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Abstract: [ Objective] Tethered heavy-payload firefighting
UAVs performing sustained hovering at 200 m altitude face
critical challenges: Insufficient power density, excessive
winding temperature rise, and inadequate 100-hour
operational reliability. Addressing performance limitations in
conventional external-rotor permanent magnet synchronous
motor-specifically high AC copper losses from round-wire
windings and low air-gap flux density due to parallel
magnetization, this study proposes an integrated solution
combining multiphysics  collaborative  optimization —with
innovative topological design. The approach targets stringent
triple requirements for electric propulsion systems: lightweight
construction, minimized heat dissipation, and superior
operational robustness in aerial firefighting scenarios.
[Methods] Using a multi-parameter sensitivity hierarchical
degradation model validated for predictive accuracy,
parameter co-optimization for an external-rotor motor with 36
slot/32 pole was performed via response surface methodology.
The design incorporated a five-segment Halbach magnet array
topology to enhance fundamental air-gap flux density while
suppressing torque ripple through optimized magnetization

angle distribution. This was combined with flat-wire winding
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technology and a dovetail-groove stator design, achieving a
78% slot fill factor and reducing AC copper losses via three-
dimensional end-turn optimization. Pareto-optimal solutions
balancing thermal stability and efficiency were selected using
a genetic algorithm based on a composite objective function.
Prototypes underwent rigorous validation through propeller
dynamometer tests simulating full-load aerodynamic profiles
and flight demonstrations at 200 m altitude under variable
atmospheric conditions. [ Results ] The optimized motor
achieved a power density of 3.73 kW/kg with 92.9% system
efficiency under rated propeller load. Winding temperature
rise stabilized at 118 K, the electric drive system operated
stably during the 200 m altitude flight test. Following 100
hours of continuous flight, efficiency degradation remained
below 0.1% , outperforming similar products. [ Conclusion ]
The hierarchical optimization framework synergized with
Halbach-flat ~ wire  winding  technology, achieving
unprecedented power density and operational reliability
essential for prolonged firefighting missions, while offering a
scalable methodology for high-altitude electric propulsion
design.

Key words: tethered high-payload firefighting UAV ; electric

propulsion system; optimization design; Pareto
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Tab.1 Requirements for electric propulsion system

performance metrics

LK TR E P R RHE
R R LV 500~ 850 500~ 850
BUERHE/ (r-min™") 3200 3200
BUE D)%/ kW 16 16
(%53 / (r-min™") 3 700 3 700
W2/ kW 26 26
HLHLAME/ mm * 180 170
MR/ % %91 91.2
Fii/ kg <6.5 6.05
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Fig.2 Optimization method of the electric

propulsion system
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Fig.4 Schematic diagram of flat-wire winding
in the motor
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Fig.5 CoP matrix
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Fig. 6 Input-output linear correlation matrix
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Tab.2 Optimization results comparison
ZHLATR J5 7 % AT %
SR/ % 91.20 92.09
JFit/ kg 6.05 4.81
YR/ (Nom-kg ") 7.77 9.93
FEH/(N-m) 47.21 47.74
Hil#E/ W 793.32 694.42
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=B DUBA LB, 4% 07 SR REALTT 1] 55 AR B I
B 11 FR

11 RE% B Halbach B3 HAL 5 B R = B
Fig. 11 Schematic diagram of magnetization directions

for Halbach arrays with different segment numbers
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Tab.3 Performance comparison of different halbach

array segmentation configurations

PERE =B litfEs Tk
5/ (N - m) 51.12 51.48 52.92
LEA 92.97 92.82 93.53
S HLH THD/ % 4.29 3.54 3.10
ARk 8h/% 4.12 2.90 3.03
YIREE/ (kW kg ™) 4.13 4.18 4.29
a/(°) 28 / /
B/ (%) / 21.25 /
71/(%) / / 18.8
72/ (%) / / 43.8

E 12 FER Halbach BEFIZE#AESEEXR
Fig. 12 Relationship between magnetization angles

and torque in a five-segment Halbach array
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Fig. 13 Non-uniform magnetization of Halbach array
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Fig. 14 Relationship between magnetization angles and

torque in a five-segment unequal Halbach array
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Fig. 15 Torque waveforms of Halbach arrays with

different magnetization methods
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Fig. 16 Flat-wire winding and stator assembly
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Fig. 17 Halbach magnet array and total
machine mass
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Fig. 18 Propeller test bench
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Fig. 19 Propeller test host computer
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Fig. 20 Temperature rise curve under rated

operating conditions
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flight test
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