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Optimal rendezvous path planning for
multiple unmanned aerial vehicle on air refueling
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Abstract: To air-refuel multiple unmanned aerial vehicles (UAVs) by a refueling vehicle, we propose a 3-dimensional
optimal rendezvous-path planning strategy for the refueling vehicle. Since UAVs are distributed in space, the refueling
vehicle has to fly along a pre-planned flight path to rendezvous with the UAV for executing the refueling. Because only
a limited number of UAV may be refueled simultaneously by a refueling vehicle, an optimal allocation strategy has to be
found for assigning the proper refueling area and the proper time to each UAV for rendezvous. This allocation problem is
formulated as an integer linear programming problem according to the shortest rendezvous time required by each UAV in
its refueling area. By solving this problem, we obtain the optimal rendezvous point of refueling for each UAV. Next, we
employ the 3D Dubins elongation algorithm to ensure every UAV to rendezvous with the fueling vehicle at the assigned
allocation point. Simulations of air-refueling on multiple UAVs in 2D and 3D spaces are performed. Results show that the
Dubins path obtained by the optimal rendezvous path planning strategy guarantees multiple UAVs to complete rendezvous

and air refueling in the shortest time interval.
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linear programming on rendezvous points)
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3.1 BELLMER] (nteger linear programming)
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3.3 &A BBt (Rendezvous point allocation)
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AE 55 BIBARIAAT, LA AL B N i B 18] By % AT B
AR, AL T B M ST AR SR
Rt o3 A A FII DX, 1y Doy - -+ L. BT IX
Tl B A RS D ECZE n B Te AL, PRIEAT 55 AR
B e %1 XL s R AL S 20 Bie 22 i X 3
TN A .

S B oRmE o] DA IA NI T {0, 1R

S11 0 Sim
S=1{: ... 1, (10)
Spi e Sy
Hor: s, = 1RARALBLHE 0 BL 25 5 A HLe, 75 s,
= 0. T ImmALIFRI AR SS  TE A IECE A TR, 23k
W T EORUE A X3 2 2 7 e 2i 228 TC AL, /P

Y8 <2, (11)
J
I BARUEAERE TS ABUARIE— 7 Be T 58> X3

AR, SRS T % T MR T X5
T S AL A T BT AT B8, 5 % L5 T
HURRIRA B ST 1 N E B AR L o
B B T VR, S AL AT 2 i T
X S0 B 0 77 DA 38 AL L
SIS ) I 1) 2 £
tig - tim
T=1|: ... . (13)
tha r tam

ARSCESR AL T I A LIRS 2 & L, TR i
WAL XA R ] ¢ A2 1E 2 A R R v -0,

] oo, ti,j > tlj,
e = {ti,j, e 1)
25 TERNES, AR INHAT 55 1 BEAR S 8] 9
Tiotal = vec(T)T -vec(S). (15)

23 eR IR 18 B A 9 B e AT DA SR A A R i)
ILPIE A,

min vec(T)" - vec(S), (16)

Sij

Agqvec(S)
0<s;; < 1,

A7)

eq>

{A-Vec(S) <b,
= b



%10 1 EEYS: 2T AN s 2 S A L) 1403
o FI2 B (1) =4 Dubins #4478 ) 2E e -

S =[sy] €Z™™, A= (1,2, 1] @ Lpnxm), 1) DUIE B HI4A 0 B AN T8 R 5 1) 3 o [ T it e

b=2.[12 o m" by =[12 - ', BN, AUOCEEilDFﬁEEﬁET

Aoy = Ixn®@[1 2 -+ m]"). Ocho—mv, (18)
Horpr: P ECHENG s; AR B, n ATENHLEL mks  Hod XONYIGIL B, v NI S IARIIGE
SIC S G R BUH, Ty f J6 I 18] 23 4 96 B, @ 9Kro- 0 10
necker Uz 5. v=1|-10 0] v. (19)

AL E FFSRARILP(16), 7T LATS 21 5 40 i 0 00

S, MR HCEE R, B I ANLEATARIE M =&
RIS R Dubins B8 42 SKHL S INMALH) & &

FE 1 Fef i ) SR R R L2 S
HLE A TR 2 5, AT LAE— D (R A ).

4 0. %Pl A K& (Rendezvous strategy
for air refueling)
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4.1 Duins %E K % 7% (Dubins path elongation me-

thod)

Dubins %+ 5% 2 % — 4 ~F T Dubin i £ #4211
B IETT i, T LSRR A2 AT e K, s TRtk 2
TN HAE 22 0] 12020 Mayerd| Hi, 47 — 45V
Dubinsiz 51 14 (1 H & i BERT 2% 53 47 FEAR 22 180(°),
AT 7E Dubins B RLERAT O HY L 24 RO AR 35
KJF NAz /20 B LT RIS BE B K E Az > 0
IR ATRER (20721 D] 1.
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2

Bl 1 4P Dubins ZE4 502
Fig. 1 2D space Dubins path elongation method
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3) MR T KA K E A (A > 27r) 300
ﬂﬁmﬁéﬂzﬂn% tﬁﬂﬁmﬁﬁ( v r)/2, 5P
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i i G
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TR AR /
/

Kl 2 DubinsiEK %
Fig. 2 3D space Dubins path elongation method

A2 =4EDubinsZEK BR A F /A T BAE K2 (H R AR,
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2rr[Az/(2m)r].

3 FERANBAT IR WU RRIR ST 55 R %,
BVEN B T BT HLBE. FERRIINH IS & R,
T NALHIHTIARLER L2 T LA AE To AR BT 55 O RR R
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4.2 . Z#HlL=A (Rendezvous strategy)

b AUR BT T AHLE & FEAR [E I, W] DR
Z4EDubinsE A2 LA FIE, AL AE T7 AT &
R, £ 0 L) % 2 A RN A % 7, ToV2is 2 4
Dubins ZEK L H HH R R 28 s ) e Im k. PRt
L% ML Se AT — IXWIAE R AENLS), B2l
AR B 43 BT 2= & s BT [ 22 5K (5 hn ki L AE 2% s 1R
7)), PSR/ INFE S 240 KT AR A B 42 d R I TR e N
BLE AL 1) 5 3 B 1m). 24 o N BB e FE % e, — 4
Dubins#{ 2 FIEA S, F 2900 =4EDubins K
L, BVEER & 52 il 2 /D AT W) 46 B e bl sl — .



1404 oA R 5 N A

32 4%

WG HINLBN A AR 1 52y ATL I AT 46 A B A0 HH e (1],
A2 HH Dubins i 45 B8 1215 21 (1) 73 Bo &5 A B AL,
TR EARYE B WIG KA A T &6 .

BEIF, 20 AAUHRR &5 70 e 2 A s ) B RN (]
B O B AL BT S (4 B R RR B H A B B o
B IR B A TR) 2

tij = tijo + tijas (20)
Hodr: ¢, 5 RTEANLBAT YR AE BB 8 e L3 B
IS TR, ¢; 5 AT AHLEHLE) 5 Hi A B H K HDu-
bins & 5 KA HUIA 26 g BT 75 I 18] AR 3 2(20), 7T
DL 2 52 3 T0 N ML A LA Sl A7t B 39 4] e 4 s (1]
A2,
Ttotal = Talign + TDubins =

i1 timg

+ ] Cl.o@D

tia,  tim.

tn,md
KT BRI ) 2 B HE P T oo OB (16) HEAT
R, 1322 & HWE. B ENNURIE D BCH 2 & RiBL
FMHARIE 2 & S I 18], K Dubins € KA
BTN, 2 SIS AL RN 25
e SEBLE B =4 AR Tl e, Snimp L& &, #Aoh
BEIATCAT IR 1)

tn,la ot tn,ma tn,ld e

te == tlj - tl,j (22)
peliilili:ss &S RE VA KIS SR TRV
Az = (t;, — ti;) x V. (23)

5 {iE 5% #¥r(Simulation and analysis)

N T ARSI 2 AN Pk &
FLR IR B9 A A, LhOSE A2 e AW LU NG AT
P73 A E AN S LR AT 640 km/h. N
JHATLRE K ) A B% R 2R, AL(0, 0, 7.5) km % (600, 0,
7.5) km. 64270 AN AL23 SO In i ATLAT B B 32 30 km A
Y X3, He /NS 25 242907 k. AR SE BV 1)
NSy B, U 2 BE53.3 ke 1 8] B K s ML T B A
10 ke FF- 46 K1) 404 20 e o vk DX T, 25 T il DX T2

F5 7 TRl AR R 0 SUET XS I 52 A7) 46 v AR [ AT =
PR DLEAT 05 3. 0 FLUTH SR LAR 3 28 N I S,
17#H4GB.
51 hn . % i Ml & B A [Fl(Scenario of vehicles
with same height)

FH T B AR [R), AR R 1 e AWML 4G 7 A A%
A AL, R —4EDubins g5 2K VAR
B INMAHIE T2 1) d R [A) 23 5 R

T NHUEIWTRE A HERS 1]y
[0.34]
0.32
0.26
0.20
0.08
1040 [ 1]

Te NHIHTUE RS 1 J5 ¥ e B Dubins U HRIA 25 1
T A T A

Toubins =
[0 0o 6.42 527 13.88 22.99 32.16]
0 oo oo 1425 633 741 15.68
o0 4.03 688 1593 ¢ 00 00
0 6.90 3.53 12.57 21.77 oo o
0 oo oo 1646 725 291 12.08
(00 5.98 6.45 1498 2404 oo oo |

Talign = (24)

1
—_ = = = e
]

(25)

¥ R FIRESHRN R Q1) 2 5 F] 2 A
KERE:

Ttotalz
(00 oo 6.76 5.61 14.22 23.33 32.50]
0 oo oo 14.57 6.65 7.73 16.00
00 4.29 7.14 16.20 oo 00 00
oo 7.10 3.73 12.77 21.97 oo
~© oo oo 16.54 7.33 298 12.16
|00 6.38 6.85 15.38 24.44 o0 o0

(26)
B J5, ) B2k M RIS 25 T AHL A B AN [F]
25, AR WL T E AR TRN0.93 s.
%1 2D-F@EL ENmER

Table 1 Results of rendezvous point allocation
for 2D space

FIHL %Jﬂlé.‘ S é&é‘
Jifr AR IE
1 (192.31,19.46,5.69) 4  20min
2 (291.49,2896,553) 5  25min
3 (125.90,13.81,5.14) 2 10min
4 (145.22,-9.37,1.64) 3  15min
5 (308.55,5.04, 3.73) 6  30min
6  (132.64,—23.53,0.14) 2 10min

E 4 ONETIEE, MIANEES AR MEE SOk,

B3, Il AL (0, 0) /U R ol AAT, #hZkoN
BINNATEE X HENLZ. FIHaxHENLBI 5 5, T A

nE4ATR.
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Fig. 3 UAVs initial alignment
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Fig. 4 Air paths of UAVs with same height for air refueling
5.2 3 M Pl ¥ 46 & B AE B (Scenario of receivers
with arbitrary height)
452 M T0 AHUE T 23 A5 72 22 18] v A AN [ X, [
I B A FRIALE | FEAE L7 [, 75 2R A
SCHRH K =4EDubins SE K SFFEAT UM T %
MNHUHIAE L B 7 1 R 245 H

2 T RAMGIAEALE 5k B T 6
Table 2 Receivers initial position, height and velocity

T 5 EE/kn R /(m-s™1)
1 (263.8,4.5,5.4)  (127.5,125.7, —1.3)
2 (239.8,20.7,8.1) (139.0,—112.8,0.4)
3 (400.7,14.3,83) (131.3,121.7,—0.4)
4 (113.9,5.2,8.6)  (126.5, —126.6, —1.3)
5 (249.0,—-15.2,9.5)  (124.2,128.9,0.0)
6  (450.4,10.0,9.9) (123.0,130.0,—1.0)

K = 4EDubins 42 4K it S e I A 4
KR (B min):
Tiotal =
[0 0o 760.2 460.6 167.2 4342 7335 |
>~ oo 6313 338.0 303.9 5804 875.0
© oo 0o 00 9290 631.7 3459
00 230.3 371.4 670.7 970.5 1270.5 1570.4
o oo 677.0 378.0 2445 523.5 820.0
12025 903.0 604.4 |

. (27)

oo o0 oo 0

T EBEEOR R R A, 15 BRI FL2h R, T E RS
[8]491.04 s.

% 3 3DRHARRE ENBLER
Table 3 Results of rendezvous point allocation

for 3D space
PAPAN PAPAS
eSS (A=A 58] /min
1 5  (0,53.7,7.5) 25
2 4 (0,43.0,7.5) 20
3 7 (0,75.2,75) 35
4 2 (0,21.5,75) 10
5 5  (0,53.7,75) 25
6 7 (0,75.2,75) 35

FEMNBAT VI EER B W 5 .

X /km
Kl 5 Hrtadtieslsh

Fig. 5 UAVs hovering maneuvering

Kozt 1 Se B IR PR,
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g sl
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X /km

K6 Amititss 2 BT
Fig. 6 Air paths of UAVs for air refueling

A5 AETIE, W AN R 1 &
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FETNHUSERR ©AT A2 2 B 52K T I S8R
S AR, M im 2 BN, AT DU SE KIS R R AT
B IESEIUAME ; w2 BT, 5 AR i
WL S ML A RDIRAS AT EME]. 745 H 7 B
RIBp B4 R M PATHILE RIS S min/5, TE AL
2B R LA R 478 il Ak B 45 1n) ji s ), 5 350E X 19 i
EPUEAT. B S, TEANPAT 2 AL -5 T AR,
He 1, 28145 B NN E IR F—25 .
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Fig. 7 Air paths replan of UAVs for air refueling
5.3 H 51118 (Comparison and discussion)

Mathew 45 A 22R] HITE N ZERBHD AL TE AHL
BEAT 78 HE, [RIRE R T BRI S RAIE 2 T AL AT
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