2025 4F 8 H
514 58

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

August 2025
Vol. 51 No. 8

http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2022.0748

B mS AT A PR BE T A ML= 4 & T 2 R %)

E#E, ZAFT, BRY, KFET, KE°

(1. VLIRS WARHUR TR RS0, BT 212013; 2. S ERERE TRHWEEISE I, 65T 100190)

15 . 5w E KPR AN (UAVS) EH 48 K AT B 45 8, 71 DUA R Stk 5 B AL
EHME AR A R RN EA, REABHEZEGRETET AT BEESHAMETANZ
4 BD) HBAEMX T, ERERBREEHRARNFATELINAEESEN S ELGEL TG HEE
AEHFHENRAN, EELARERER RERAEANER L, RASRGBEFHERE X
24h BBRAESFMBATRIELBE S HER AT B 2, & XA B B Ar @ 3O R4,
FINE H ik % (GPM) R Z Z M B L Bk (b B # F AL, 5l N4 FmH & (RCA) RN £
HREAHEERAHNX (CPP) F B, ARANMEREREREREESBAEHTS ERMHAL,
HERG AR EREARNEEZHRATH I, RemihisE Rl FREEKMEEH#E L
EHEHRBZHMAAX N, FHERLERRY: ARNEZERNDZAHRE A, TRTEZEH
RAMERANEREEATG R F, FHREEESRREAT 11.64%, 2B ZE5HRBIK
7 109%, BRERE T KWL ANGESE, ST BIREEA KR,

* B R AEFRAEAX; RECELEEE; LEHARN; BTG KEFRER

hESES: V249.31;V249.122° 3

NRAFRERD: A XEHRES: 1001-5965(2025)08-2735-13

KIHAET AMLEA ©ATm g RATHTRT

o 23 A A F AR BR AT 55 TF e T RE B e (10 B A AL

B Va )T AR, AT LAz N T iR B H bR R
BT 2 DTSR MR L RSk P 4kl {5 ST 55 s
2% B C g AR & DUl i 25 18] K BH BB T A LR 6
(1 15 25 KM R BH B JC AMLEL AR, 1 2& [ (% “Helios”
5, B E “Zephyr” RF15 . R KHAETLA
LR UK R 19 & e, (B RR TR R Gy 2 il 29 3
SEMLRE S AT 55 RE ) M F B, Z 2 S wi bk
T KT BRI e A 4 3 AR v T B LL BE A e
F b T B T AR Y R, IR, an el A SOR A
PR BB R, 7 16 f BE i 29 SR A AT B2 N SE R PR g T A
PLAYAT S5 T MR, 51 T2 132 D,

H [ FH B8 o A BLAE 55 300 0 R0 45 22 0C T 4%
g5 RN T B AR LR IR AR, G Huang 2510 45 4 =

R ) RIS, 433 1 1 5E 18 M S B AT AR R 1w Y
AL, Wang AU Zg pe 7 AN LR A N B A
WS RAL 55, B i O 1% 2 (Gauss pseudospectral
method, GPM) FIIUHE S04 HEAT T = 4EAL 55 A AL
oo RMTEREES TR T, F5 20 H AR KA
e BUET A LUK B A E SRR B i, e, 7
X RN A o B AR A () R BEAT I Y . KA
A2 B N R BHAE T AMLEEA T 5 VR, 7275
JE B 2 ) FH I 0 LS Ml B ] Y Bl B BEAT T A
L PR AR LA, SRR TE LA T I R i 7
YLV THRF AE 225 AR BR T, 1A 75 S 3 5 I [R] 25 (8]
Y5 KB TC AHLAE =221 51 55 S BE 1 K &R,
BAT 7853 A R BH BE e AAILIE 53 00 B e 12 o i

Y ¥s HHA: 2022-08-31; FH BHA: 2022-12-06; M 4% HARATE : 2023-01-04 15: 04

P 4% R b bk« link.cnki.net/urlid/11.2625.V.20230103.1837.008
EEWE: ERAKPAES (12002340)
* B {EE# . E-mail: wangxiangyu@jet.cn

SIftE: Ti5, THT, ER, % BEKMIHAWETANZ 82 HFAAHE] [J]. B FACEAXAFFR, 2025, 51 (8) : 2735-2747.
WANG Q, WANG XY, JIAO J, et al. Three-dimensional complete coverage flight path planning for high-altitude long-endurance solar-
powered UAV [J]. Journal of Beijing University of Aeronautics and Astronautics, 2025, 51 (8) : 2735-2747 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2022.0748
https://doi.org/10.13700/j.bh.1001-5965.2022.0748
https://doi.org/10.13700/j.bh.1001-5965.2022.0748
link.cnki.net/urlid/11.2625.V.20230103.1837.008
mailto:wangxiangyu@iet.cn

2736 b3 M2 it KR %% % ik

2025 4F

P As AR FHBE R AR A BOR UL ERY B 2568, 4
HFE 28 i r 38 5 #5144 (charge-coupled device, CCD)
PTG A e g 5 1 B I T G R i DXl 52 300 7 4 0 o3
FFr4E, HLTE 18 km #1245 RATHE Frdr$ 0y I8 | o 9%
ROl A 25 em, 5% DRI HE TR
25 ) K FH 8 To A HLAE 5 25 1 58 S A7 2R B il 2
BRI, BHALZ G K PR G TC AMLE ALK 2 5 X
X BRI R, PRI, AR S B S b
X K BH BB TC A MLIFEAT “S00T T 47 55 A A K
BE A FE D0 A — 4 ik 5 Mg ke ) 1) A
78 T B A2 BRI (coverage path planning, CPP)
RET 2 — 2 AR B A 1R, R —Fh i % (450
B /MU 2 52 38 B AR IR, 22078 S5 X
A 17 5 UM A A as U RN A e
U AR A 56 R A JL AR s, AT A A £
WG AR 23008 X sE 55 2 25, h TR 2B
DX A 5 28 2o T 53 B R0 JLART 435810 B AT 26 48 A
Z iV X B 55 (0], Rt B A4 o B AR A
URES N A R E S UB ARR . 1 S &2
To NHUTE 6 25 3cb T vl TG I 2080 238 AP ) [ R, PR U
A ST 55 Z R NPT R wm X, JF B SRR b
FEASRBOCHJE I . X Z2 38 X 3K, Huang™ 4
Hh A 55 0 ) 3 B 2 Y SR/ N e B R 4
27, R O ) AT AR Y 0 S e T A A s DX R
07 FORMRALRS N 5 D 25 OB 75 4%, WRi AR
TEGE B JC A LG 245 0 7 b 2R AT i AR AR AR Y
Sl b, DARAT LR B 2 0P /NS E R I ]
4 ) R A oy SR A ™ 22 30 0V S5 /N 9 B A [, 3% 0
338 R TR 2 308 B 4% 300 B B TS 1) R 2 5K i
A AR, TR AR LR i AR BTz
FU22 20 SR A S B Ry, JE N HILAE A T R
AT 224~ DXk W] 1 376 8 7 i L T I S5 e A 1 ) A8
B2 07 3 W JE ik R E 2 Ry Bl . IRk, 76 25 18 T
AR K5 A0 B o5 0 KR |, Vasquez 250 2 H
I FiE#; < 72 872 (rotating calipers algorithm, RCA)
(141 22 3001 IX B 40 8 55 BR AR IR 7 v, 2007 kil i
T B AR AT S 2y 7 TR 2 P fe/NTE B
HFFREE R LW, FERIR NG OL T RCA g it 5
e B 75 1A TR) 0 A, 17 JE b 155 50 DU A T 6 ) s
[i) 56 J DX B 5 A 55, BINZ O N5 il e A AL
IR FTES T B bR DS AR S B4 R A, R A 2%
FEARAT: 55 B[] 28 v JC AU 55 3 BE . R H T AR
22 SCHR EBE X 2 BT o B AR R Oy B kAT T R e A
5%, AH R Z RN AL G T AL, FFA 3 T i
TR fiE 1 ok VR 5 A 55 B A LR R BE R G R A A B R
FH B JC AL 4 7 o B A FL R Il it PR ot 75 25 2% 18

oo amd

A 24 R AT O BH BB TC A\ BIL % B o % A AL R B vk

£ LTI, AR SCER X ORAE B 5 I 8] 23 6] 3 5 T
el 25 BT IR O BH BB o AL = 4 4 4 =25 A 38 A0 40 [
RBEATHETE . K IHBEC AMLAE S 28 5 T 104E 55
FUL 8 T S 2 A i R A SRR 2 S 24 TR B I 2 A
PLAEE R 1R)EE, GPM B 32 T T K BH B T A LAY
P AL [ AL, P 2 I A TR 203 BN I 7 T
HA @ R0 B, 1A GPM SR fif i R it
Pl I 4R 1T K BH AE JC A HIL I e A MR 5 AT
WEE % UIA G, GPM MELL 5 AM 5 244 55 1 = 1
LY PRI, L, 51 A RCA #EAT RIS AE 55 29T
MR . 254G bk 2 RhOr vk, BT R R AL
55 VR SR, 0 K BH RE TG A ML EAT 42 16 AT 55 I
PRI, SR RE I LSS EAR TR M=K
PN K PHBE JC AL de AL, A 52 B RE TR Y #e
KAt ASCHIBIHT L5

1) B0 1l 30 25 18] K BH BE T AN BLEEA T “ s %) i
AT S5 AR AL, DRI R P RE S I 3aE — 3
22 [5] F) RE R A L B 8 St £ PRUE K BH fE
AHUEARE It PR B AT 3L T, A AE 1 1 45 00 4T 55
RULRE A S

2) FFRFRBHREIC ML 24 224 55 AT =4k AY
AU AL o — 7 T, 4ERE I RE B A A R P B B
S A ML) ) A A e . 2 0, o5 — T T, K BH RE
T NHUBAT 55 I 23 S i g U, DRI, o AR
HE £ BEAE 5 I8 B2 5 R AT B Bk o3, SR IS SRR
i e W Bt = 4 4 S AT 45 i .

3) MRS A T R AR LRI Bk, MR R AR
YGRS AR &, 48 m i Dh i /e %
FEHR A DAL TS, SRS 5 e ROR BH 8 IR A% 5 iR
A 55 AT 55 B AR Y 22 F AR AT A0 AL R 8L, S5 B it
i R I R i o A B i AR AT 55 AR ALK

1 XA ANRGRENES

1.1 XKPABEFT AHIERY

¥ [ QinetiQ 2% F) Zephyr K FH BE Jo ALY 7E
P AN ] WA T A ] AR E 64 K, 2 H AT LA
B e R K R FHBETC AL, PRI, AR SCE % Zephyr7
KBARE T ABLAE A BF I %, HEE S5k |
Fis

K H1 Open VSP #57 ®AT 8 BRI Rl L sh 5
B, R FX63-137 AL KA AR an &) 1 iR, AF
Re= 180000 514 T, &MIt 1 2% C,. L1 REL C,
L RN 2 B



55 8 ]

P, S e A AP K B R TE AL = 4 4 R i A A ) 2737

F1 KMHEXANRESH

Table 1 Parameters for solar-powered UAV model

W

# HfE E 4 Hd

S5 it /g 53 ffrE kg 16
U /m 22.5 Rimflm’ 253
KPHAE AL T H/m’ 2024 | KMAfEEIEE 02

THAE R 0.9
FLHLAE 0.9

fERERMAE RS/ (Whke ) 350
R B EAR 0.95

B RR 0.8 BHTFRER T 09
UL R TR /W 10 i IR/W 10

K1 3T Open VSP B9 KBHEETC AHLAR T
Fig. 1 Solar-powered UAV model based on Open VSP
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Table 2 Lift and drag coefficients of UAV

al/(®) C, Cp al(°) C, Cp
—4 0.3077 0.026 9 6 1.1876 0.046 4
-2 0.4826 0.030 1 8 1.364 4 0.0519
0 0.6583 0.0335 10 1.5406 0.058 6
2 0.8344 0.0372 12 1.6769 0.0652
4 1.0103 0.0414 14 1.6776 0.0569
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Fig. 2 Relationship between solar irradiation and UAV position
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Table 3 Calculation parameters for solar irradiation model

G /(W:m?) < S, hy/km  h/km R /km

1367 0.357 0.678 40 7 6356.8
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Fig. 3  Flight phase division based on energy management
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Fig. 4 Multi-objective path optimization
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Fig. 5 Solving for minimum width of a convex polygon
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112 Hin e sa s i ik, & AUAe HAr ek 8k

E;, f:fPi“dt
o it
HH: P WEY KR DIR,; BTSN
Fetk - B W B AL B R PR BRBE & 1o WIT 45 R
Fof 8] 205 A2 0 B R0 20 119 22, T AR S DA s 25 KT e
KIHGETC AN BT RS G, I, B AT 55 8 A i3
24 h, W ST (8] 25 8] & A= B S5 2R Ak sl 3 0 e R
B E AN RIS . B —FP
K NAT 55 B AR Lo 5 V-3 V., 10 HUAE, PRI,
H br sR BT L R

(17)

maxP,,. =

Ir
Vavcj Pind[
to

Liot (18)

maxP,,. =
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ATLAE Y, R BRI 3 P, BB R IRE T
BLKE BRAT B 2 B 8 1R b S e ity AT UL, T AT A
PEAR Lo YU/ TR G TC A HLRE LA 14 B 25 52 1
A DAY T, A B d R 2 O B 4R R 2 %
Pue, SEITC AHLRER S 55 B e KAk

i B A i XSk B T 2 30 0 = (V.E), K
o,V =A{1,2,- 0} g — AU B 7 1) HES B 22
BT R ES, E=((1,2),2,3),,(a=1,m} A Z
WIBDES . HIEANUE w5 — > XA, T 55
E IR P IT I F s 2 H bp DX, 276 P47 8 w5 4 =X
XF B bR DI AT 4 il 7, B A% 3 BT 55 45 R A
P.. VAT S 0] I Z B h G b e i — &
B 5 Teow = (Po, Pry---, P}y To NHURE A B 5E 18]
BT ROF U HL B S B3k, I, 455 1F 5 &R
FOMCAS R R AR T AR ST LLR IR R T =
{Ps, Py, , P, P} o IZHRITEHE RCA A2 o A2 L
RFZET

WA TRV ORI P, S5 AP

B Toes = {Po Poso+ Py Pl

1. A « computeAntipodalPairs(V);

2.P;,, «0;

3.foreach(i, j) € Ado

4. 1., < BestPath(V,, j);

5. Tt & MaX Poye ({Py, Teovs Pe} s {Pes Teovs Ps})

6. 1if Poye(Tior) > P, then

7. Toest < Tiots

8. Pre & Pave(Toest);

9.return Tyes
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B A, ) BERE R 52 i 77 T A5 B8 4 3% 00 Xk
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Fig. 6 The proposed algorithm
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B R B iE RCA I A 80 K T §E ¢, fE 4
(110°E~ 120°E), 4 J& (40°N~45°N) i il Py Bt HL 2
B 3 N Zih B XA S AR 8 55 DB, [R] B A
A 1 TE N HILAT: 55 382 4 13 PAT: 55 25 R, SR =X (18)
I SR A B A5 25 A fie KOK BH 4 BR G A2  me f
a5 AR, T S5 ITREE S
B B/NGEE (flight line perpendicular minimum width
of the vertical polygon, FLPMW) 5 #E#E17X} b .
T S G TR 2 iE RCA XK FH 5 B8 1938 B7 &
AT S5 AT 55 B AR LA RE T, BRI, SR FH P ROR B,
B AT E E R E N 25 km, i EB R K E N 6 H
21 H, 2 FhJ7 6 e 5 4 78 o p A2 JL R0 45 R an &l 7
1z

1P 7 m] 1, AR EE A% 48 FLPMW ik, Bl RCA
TEAT 55 J 30 N e 7w A~ B bm X8 HL 3K BI4T: 55 45
HH . 4 NIET R RCA 51458 FLPMW J7
1530 (Y 78 5 A2 7 280 K R A BRI SR 5 X L, AT DA
F i, MR RPN 2 308 X5, 8 RCA W] LU
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Fig. 7 Multi-region algorithm verification
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Table 4 Algorithm verification results

it max Py /kW

X35, P R—FE /%
H#ERCA FEGFLPMW

Xk 2.1249 2.004 1 6.02

X402 22280 1.9916 11.87

X383 22432 2.040 1 9.95
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Sk S BRAT: 55 JR I PR BH AR 5 B ) A
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43°N), FE 55846 A 5o i e B AR a5 XIRTE 45 78
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FLPMW H3EHA GPM 15814 =4k 278 w0 b 42
gEIRL S A AN 5 PR, A AL G 26 AR
X777, RCA BEA PLALF 57 34 K PH 4R BT 5 P,
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& 55 3 F FLPMW J5 ¥k (1) 4 5078 5 % 42 K B ok

2438.95 km, HJIKA RCA P45 IX 3078 25 1416 i 42 46
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Fig. 8 Jointly optimized coverage path
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Table S Joint optimization results

Jrik max Py kW Li/km Timax/m Tyin/h
FLPMW 1.98 243895 8.46 11.46
FERCA 2.21 2171.91 9.22 10.90
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Three-dimensional complete coverage flight path planning for high-altitude
long-endurance solar-powered UAV

WANG Qian"?, WANG Xiangyu” ", JIAO Jun’, ZHANG Zijian’, ZHANG Jian’

(1. Fluid Machinery Engineering Technology Research Center, Jiangsu University, Zhenjiang 212013, China;
2. Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Near-space solar-powered UAVs, characterized by their ultra-long endurance, can effectively solve
the issue of insufficient endurance faced by traditional UAVs during missions. This paper proposed a three-
dimensional (3D) path planning method for solar-powered UAVs based on “point to surface” coverage missions
across large-scale spatiotemporal scenarios. Under the constraints of limited energy acquisition and conversion, the
method maximized mission efficiency through reasonable distribution and scheduling of solar energy and gravitational
potential energy. Based on the solar irradiance model and energy system model, a segmented energy management
strategy was used to allocate and schedule the energy and divide the flight phases of the 24-hour mission cycle. The
objective functions and boundary conditions of each phase were defined, and the Gauss pseudospectral method (GPM)
was introduced to solve the multi-phase and multi-objective optimal control problem. The rotating calipers algorithm
(RCA) was introduced to solve the full coverage path planning (CPP) problem of the convex polygon area. A multi-
objective optimization was performed by combining the maximum solar irradiation path and the optimal coverage
mission path, and the results were compared with the traditional CPP algorithm. The GPM and the RCA were
combined to solve the 3D complete coverage flight path planning problem with energy and mission constraints. The
simulation results show that, within the randomly generated convex polygon area, the proposed joint optimization
method can increase the average solar irradiation power by 11.64% and reduce the complete coverage mission path by
10.9% while satisfying the day-night energy closed-loop of the solar-powered UAV, significantly improving the
mission efficiency of solar-powered UAVs and maximizing the energy utilization.

Keywords: complete coverage path planning; energy management and scheduling; multi-objective

optimization; Gauss pseudospectral method; rotating calipers algorithm
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