

“Guidance Law for Agile Turn of Air-to-Air
Missile During Boost Phase,” International Journal of
Aeronautical and Space Sciences, Vol. 18, No. 4, 2017,
pp. 709~718.

7) Jeon, I. S, Karpenko, M. and Lee, J. I,
“Connections Between Proportional Navigation and
Terminal Velocity Maximization Guidance,” Journal
of Guidance, Control, and Dynamics, Vol. 43, No. 4,
2019, pp. 1~6.

8) Hull, D. G., “Conversion of Optimal Control
Problems Into Parameter Optimization Problems,”
Journal of Guidance, Control, and Dynamics, Vol. 20,
No. 1, 1997, pp. 57~60.

9) Hargraves, C. R. and Paris, S. W., “Direct
Trajectory Optimization Using Nonlinear Progra-
mming and Collocation,” Journal of Guidance, Control,
and Dynamics, Vol. 10, No. 4, 1987. pp. 338~342.

10) Betts, J. T., “Survey of Numerical Methods
for Trajectory Optimization,” Journal of Guidance,
Control, and Dynamics, Vol. 21, No. 2, 1998.

11) Fahroo, F. and Ross I. M., “Direct Trajectory
Optimization by a Chebyshev Pseudospectral Method,”
Journal of Guidance, Control, and Dynamics, Vol. 25,
No. 1, 2002, pp. 160~166.

12) Acikmese, B. and Ploen, S. R.,
Programming Approach to
Guidance for Mar Landing,” Journal of Guidance,
Control, and Dynamics, Vol. 30, No. 5, 2007, pp.
1353~1366.

13) Liu, X.
Optimal Control Problems by Convex Optimiza-
tion,” Journal of Guidance, Control, and Dynamics,
Vol. 37, No. 3, 2014, pp. 750~765.

14) Liu, X, Shen, Z. and Lu, P,
Trajectory Optimization by Second-Order

“Convex
Powered Descent

and Lu, P, “Solving Nonconvex

“Entry
Cone

Dynamics, Vol. 39, No. 2, 2016, pp. pp. 227~241.

15) Liu, X., Shen, Z. and Lu, P., “Exact Convex
Relaxation for Optimal Flight of Aerodynamically
Controlled Missiles,” IEEE Transaction on Aerospace
and Electronic Systems, Vol. 52, No. 4, 2016, pp.
1881~892.

16) Roh, H. K, Oh, Y. J,, Tahk, M. J., Kwon, K. J.
and Kwon, H. H., “L1 Penalized Sequential Convex
Programming for Fast Trajectory Optimization: with
Application to Optimal Missile Guidance,” Inter-
national Journal of Aeronautical and Space Sciences,
Vol. 21, No. 2, 2020, pp. 493~03.

17) Kwon, H. H. and Choi, H. L., “A Convex
Programming Approach to Mid-Course Trajectory
Optimization for Air-to-Ground Missiles,” International
Journal of Aeronautical and Space Sciences, Vol. 21, No.
2, 2020, pp. 479~92.

18) Harris, M. W. and Acikmese, B., “Lossless
Convexification for a Class of Optimal Control
Problems with Quadratic State Constraints,” American
Control Conference, June 2013.

19) Harris, M. W. and Acikmese, B., “Lossless
Convexification of a Non-convex Optimal Control
Problems for State Constrained Linear Systems,”
Automatica, Vol. 50, Issue 9, 2014, pp. 2304~2311.

20) Patterson, M A. and Rao, A. V., “GPOPS-II :
A MATLAB Software for Solving Multiple-Phase
Optimal Control Problems Using hp-Adaptive
Collocation Methods
Sparse Nonlinear Programming,” ACM Transactions
on Mathematical Software, Vol. 41, No. 1, 2014.

21) Wachter, A., An Interior Point Algorithm for
Large-Scale Nonlinear Optimization with Appli-
cation in Process Engineering, Ph.D Dissertation,
2002.

Gaussian Quadrature and




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


