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Fig. 4 Diagram of the path for inserting the charging station into the electric vehicle
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Fig. 5 Schematic diagram of the initial electric vehicle service point converted into a drone service point
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Fig. 6 Schematic diagram of the transformation of an electric vehicle customer point to a drone customer point when the battery is low

3) HEAHE DM 2) HE LA FECA T AMIRSE A .
3.6 BHEESTANHEERERZEMRK

K ALNS 40 B[R] B 2% B A2, ARE SR T

1) BB AL K 5 17 S5 D A 35 kg 6 v A, 8 7 07 T AU B S 40 B A B L B Metropolis A5 2542 05 R K0 45
e S

2) SRIRGEH  BEIH T AR A HLE] (G 2) o i 43 06 B 1 B R B0 7 2 TR AR R A

PABEFXE 6 SR i), 6106 To A HLA 838 5 6 RE R 28 & AR b R 9 S m ML, B3R 3 o T REALES BR &
PRGBEERF v WHTHAZE P AL WE 7 s,

7E ALNS ) 55 U i -6 2 A o, 25 A ik I 29 3, s s i WL Sl ot R 3 4 R PR B i e s s
S LA L T A, B RS MR A N S BT S 5 kAR, B AR R A R S AT AT R O AR AR AR P
gtk

3) AR A R TR A I TR A A R A A R R X R T R A R o, TRE . R
V12 AR PR B L] AP 37X 7 AT R A RIS TR . 15 ¢ BE U B PEAS IR R ey BT IR ON 2 )R
el sen BARAE T Y ATAR se s BTAR B T Y AT AR (DA & Metropolis HEN se, - Hofth,

ol =200 F(1—1)g,

Hrpae [0, 110 R 5 R D5 A X S BHE R 50, M5« WCE BT A BIALE .

4) AR R AR RAT A TR 3) . H E R B R B S Metropolis i W Hh ity 28 11 B8 (8 . i 8 e A i



% 2 M Z F.E.ARESEELE T AN E % AR 67
F2 WIR-EEHETFIEH
Tab.2 Design of the destruction and repair operator pair
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x3 MBEEGIER
Tab.3 Small-scale example information
F 5 WAL AR /km A FR /km £ 2 i/ kg R 1] 7 7 A R i) A 2% 05
FiE 1 Hh 121. 38 279. 54 08:00 20:00
1 120. 86 278. 45 1.5 10:00 12.00
2 124. 95 283.08 1.5 14:00 16:00
3 118. 61 276. 29 3.0 16:00 18:00
4 119. 68 276.56 1.0 16:00 18:00
5 121. 95 277.178 5.5 12:00 14.00
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Tab.4 Comparison of model validation results

R Ay v RA Y E /o0 FRifE 2 /0 L Bf 7F B 4% T MRS B A VIR E] /s
GUROBI (AL 318. 75 0 0—>3—>(FLHL ) —>2—>0 Eraa4.5 347.2
WOA-ALNS 322. 41 0.87 0—>3—>(FLHL ) —>2—>0 K45 4.7

Friedman & % F T P74l 2 20 0h 57 R A K080 09 00 0 B S A TE % 22 5 R IR W “WOA-ALNS Bk 5
GUROBI 3K fiff 25 B (0 BBUAS 437 T Wk 35 25 57, a2l X 30 W 32 50 4048 19 1135, 45 31 Friedman &5 35 48 31 & 0
1. 28, %R p H K 0. 258 (R T B K a=0. 05) , K b Jo v 90 48 J5 IR %, 26 1] WOA-ALNS B v: i oK i 45
Y5 GUROBI UM EG T E L TR E %R,

WAL H 25 AT, GUROBI 7E SR VR B[] A SR A 1320/ B ASE [ R 1) o 00 A AL AR 318, 75 T, A ST
H Y WOA-ALNS 5k R A5 0 SRR YIE R 322. 41 Jo. AnifE2E{ R 0. 87 o, RFE IR E/NEAREE T HA R
SRR E M. AL B EORAR T S R 8 A — BN L % B AR S AT FE 7 %L 1 WOA-ALNS 76 78 HL 5 mg I
AR AL 2 6], T BUR KA 5 T GUROBI KA f L (H 2285400 1. 15 % 78 AT 45 32 10 [l 9 FL3H 580 i) az /> F
GUROBI, 73R fift 5405 1 SR 3 DR 3, by Ja B2 3R A BB S B 1) B BE 5 1 kil . 45 45 Friedman &3 56 45 5, 784>
KE T EVRPD-CEVD B2 45 8 i 1R 3 LA . WOA-ALNS B9 78 R A 2 b A AT kb .

4.2 BHOERRSHIZE

H T EVRPD-CEVD [ ¥ K [ 5 % . H & A 756 1% 08 0 % H B0 4 AR S0k BCHE & R BB A4
A FRAE R CVRPTW SE MR 4E 19 1c2b3adce, 1c2¢3cdb, 1c2c3ada 3% 3 41511 4 Sy 36 iF HE Al . 38 4 25 1) AL A A 5
AR 48 S B T Y T S e . R R PR L AUR R 1e2b3adce # BB E B IELE 5.
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Tab.5 Partial information on large-scale computational examples

5 1 As bR /km AL FR /km L i/ kg R[] 747 R A Fisf Ji) B 2% i
fic 3% e 121. 38 279. 54 08:00 20:00
1 120. 86 278. 45 1.5 10:00 12:00
2 124. 95 283. 08 1.5 14:00 16:00
3 124. 95 283. 08 4.5 10:00 12:00
4 118. 61 276. 29 3.0 16:00 18:00
5 119. 68 276. 56 1.0 16:00 18:00
96 116. 62 276.78 1.5 14:00 16:00
97 120. 36 277. 34 6.0 08:00 10:00
98 124. 27 283. 18 2.5 12:00 14:00
99 122. 49 288.52 4.5 08:00 10:00
100 123. 35 280. 50 1.5 10:00 12:00

VAT AR AT s A8 225 B, P s 42 E i ol B ADLAI G S RO B LR 6, MUEH BN AR E a .0 W
PFLELTEANLAS 148, S ad B 0 fE 5 3 & % P s B IR 95 IS8 — T 120 s,

WOA-ALNS Bk i P RETEAR R AR EARH T2 B & . A SCR T B S8 B3 )5 vk, DLE A S P-4
FEAR PB4 D RBESEAE NS A T A 38 3 K Ik 7 R,
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Tab. 6 Electric vehicle and drone parameters
ZH Bl ZH Koy 28 Ky 24 Bl
Ve 40 km « h™! M. 3.5 kg pr 20 W« h « min cy 0.5JG + kW< h'
Cle 100 G « ! E¢. 0.4 kW« h m, 1.5 kg Ey 0.025 kW + h+ km '
E 60 kW « h U, 50 km « h' M, 5.5 kg Py 25 W+ hemin'
E¥  0.15kWe+he+km ' | Ciy. 20 70« 4! E’.. 0.6 kW « h m, 3.0 kg
Cor 0.5« W "| C& 0570 kW+h v, 60 km « h™"'
e 50 (kW « h) « h™! E® 0.020 kW + h+ km '| CG, 40 JG » Z27
£7 BOZRREHHOEHEFSKE
Tab.7 Control factors and levels in Taguchi experimental design
A i ik K1 K2 K3
A WOA Fl R 20 50 100
B R IE AR EL 50 100 200
C ALNS i I8 502 8 Bk L 4] 5%/10%/15% 10%/20%/30% 20%/30%/40%
D ALNS B 585 5206 #1 K 5L 10 20 50

W L, B3R A 04T 9 U925 . A SR AR ] 1c2b3ade BB AT 5 U, O 2 B A 1 0 5 e 1E
TSR . S AT At B DK S SRR B R R R /N 50, e KB AR AL 100, 3 Fh B IR 77 145 1) 78 B LU 451 43331
1096520 % F1 30 %% o JR FR AL AL UKL 20 2 M e 0 2 K020 & B BT T I 22 B A 0 L SE v

4.3

HRITiE

D Bvkmeadr. AT LRBE OIS R MATLAB 2023b 804 40 B2 5K . S 50 UFE 5 5 X EVRPD-
CEVD BB iy Akt BE L e BUE S8 WOA HI A T8 B Cartificial bee colony, ABC) B EAE Jyxf l 5, 78 3 &
i) 1430 S 20 Fe b Sy SC AR, T AR R SO YR SCRBUR IE R TR 8. b A B IR A LA RS
WOA-ALNS It Ak fif# 22 18] (8 K8 X5 A Ml 22 2% 5 TC AHLIR 55 s A~ BOBCT- 2 (E 35

®8 BHEXBRER

Tab.8 Experimental results of various algorithms

=Nl [AEE] (=R7S BOAR /ot Te AR 55 s 8/ A BT /s JRA 2 H
ABC 855. 16 35 694. 15 3.71%
A i WOA 1 059. 82 47 390. 34 28.54%
WOA-ALNS 824. 54 47 698. 09
1c2b3adc
ABC 867. 99 34 671.93 4.08%
Y i WOA 1 068.17 45 362. 63 28. 08 %
WOA-ALNS 833. 96 16 691. 80
ABC 888. 13 30 681. 27 2.82%
i WOA 1.029.43 45 430. 64 19.17%
WOA-ALNS 863. 81 47 717. 66
1c2c3cdb
ABC 897. 22 29 659. 46 3.00%
¥ i WOA 1042.13 43 400. 07 19.63%
WOA-ALNS 871. 09 45 711. 20




70 ERMEAFZERCELAFFIR  https://cqnuj. cqnu. edu. cn 43 %
ZxR8
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ABC 847.58 32 648. 26 3.33%
AR WOA 1 057.70 47 383.72 28.94%
WOA-ALNS 820. 29 41 692. 24
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ABC 863. 54 31 627.52 5.72%
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Fig. 8 Delivery route diagram for case 1c2b3a4c
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Fig. 9 Delivery route diagram for case 1c2c3c4b
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M _E AR KR AT, WOA-ALNS 763K ff it 2 - B 2 08 X5 Fe 33k A e WOA W46 #2580k 7 3 N5 b
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A 45 23 BE He A9 464 » WO A-ALNS Gl o 4B B8R 2% 5w W] AR T+ T AWML S 5KF,

2) XA, A T ERIE EVRPD-CEVD BRI A &0M: 4R JH WOA-ALNS 43 EVRPD-CEVD # fi#
SAREET AN T AE &R 3 4 T 1 EVRPD-CEV 82 1 i #E17 %F 1, SEBBic st T3 9,

% 9 EVRPD-CEVD 5 EVRPD-CEV # 3 & R 33 Lk
Tab.9 Comparison of results between the EVRPD-CEVD and EVRPD-CEV models

=R fift f 25 X 5N W NVTH AR K R AR 218 /T
EVRPD-CEV 783. 20
L fi# 5.28% 41. 34
EVRPD-CEVD 824. 54
1c2b3adc
EVRPD-CEV 796. 83
- il 4.66% 37.13
EVRPD-CEVD 833. 96
EVRPD-CEV 814. 81
% L fi 6.01% 49. 00
EVRPD-CEVD 863. 81
1c2c3cdb
EVRPD-CEV 825. 29
2 i 5.55% 45. 80
EVRPD-CEVD 871.09
EVRPD-CEV 772. 89
i L fi 6.13% 47. 40
EVRPD-CEVD 820. 29
1c2c3ada
EVRPD-CEV 778. 35
- itk 4.94% 38. 46
EVRPD-CEVD 816. 81

2 9 AT AL EVRPD-CEVD # A tb EVRPD-CEV 23X (1 il 26 & s A A B 38 L S ¥ ik ie b 5. 43 %
20 YRI5 45 5 v (0 SR A0 A A R A FH s 6. 13% ., AT WL EVRPD-CEVD 22 bt T A AL 3 o 55 3R A0 52 i el 12 1 2%
JEXT T 0 A HLHC % 45 S A B 552 ) L AR B 1 7 L B 4 5 T8 A HIL I U8 B B0 B v R AR C 3% R G IR 55 ROR
IV 12 7 S R ) It A i B 326 07 FH rpohn DA 2%
4.4 HIRMESW

H TR E S IC AL TS A i bR 5 A e I H 0 SRR, 4 0k A R AT R 43 BT L A R4
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Tab. 10  Sensitivity analysis of elecric vehicle battery capacity

BoERMARE FERAE R SR/ T B A BRI | BlERMEBE TR E ER OBA /ST s 4 BRI

70% 823. 15 21 30% 818. 97 19
5% 798. 47 15 25% 795. 33 13
20% 80 % 783. 20 11 20% 80% 783. 20 11
85% 748. 91 9 15% 764. 28 7

90 % 775. 62 14 10% 779. 85 9
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Fig. 11 Sensitivity analysis of electric vehicle battery capacity
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Tab. 11 Sensitivity analysis of drone battery capacity
WoER R B R SRR /ST BANLE TR RE | e R MB s Admdma EROBA/ T AR S IRE

5% 838. 15 14 40% 841. 27 15
80% 827. 39 12 35% 833. 51 13
30% 85% 816.73 9 30% 90 % 824. 54 11
90 % 824. 54 11 25% 817. 37 8
95% 832. 89 13 20% 828.19 9
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Fig. 12 Sensitivity analysi of drone battery capacity
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Special Section on Vehicle Routing and Collaborative Distribution

Research on the Coordinated Delivery Problem of Electric

Vehicle and Unmanned Aerial Vehicle Charging

GU Yong, LI Yuxin, QIAO Lei, CHEN Yan, WANG Yi
(School of Transportation and Logistics Engineering, Wuhan University of Technology, Wuhan 430063, China)

Abstract: Against the backdrop of the booming e-commerce and low-altitude economy, the traditional delivery model has become
inadequate to meet current demands. The collaborative delivery of electric vehicles and drones, which offers flexibility and
environmental friendliness, has gradually attracted attention. Based on the actual needs and development trends of the industry and
the real delivery scenarios in urban areas, this study focuses on the collaborative delivery problem considering the charging of electric
vehicles and drones, establishing a mathematical model with the objective of minimizing total cost. An improved Whale Optimization
Algorithm (WOA-ALNS) is designed to solve the problem. Comparative experiments on multiple sets of examples show that WOA-
ALNS outperforms the traditional Whale Optimization Algorithm and the Artificial Bee Colony Algorithm in terms of solution
quality by an average of 19% to 30% , with a faster convergence speed. This validates the effectiveness of the proposed model and
the improved algorithm. Further sensitivity analysis on the upper limit and minimum rated charge of electric vehicles and drones
provides reference suggestions for enterprises. The research offers a green solution for the logistics and delivery industry, providing
innovative ideas for solving the last-mile delivery problem, and holds both theoretical and practical significance.

Keywords: electric vehicle charging; drone charging; collaborative delivery; WOA-ALNS algorithm; multi-type models
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