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Optimal homing trajectory design for parafoil systems using
sensitivity analysis approach
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Abstract: We investigate the control problem with three degrees-of-freedom (3DOF) for the parafoil system in the
optimal homing trajectory design. The control parameterization and time-scaling techniques are employed to generate
numerical solutions. The method is based on an optimization algorithm of sensitivity analysis in which control variables
and their transform time are converted to an optimization problem of a series of parameters for simultaneous solving.
Simulation results demonstrate the effectiveness of our computational optimal control algorithm. Instead of solving the
two-point boundary value problem (TBVP) from the Pontryagin maximum principle (PMP), we propose a method that
requires only the integration of the state ODE and the sensitivity system with known initial conditions for all the equations,
making the computational cost much less than that in solving the TBVP. Although the dimension of the sensitivity system
is higher than that of the adjoint equation of the TBVP, it still can reduce the computational cost significantly. This method
can effectively improve the accuracy in landing a parafoil system and reduce the control energy consumption, showing the
feasibility of the proposed optimization algorithm.

Key words: parafoil; trajectory optimization; time-scaling transformation; parameterization; optimization; sensitivity
analysis
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Fig. 1 The structure of parafoil system
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Fig. 3 Piecewise constant control
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WIUE s T AL P, WG ST AL T AL A, VUG ST BALE S,
BUE BE B bR S, feik ¥ B bR R, REIE L ANRERNIE B bR
(0.5, 0, —60°) (0,0.2,0° (=0.6, 0.6, —60°) (—0.6, 0.6, —120°) (0.5, 1, —60°) (0.5, 1, 60°)
D175 - 0.016 (D204 — 7.13 0222 — 0.004 D122 — 1.68 @275 - 1.7 @275 - 74.9
1 22.7458e—08  20.0711 ©21.1857e—08 20.0163 20.0169 ©20.7479
(32.9452e—10  (35.1182e—10 31.0426e—09 31.1363e—04 ®1.1613e—05 (35.8310e—04
@0.0162 @0.0171 @0.004 ®0.0373 @0.0076 @0.0861
D175 - 203 (D204 — 0.0034 (222 —0.017 D122 — 0.041 @275 -+ 302 (@275 —20
3 ©0.2015 ©21.6759¢—09 ©22.6721e—05 ©22.2629¢—04 20.3011 ®0.1991
30.0017 (36.9636e—11 31.8567e—07 (31.4813e—06 31.9418e—04 (31.6360e—04
@0.0267 @0.0034 ®0.0143 @®0.0187 @0.0542 @0.0396
®175 = 0.005 @©204 — 0.0073 (D222 — 0.025 D122 — 0.042 @275 555 @O275—-20
5 ©22.3792e—09  @4.7130e—09 21.0893e—04 22.2510e—04 20.5541 20.0553
(36.4934e—11 (B4.1e—11 3)7.4262e—07 31.4758e—06 (33.7339e—04  (31.6360e—05
@0.0054 ®0.0073 @0.0138 ®0.019 ®0.0695 @0.0397
D175 = 0.029 @204 —0.079 222 —» 4.6 D122 — 0.042 @275 - 134 275 — 18.5
3 ©)7.6555e—08  (23.8489e—06 20.0454 22.2398¢—04 ©21.3459 ©20.1847
32.9461e—10  (31.3993e—08 (32.8459¢—04 ®1.4692¢—06 33.7915e—04 ®1.5e—04
@0.0288 @0.0789 @0.0387 @0.0193 @0.1111 @0.0309
D175 = 0.028 @204 — 0.015 (D222 — 18.11 D122 — 18.8 @275 5276 D275 - 18.5
10 28.8157e—08  (28.6321e—09 ©20.1794 20.1859 20.275 20.1847
(32.0839e—10  (35.7844e—10 30.0012 30.0012 31.9758e—04 (31.5145¢—04
@0.0282 ®0.0149 @0.0607 ®0.0657 ®0.0386 @0.031

M 2 H i s v DUE S BUE g = 100,
q2 = 100, g3 = 1, X TAFRFRENMERA W 45ik:

1) FHECHE R 1 bl mT DA HE R4 B LA AR )
[&s e, BEE WG AL B EE B H bR sk iRz, HBE 5
PRZE RN T7 7 22 AR K 5

2) Wiak &, MWILESE AR 3~ 5, P 2=
A FEmZERD, SRR SOR T

3) X T EE B w2, BEERIAE A8 H As s, oAk
ZE TR IR P 2 M 22 1) e /ME HE BRAE DG 55 47 T B
PEIE P, HEE B b sl 8 AL B, i/ ME 1T x
107 9(SEPrIEES A1.53 x 107° m, B T-0); FH w22
() f R A H BLE R s T B R AN AL B, Heok
fEN0.1847(SEFRIE B N1662.3 m);

4) KT mZE, BRMEPIE M 5 H AR i,
L 22 R R A1 M 22 110 /ML HE BILTE D4 s r

TR r B, BB B bR s B AL B, o ME N
4.1 x 1071, ZEFEAH0; £ B 22 1 B oK AH H BIAE
WG s AL TP AL B, HB R ME 1.5 x 1074,
WZEAKEL0.5°, FA N0,

5) KT S REFRE, SR AN B 4G ST H bR
RERE, BT TR S R RERCR. e/ ME H IRTEWIUA A
A7 T B A7 R P, HLBE B ke s B0 A7 &, H A /ME
N0.0034; Fe RAA HBTEYILE AL T AL B A A &,
H A KAE0.0309.

TR M RN R A BRI R, AR
W —H AR A TE S, K RGE A 10 m/s,
TERALKR 22 R AR Hh AR AR 22 3 < KRG A MU 2
At E S A6 TR,

EE 3 B SRl 6 7] 1, 78 AL BR 2R T UK HIALR bR &R
T, BAAMUEA H bR 5 B SR 2 R — FE, WO
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Fig. 5 The parafoil homing trajectory of (0.5,0, —60°) initial
point in the wind coordinates

PRIR R AIER R AR N A, ACRCRAR G
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Fig. 6 The parafoil homing trajectory of (0.5,0, —60°) initial
point in the world coordinates

% 3 #ds8A4(0.5,0, —60°) B 45 412 T AL
Table 3 The change of the control variable with the (0.5, 0, —60°) initial point

k 1 2 3 4 5 6 7 8 9 10
0, 3.07e—18 0.01 025 6.51e—19 0.10 0.13 0.09 0.03 0.17 0.22
ok 4.24 6.46 11.07 6.85 921 401 195 089 101 -234

5.2 HHEXT L (Data comparison)

A LRI TIR 7 45 R 5 3L B i Ak
THREFNERIUT S R IIMEON EE.

XF R BRI AR 2 44F(0.5, 1, 60°) R RE AU,
5225 30K (17] P R 34T PR, WnaRafios. I L
Bl TIRRFEEMmZE . 77 1AW 218 /& sl REFE, A3
PR IR S LU SRR BV EA L R 8 R LT

k4 BB R AR Ry b
Table 4 The comparison between conjugate gradient
method and time-scaling

HEmZE  HARZE SRR
an 1 HHIRAEE 00815  9.033e—04  0.0852
ZQ ESHAN 0.0568  9.2820e—05 0.0142
3
q =10 s

_10 HHIRAEE 00624  1.249e—04  0.1161
32 | EEBHUL 00562 51e-05 00161
3=

=100 Lo
an 100 HHIREEE 0.0621  0.967e—04  0.1183
ZQ 1 AEZH 0.0553  1.6360e—05 0.0397
3=

K AUAL i AR HI bR HERL T HE(PSO) SV HEAT AL
MR, DAL RE P SCRE 2 1 AR B idhAT 73 BOH B
UL, R Pt AL B AUy 1 BURAE, BI AR B S

R I 4ERCN10, H AR BB HBUE I, = 100, ¢, =
100, g3 = 1, ¥I4H258(0.5, 0, —60°), BRLFER30,
BHERTw = 0.7, FWFop = ¢ = 2, HKERD
HN1000, ¥ FAR 10 45 B Stime-scaling 8 v 12E 17 L
B, WK PR,

M FSH R L H, AH B TR B S, time-
scaling PG BOR FLRLLT, Bt ELBCHE. 72 A kL 14
FREAT AR R T, 35 A B A AL RCR,
i T IR 7 AR, AR IR BE L A LE 2R, time-
scaling FH T &Ly 87 0, AR AL A Lo e, H A8 ar
FIPLALRCR, AL A S B — e .

% 5 PSO # % Htime-scaling - - R A28 R b &
Table 5 The comparison of PSO algorithm and time-

scaling
Hik HAsWME RABAME  FER/s
RFREELE 34763 115.33 1329.10
time-scaling 175 0.005 204.96

6 45 (Conclusions)

AL = H EH B 3 < 22 41 s A VA A )
P e idz e 52, SEBL 1 X B R St i L AT
IRt A A AR, AT AR G AR RL T
TP SRR, SR FH ) A B R (] )4 s 34T S 50k
[ time-scaling Pt VB2 — P BE NG 20 732, 73
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