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Fig. 8 Course angle-time curve
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Table 2 Simulation result
1E55 |AV|/(m-s7") [AyI/(°) |AR] /km |AR, | /km
1 4.17 3.62x10°  4.70x107 2.69
2 21.92 2.07x10°  3.40x10° 1.94
3 29.64 6.58x10°  1.11x107 1.39
4 17.20 2.64x10°  1.83x107 0.89

AR AR 1R AH X R 25 S (B R 0.003 3%, 15 B 114 AH X
RZEZEHIE A 0.078 3%, 15 CALEE R A XTI 21y
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Table 3 Relative error of terminal constraint

AHXTIR2E/%
1255
AV Ay Ah AR,
1 0.38 0.003 6 0.16 0.120
2 2.31 0.000 21 0.11 0.086
3 3.71 0.006 6 0.037 0.066
4 2.64 0.002 6 0.006 1 0.042
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Fig. 11 Heat flow rate-time curves of three intelligent algorithms
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Table 4 Simulation results of three intelligent algorithms

(=873 |AV]/(m-s™") |AYI/(°) |AR| /km [ARy| /km
PSO-WOA 16.28 1.48x10°  1.21x10° 0.56
WOA 35.43 1.66x10°  2.36x10° 0.98
PSO 11.41 1.17x10°  2.15x10°° 1.23
:': ~
6 én '1«'%

D) ARG T — RN TR, AT
RRUCHRB AR | PEIE . FUARAUBRERS F1 AR 0935 A2
.

2) A TN R R A AR 2 B R T
fiff, B IE RS R FE LS O s, R R
e A FU R, ol AR OR TR R A R AR R, &l
DA AR ) 37 55 SR, BT AT 2 i 29 SR RE A5 A B
S AL o AR SCHE S M A AT T, K 5 A% 1
Bl Rk Il B Ak Ry = S8 T )

3) B3t T —Fh PSO-WOA 53 47 41, i i
SIAEFEH T p, ik T BEVLIESE PSO Ik WOA it
O E B . X L2 R, SR 5808
PLF 4G WOA 537 PSO k.

A LA SRR F, ATk, AR
S R YIRE R AT R A A 2o 295, HORS L DA
& A BB TAME Besc 8t .

£ &3 Hk ( References )

(1] 2=, T8 200, 45, 2021 4R B 28 I T2 Kot R &
JEIJA/R[T]. AR S TREAR, 2022(3): 34-39.

LI F,ZHANG Y F, LI HY, et al. Review of world air and missile
defense in 2021 and the enlightenment to China’s development[J].
Tactical Missile Technology, 2022(3): 34-39(in Chinese).

(2] skAl, ERRMS, vH35. AT 46wl A AT EoR R TR 4k
[7]. AR S HH A, 2020(6): 81-86.

ZHANG C, WANG Y P, YE L. Summary of the technological de-
velopment of overseas hypersonics in the past ten years[J]. Tactical
Missile Technology, 2020(6): 81-86(in Chinese).

(3] Brvk, M55, TR, 45, I as o) m ol e g R ATas AT AR K

ZERIT]. KBS, 2021(12): 57-62.
CHEN B, ZHENG Y, ZHANG H T, et al. Overview of the develop-
ment of navigation technology for hypersonic vehicles in near
space[J]. Aerodynamic Missile Journal, 2021(12): 57-62(in Chi-
nese).

(4] TV W HE G E #AEHE TR B 5 5 R B R AT 5
[D]. R &L B AL AT R R, 2009.

WU L N. Research on guidance and control technology of sub-or-
bital reentry phase of reusable launch vehicle[D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2009(in Chinese).

[5] ELNAGAR G N, KAZEMI M A. Pseudospectral Chebyshev optim-
al control of constrained nonlinear dynamical systems[J]. Computa-
tional Optimization and Applications, 1998, 11(2): 195-217.

[6] MFTE, JHZE, &, 5. RLV NATRAPUEBHLR R 80 sh s thilk

BRARLI). TR, 2015, 36(11): 1255-1261.
HU W J, ZHOU J, CHANG J, et al. Emergency reentry trajectory
planning for reusable launch vehicle based on dynamic Gauss
pseudo-spectral[J]. Journal of Astronautics, 2015, 36(11): 1255-
1261(in Chinese).

[7] WANG T, ZHANG H B, ZENG L, et al. A robust predictor-correct-
or entry guidance[J]. Aerospace Science and Technology, 2017, 66:
103-111.

(81 XUk, Z=dtbk, Bfd4, 45, W FH=XCAT 28 A A SIGE IR T H[0]. S0aT
5244, 2011, 31(6): 161-164.

LIU X, LI J L, GE J Q, et al. Reentry trajectory design for glide-

reentry vehicle[J]. Journal of Projectiles, Rockets, Missiles and


https://doi.org/10.1023/A:1018694111831
https://doi.org/10.1023/A:1018694111831
https://doi.org/10.1016/j.ast.2017.03.010

5513

BLGE, 5 O RAT A AN I B R 191

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Guidance, 2011, 31(6): 161-164(in Chinese).

{LITHE, M, AL, 4. BT IR T W25 1 g A P KA T 2%
MEREHIIE LRI 71 9], AR SRR, 2022(1): 53-59.

WU Y P, WANG Y, ZHAO A H, et al. Obstacle avoidance traject-
ory planning of hypersonic vehicle based on deep learning net-
work[J]. Tactical Missile Technology, 2022(1): 53-59(in Chinese).
TRRIE, X%, FoKHE. LT PSO A SQP A AL Y Bl
HORATERHURUAL[CL/4E 27 T o E R S S S BGe S, b
AU AEEAS AR R, 2015: 1527-1531.

FENGL S, LIU L, WANG Y J. Hypersonic vehicle trajectory op-
timization based on PSO and SQP hybrid optimization algorithm
[C)//Proceedings of the 27th China Control and Decision Making
Conference. Beijing: Beihang University Press, 2015: 1527-1531(in
Chinese).

FHEAR, R, el 55 RTRRE R R AL IR LRIR (0], 8
MR (T2ER), 2022(3): 21-30.

GAO Y L, YANG Q W, WANG X F, et al. Overview of new
swarm intelligence optimization algorithms[J]. Journal of Zheng-
zhou University (Engineering Edition), 2022(3): 21-30(in Chinese).
HEE, RS, KRBT, &5 ZETAR LS R T2 m AL 5 1y
gt LA SEEA L], 2l SRR, 2020, 35(3): 559-568.

HUANG Q B, LI J X, SONG C N, et al. Whale optimization al-
gorithm based on cosine control factor and polynomial mutation[J].
Control and Decision, 2020, 35(3): 559-568(in Chinese).

SAAFAN M M, EL-GENDY E M. IWOSSA: An improved whale
optimization salp swarm algorithm for solving optimization prob-
lems[J]. Expert Systems with Applications, 2021, 176: 114901.
ABD ELAZIZ M, LU S F, HE S B. A multi-leader whale optimiza-
tion algorithm for global optimization and image segmentation[J].
Expert Systems with Applications, 2021, 175: 114841.

AGRAWAL R K, KAUR B, SHARMA S. Quantum based whale
optimization algorithm for wrapper feature selection[J]. Applied
Soft Computing, 2020, 89: 106092.

ZHOU H'Y, WANG X G, CUIN G. A novel reentry trajectory gen-

eration method using improved particle swarm optimization[J].

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

IEEE Transactions on Vehicular Technology, 2019, 68(4): 3212-
3223.

LI Z H, HU C, DING C B, et al. Stochastic gradient particle swarm
optimization based entry trajectory rapid planning for hypersonic
glide vehicles[J]. Aerospace Science and Technology, 2018, 76:
176-186.

TR, SO, IR, . SR R AT AR AL ME ST
FNIPURILAL (R[], 205N 506 TR, 2022, 51(4): 3788.
XU H, CAI G B, MU Z X, et al. Trajectory optimization of hyper-
sonic glide vehicle with minimum total infrared radiation (Invited)
[J]. Infrared and Laser Engineering, 2022, 51(4): 3788(in Chinese).
JAZTE, E/NNIL RO, 45, 25 KT SRR [ R B Zk i 2
). FAUFAR, 2021, 42(2): 175-184.

ZHOU H Y, WANG X G, ZHAO Y L, et al. Online guidance for
aerospace vehicle in return-gliding phase[J]. Journal of Astronaut-
ics, 2021, 42(2): 175-184(in Chinese).

ZHANG W Q, CHEN W C, YU W B. Entry guidance for high-L/D
hypersonic vehicle based on drag-vs-energy profile[J]. ISA Transac-
tions, 2018, 83: 176-188.

R T A B S AT IS 8 = AR A S 7EL S
JrEEBIFFE[D]. PRRIE: IR/RIE Tl K2, 2019.

ZHOU H Y. Research on 3D trajectory optimization and online
guidance method of combined power reusable launch vehicle[D].
Harbin: Harbin Institute of Technology, 2019(in Chinese).
HAMEED A S, BINDU G R. Single segment approach and landing
guidance and control for an unpowered reusable launch vehicle[J].
Acrospace Science and Technology, 2021, 115: 106777.

TR, HOEE, sl EAE . S AT A S R B
PIARERI]. FREIR, 2021, 42(9): 1139-1149.

XU H, CAI G B, ZHANG S X. Modified aerodynamic coefficient
fitting models of hypersonic gliding vehicle in reentry phase[J].
Journal of Astronautics, 2021, 42(9): 1139-1149(in Chinese).
MIRJALILI S, LEWIS A. The whale optimization algorithm[J].
Advances in Engineering Software, 2016, 95: 51-67.


https://doi.org/10.1016/j.eswa.2021.114901
https://doi.org/10.1016/j.eswa.2021.114841
https://doi.org/10.1016/j.asoc.2020.106092
https://doi.org/10.1016/j.asoc.2020.106092
https://doi.org/10.1109/TVT.2019.2899917
https://doi.org/10.1016/j.ast.2018.01.033
https://doi.org/10.1016/j.isatra.2018.08.012
https://doi.org/10.1016/j.isatra.2018.08.012
https://doi.org/10.1016/j.isatra.2018.08.012
https://doi.org/10.1016/j.ast.2021.106777
https://doi.org/10.1016/j.advengsoft.2016.01.008

192 b w5 it = it K K % % 4 2025 4F

Online guidance for hypersonic vehicles in glide-reentry segment
WEI Hao', CAI Guangbin" ", FAN Yonghua’, XU Hui', WANG Jing’, ZHOU Zhuocheng'

(1. College of Missile Engineering, Rocket Force University of Engineering, Xi’an 710025, China;
2. Auviation College, Northwestern Polytechnical University, Xi’an 710072, China;
3. Shijiazhuang Campus, The Army Infantry College of PLA, Shijiazhuang 050000, China)

Abstract: In view of the guidance problem of the hypersonic vehicles in the glide-reentry segment, an online
guidance strategy based on improved particle swarm optimization and whale algorithm was proposed. By considering
its constraint model and shift conditions, a process constraint and terminal constraint model were established. To
shorten the trajectory generation time and reduce the calculation amount of the algorithm, a height-range flight profile
that could automatically meet the constraints of terminal height, path angle, and range was designed. Based on the
premise that the drag coefficient is a constant value, a numerical solution of velocity that satisfied the range constraint
was derived. Based on the above model, a three-parameter optimization model was designed to realize the control of
the terminal conditions. To optimize the process constraints, an improved whale algorithm combining the whale
algorithm and particle swarm optimization algorithm was proposed to overcome the shortcoming of precocious
convergence of the particle swarm optimization algorithm, improve the solution efficiency, and minimize the heat
flow rate during the flight. Then, through the method of segmenting the trajectory, an online guidance method based
on the mid-point was proposed to update the longitudinal profile online to meet the terminal constraints. The
simulation results show that the proposed method can efficiently solve the optimal flight trajectory.

Keywords: hypersonic vehicles; glide-reentry segment; online guidance; improved whale algorithm; trajectory

optimization
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