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Abstract

With the advent of the 4th Industrial Revolution, drones have achieved significant
technological advancements in the field of logistics delivery. Drone logistics delivery
has emerged as a promising alternative, addressing the limitations of conventional
ground logistics systems while enhancing efficiency in terms of time and cost. Operating
drone—based logistics delivery requires optimizing hub locations, designing delivery
routes, developing efficient delivery drone, and conducting cost analyses.

This study presents methods for optimizing route networks based on the number of
hubs using spatial data from Seoul, designing and analyzing the performance of multi—
drone with electric propulsion systems, and calculating operational cost models to
analyze drone delivery charge.

First, the study derives optimal hub locations for single and multiple hub operations
using the Min—Max algorithm. It also combines the depth—first search algorithm and
linear programming optimization techniques with real logistics data to search delivery
routes and optimize route usage count.

Second, an electric propulsion system is used to design a forward—flight drone
satisfied hub operation conditions. Hovering performance is analyzed to calculate the
minimum power required for a drone carrying a 1 kg payload. Based on these results,
prior performance metrics, including flight speeds, power consumption, range, and flight
time, are derived, and performance differences between single—hub and multi—hub
models are compared.

Finally, the study presents an operational cost model for drone delivery by integrating
the results of the route network and drone modeling. The model calculates battery

charging and replacements costs, initial drone costs, and maintenance costs to analyze
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cost differences based on the number of hubs and drone flight speed. Results from the
study show that the drone delivery charge decreased by 7.2% for multi—hub operation
compared to single—hub operation.

The proposed methods are particularly useful for the development of drone logistics
services in Korea by presenting a framework for drone—based logistics systems and

foundational data for designing electric propulsion multi—drones.

Keyword: Drone, Logistics Delivery, Electric Propulsion Systems, Route Network
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Figure 9 Three hub locations and their regions
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Table 2 Four hub operation result

z [km] c1(Hubl) c2 (Hub2) ¢3 (Hub3) c4 (Hub4)
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Figure 10 Four hub locations and their regions
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Table 3 Termination condition for DFS algorithm
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If direct delivery is not possible

Figure 11 Route finding using DFS algorithm
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Figure 22 Electric propulsion system flow [10]
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Table 4 One hub drone design parameter

Parameter Value
Nprop 4
Npare 2
Mgt 2.57
M rame 3
Miotor 0.35
M,ay10ad 1
G 0.193
C, 0.425
Mdrone = Nbatthatt + Mframe + Mpayload + NpropMmotor (3-1)
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Table 5 Detailed specification of the drone[12]

Component Specification

Propeller 29 x 9.5 prop
Motor KV100, Maximum power: 1873 W
Battery 6 Cell, 30 Ah Lithium—ion
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Ah (capacity) X V (nominal voltage)
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Mbatt

Epatt = PoactMpate Npate
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(3.3)
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Figure 23 KV100 motor & 29x9.5 prop static data
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Cr(J) = Cr,
Co()) = G, (34)
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T
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Cp = pn3D5 (3.5)
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Table 6 Hovering efficiency parameter

Parameter Value
nprnp (FM) 0.7
nesc O '9

-
R

o7|M Av ZRAY Hid WHoIH, w=
d HlelHE Rikstel oY AN = 3

Mow 4 FY 24 SR Y5 E
Z38}9lt} Table 72 AAbd J5s HAFt
Table 7 Hovering operation performance
Parameter Value
T[N] 25.8494
RPM 1851
Q[Nm] 0.8851
v[V] 47.7068
i[A] 4.5371
Nimotor 0.7927
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Figure 26 Quadcopter aerodynamic forces in forward flight

Nprop

Z Ty cos(a — Opp) + Ny sin(a — 8pp) — D sinfpp — W — Lg cos 0pp = 0 (3.10)
k=1

Nprop
Z T sin(a — Opp) + Ly sin Opp — Dy cos Opp — Ny cos(a — Ogp) = 0 (3.11)
k=1

g a7l gy EEoMe 59 (Induced drag) Bud #3113
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Mdrone 3
Stop = Stop,ref( M .
re
2

M, 3
Sfront = Sfront,ref (ﬁ) + Sfront,carrier (3-15)
re
S = Stop Sin(a@) + Sprone cos(a) (3.16)
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Figure 27 Drone front and top dimensions[m?] in 1 Hub
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Table 8 Battery specifications

Component Specification
Battery 6 Cell, 22 Ah Lithium—ion
Mpaue 1.98
Siop[m?] 0.2681
Strone[M?] 0.3503
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Figure 30 Drone top and front dimensions[m?] in 3 Hub
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Table 9 Hovering operation performance in 3 Hub

Parameter Value
T[N] 22.9554
RPM 1752
Q[Nm] 0.7949

v[V] 47.7142
i[A] 3.8498
Nmotor 0.7938
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Figure 31 Incidence angle in 3 Hub
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Table 10 Drone performance in 1 Hub and 3 Hub

Hub | V[m/s] | T[N] | Q[Nm] | v[V] | i[A] | a[deg] | P[W] | tg[min] | R[km]
1 249 139.2 ] 133 |47.6 |8.05| 286 | 1870 | 22.1 33.1
3 264 363 1.23 |476 |7.22| 304 |1870| 16.1 24.6
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Table 11 Battery price reference

Model Price
Ares 6S 30 Ah 619 USD
Ares 6S 22 Ah 549 USD
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Figure 37 Drone price curve fitting result

Table 12 Drone price

Hub Max Take—off Weight Price
1 10.54 2808.61 USD
3 9.36 2654.93 USD

4325 1A 8L
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Table 13 Motor data provided by the manufacturer

Service life [hr] Price
800 269.00 USD

Zt 8B 49 F I AItE Vo E wAEE EHY i+ Figure 38

25 A x  One hub
Three hub
24 A
E 23 A SRR
o
X
(]
% 22 Y
]
=}
—
[]
o
s 21 B e
20 A1
19 1 SR
20 21 22 23 24 25
Speed [M/s]

Figure 38 Number of motor replacement



= 13 v vg 14E G2 2gshe RE wA HEES HE 2o

hyA

=
r
v
o
%]
o
]

e,

4489 ¥ 29 A& 25

v AME A9E5S 36t 119 @99 F v g 2dS AEE T o
= QLA 18 EF HolE F 1% oS EE2oR AT 499 ves
om|gte}l, §H Fof] wWE F 9 v L2 Figure 399 AAFAoH, &

A o] A HK $9uT R H8e QT 22 FAG & Utk

o

One hub

800000001 Three hub

78000000
76000000
74000000
72000000 —
70000000 -~

68000000 S~

66000000 \\

20 21 22 23 24 25
Speed [m/s]

Figure 39 Total operating cost result



H9lon, wEe]

olJ

o135} t}. Figure 4094 =29 13

of
1S

7} 6.2%7}

[e]
R

i

5
e 2
< o

()
g
(o=
o o o o o o
o o o o o o
m o~ — o (=)} [ee]
—~ — — —

[MyX] a6.4eyd

25

23 24
Speed [m/s]

22

21

20

Figure 40 delivery cost of one drone flight



AA, SRS 299 a8de o7l 8 Min—Max didse 2835k
g gl g5 sl gl wel 49 FH A E AESSIh su AAE
asted =0 A g The AYE EEepih sB9 el ukek DFS

LEd AY HAs s Aol AR o8 dFE HiIee A=
& WEste], 17049 1% gk 27 deolHE Ay sl

-] of wep =& 1g

2 e, B A EEs 28 adAd w90l Thede B

N

AR, A= HEHD dyet =2 A d3E Foet] =RuE =8 WS
EAE AEsglth o] s wiE e =2 1 &S olgdE sE £ A

x7] W&d 74 HE RES AEshe WHs AAsid 1 A3 589

27 Z7bege u, wEle wA 25 e Aul wEe 24 dg 9
213 &Y g Bage Falsit



77 YEYA A7, DEM "Holg 7|ut A2 WEYT HAA3, 1w o U

‘o ] .
A AYes 193t AR FE dagF A7 7x AEE 289 5 U



2y 23

[1] IMARC, “Drone Package Delivery Market Report by Solution, Duration,
Range, Capacity, Type, End Use Industry, and Region 2025—2033,” 2024.

[2] CBS News., “Amazon Unveils Futuristic Plan: Delivery by Drone,” 2014.

[3] Korea Transport Institute, “Global Logistics Industry Trend,” Vol. 3, No.
65, December 2024.

[4] Seo, M. K., Kim, H, J., “A study on Possibility for Commercialization of
Logistics Delivery utilizing Drone in Korea,” 7The Journal of Internet
Electronic Commerce Research, Vol. 18, No. 6, 2018, pp.377~393.

[6] FEXWEH ‘EEuE-EE AEs 45 Ad Y [RE AE] 2024,
[6] Sudbury, A. W. and Hutchinson, E. B., “A COST ANALYSIS OF

AMAZON PRIME AIR (DRONE DELIVERY),” Journal for Economic
Educations, Vol. 16, No. 1, 2016.

[7] Agatz, N., Bouman, P., and Schimdt, M., “Optimization Approaches for
the Traveling Salesman Problem with Drone,” 7ransportation Science, Vol.
52, No. 4, 2018, pp.965~981.

[8] Bhuiyan, T. H., Roni, M., and Walker, V., “Drone Deployment
Optimization for Direct Delivery with Time Windows and Battery
Replacements.” 2022.

[9] Wang, D. H., Jung, H., and Yoon, D. S., “A Study on Drone Logistics
Delivery Use Cases and Development Direction in Future,” /n Proceedings

of The Korean Institute of Communications and [nformation Sciences, 2016,
PP.624~625.

[10] Nam, H. S., Lee, S., and Lee, H. T., “Electric Propulsion System
Analysis and Optimization for Multi—Rotor Drones,” In 2024 I[EEE
Aerospace Conference, 2024, pp.1~8.

[11] Pollet, F., Delbecq, S., Budinger, M., and Moschetta, J. M., “Design
optimization of multirotor drones in forward flight,” /n 32nd Congress of the
International Council of the Aeronautical Sciences, 2021.

[12] T—motor, Available: https://uav—en.tmotor.com/.



https://uav-en.tmotor.com/

