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Abstract: This study proposes a real-time thrust anomaly detection algorithm for multicopter-type unmanned aerial vehicles (UAVs)
using an autoencoder-based semi-supervised learning approach. The performance of this system is verified through a hardware-in-the-
loop simulation (HILS) environment. The proposed method detects anomalies without additional sensors by using only the onboard
signals of the flight controller including the attitude, angular rate, and motor pulse-width modulation data. The autoencoder was trained
solely on normal flight data and determines faults by monitoring reconstruction errors. The developed algorithm accurately detected
an induced motor failure within 0.06 s while showing no false alarms during normal operation. The HILS system successfully replicated
the dynamic behavior of the UAV and validated the real-time performance and reliability of the proposed model. This approach enables
the efficient and safe pre-flight validation of fault detection systems. Future work will involve real flight tests to evaluate the robustness
of the algorithm under various fault scenarios and environmental conditions.
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Fig. 1. Frequency of failures by Multicopter UAV system.
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Fig. 2. Classification of anomaly detection algorithms.
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Fig. 3. Coordinate System of Hexacopter UAV.



292 os 4 M=

]

cpcld cpsOsp — sipcl  cysOcp + spsyp
f, = |sYch sPsOsy + cpcl sPsOced — cysO (D)
—s6 s¢cl cOc
olw] ¢ = cos("),s =sin () & 2u|slx, R &= 7|4 14
Fg Al I HFEARe] wged s ofn|git.
7IAl 2 FHEAl] disl] AEEE WE(v), 45 9
(@)= okl 2} @9} 2ol Aol B719st L Fo| o
& W MEE, F) D SRS AEM, M o 4 0
3} o] et
v=ui+ vj+ wk

w=pi+ qf+ rk @
Fp=Fu i+ Foj+ Fpk
FT = FT i+ FTyj‘l' FTZQ
MA_LAL+MAJ+NA (3)

k
My = Lyi+ Mpj+ Npk
@5719] 6-DOF &A1 33 BHlEe] gk 7§19
Ao mNE 4 @5 L PANS 92 5 Ak
m(u—vr + wq) = —mgsind + F, _+ Fr,
m(v — ur + wp) = mgsingcoso + Fa, + Fr, 4
m(W —uq + vp) = mgcospcosd + F,_ + Fr,
Db = LgT = LegPq + (I = Ly )ar = Lo + Ly
Iyyq + (yx — I)pr + Ixz(pz - rZ) = My+My ®)
I, 7 —L,p+ (Iyy - Ixx)pq + I,,qr = Ny + Ny
ojmf HPZ S HEFH = XzW 3 YZFo| tolnw &
AR E el v A ()3 &2 WATE dHETh
Lw=1,=0
xy _ yx B ©
I, =1, =0

w2k A (5) ofel A ()3 o] dEstet = 3l

Lab+ (I; — 1,,)qr = Ly + Lr
Iyyq + (yx — I)pr = My+My @
L7 + (Iyy - Ixx)pq =Ny + Nr

#E2 O 2 Hexacopter UAVS] 5174242 2] (8)3 2t}
m(u —vr + wq) = —mgsind + F,_+ Fr,
m(v — ur + wp) = mgsingcoso + Fa, + Fr,

m(W — uq + vp) = mgcos¢cosf + Fy_ + Fr, ®

Lab+ (I; — 1,,)qr =Ly + Lr
Iyyq + (Lex — I)pr = My+My
Lzt + (Iyy = L )Pq = Ny + Ny

-

W LAl O3 7 A 9] e S 7
s, of= o] 4} )] 714 14 AEALIA gelH 2%
o} 9 9dejz} Afo] ARk ek 4741*% 8] 73 5 gl

=10 cosp —sing
Y 0 singsecd cosgpsectd

) 1 singtanf cosptandip
6 H ©

2 B 2,

ME NI ASBHEY

g AAE B8l e el
6}04 AAe] AAE 0 el Ew B

AN FE ‘Q*@%}Uﬂl, ° A
ek whebA], B Aol A= R el RE] S 18s
o F57] EES Atk 7-57] EP> Hexacopter
UAVERE] TEHH, g F57olA HAsE F252 2
(10)} Zo] AxteTH12].

T; = CrpA,720% ~ CTQiz (10)

=A% uge Ze2dy v BE g ESC 84 5
o] e o= 4 FElo] WA S v gojet
G STk # ATl ESC7F HEHE ddue ARgS
o3 u] AMEEE PWMS 4 (1S 283 7 Hxo|
upe} zdste] 2} (10)9] ZmAe|o] ZHEnE vt WY
o uAow olg 2y A8 wARIgITh

ulfau” = Wi(u‘%gi:dw) +yldte (1)

u[ = 37go) Q17kEl WE Alo] PWMakelH, w44
PWMztolth uidle = RE7} A58 Aldtels H 4 PWMEH
olm WMo R w; = KEH JHE UEhliE Aotk
w; = 1002 i HA BE 1go] gl AElolH, w; =50
50% .LW’] 17he e, mhAeRe. =0 & 100% 7%

o] I7hel FElE efmgith
3. Hexacopter UAV & &

Hexacopter UAVE 67]2] F57]0A F8 4 RHES
AAZ1aL, 7F FEEEE 7A) 14 JEAle] ZF5e] 3
oh o A (12-13)2 FEvlel o3 Al A S
(Fr,, )t BHIEL M, N)E vebict

&"n&

|

1

FTx 0
Fr | = 0 (12)
Fr| 16 (QF+0Q3+0f+0f + 02 +Q7)
L —Crl Cpl Cpdy —Crdy —Cpdy Crdy [|Q2
Ml=| 0 0 Cpdy —Cpd, Cpd, —Crpdyl|| :
N —Cq G —C4 G Cq —Cq |19¢
(13)
Motor 3 Motor 5

Motor 6 Motor 4

1% 4. Hexacopter UAV
Fig. 4. Motor configuration of Hexacopter UAV.

ELE A,



QEQIH JIBt LEISH UAV AR =2 0l&EX

3
RrPM %77 [l 12212 BLDC 2 [

10 Inch

.TVTO §E 4 "y ‘ Holybro 10X4.5 Propeller
9 5 39 =7 A,
Fig. 5. Thrust measurement equipment.

x L FE 354 49
Table 1. Thrust measurement result.

(u]

' HILS &Z 293

bl

A v goF tpket S-S BHARSE 4 QQui13]. E3

A vYAET L gl v Ao)7] T& AF%}
o] SILS (Software-In-the-Loop Simulation)| 4] ¥+<33}7] o218
AX & ZAl X AL whed sk 4= QI 14].

TIH 6 HILS Al&F F2EE UEIh i HILS €4
2 Host PC (CPU: Intel i7-14500K, GPU: Nvidia RTX4090, RAM:
128GB, OS: Window 11)o14] 544418 7uko s AAkg
AEHHEE MU, 7190, GPS Al 2ElS- o] g-ato] 7hake]
AlA ol 2 kst Mgk AlA dloJE= A v]dA]
o712 HEEW, HEAAo)7]= o] viEo R A H 91X
& FA3 AoE Fdh wHHeR HIEEZHOM
(Pixhawk 6X)7}F AlLket 7} BE 9] Alo] PWM 2lE & do]E
A& A(DAQ, Arduino Uno Mini LEYE 53] ThA] Al&EE 0]
HE drzure] HExE gt olg FxE ZHE
HILS 3745 &3l vsgAlel gxE vlaAe7] 2 5315

SO

Dg, o>'
ol

E].J EZLQ. N/\]ﬂ. = 7426]— /‘* 0101:::1 ZEﬂo]/g—o] \:_1‘__})\3

3k ARelM el F5A SH oA darglEel e

SHdsAl Hrkek 4= Ai15]. 531, AA vlgAI el

Propeller Diameter [m] 0.254
Air Density [kg/m3] 1.225
Thrust coefficient Cp 0.0617
Torque coefficient Cg -0.0050

3] olele 9198 FE skl ARG 5 slrks oA

215 4ol vERD upe} 3o), 12 Yo mRE 577
AYE Yepdn 7t B (o] RUE 2 d; = Isin (¢;),
d, = lcos(p;) = A]H )

o] 2] (13)ol B8 ¢, C, 7S F53] 8, 19 5
¢} Zro] TYTOAFY] F8 =AHAn|E
BAES SH3S ¥ 15 54 A%erE A e

III. Hardware-In-the-Loop Simulation AJAE] A4

_4

2 o)X= 2784 714 Hexacopter UAVE] 25472
I Ry nfgoR 59 o) sk AlEeo)ddt o
4 BA daelFe] des A7) Y% HILS (Hardware-
In-the-Loop Simulation) A]2~8] A #4-& A<gic)

1. HILS A|IAE 14
HILS®= Al vigAldda 2] 99

b

sk 4= 9la

A=) FaEAdS SIS 4= Stk oF HollA] FhEd
ERIF ] Mission Computer U5 Anomaly Detection =-El|
Tensorflow Lite 202 FA|ec) 3t xd?%j/]oﬂ AR T}
e e, AEE AARE A dld EEel 1 T} PX4-
Autoencoder Bridge F-E-= DDS BridgeZ 3 A5 A4 4]
°|g)9] 571815 a5t o] & Anomaly Detection ZEZ
43I} o] % Anomaly Detection ZEIA &9 ZA3E o}
Al PX4-Autoencoder Bridge EE°] PX4 WAIX] 2o W3
3}l ©]Z Pixhawk Flight Controller= 5310} A% HA]x]
= PX4 U oS &l AEA 5718 FaultDiagnosis 5
FollA ATA eAE Arshsdl AREE AL HEAo® A
AHE AT eakek P4 sebrE R AdE g o8
g 39 o] F-5 uORB MAIA| 2 FH i),

a9 72 B AFellM 53 HILS AAl 4] 73S
o]t} 2 A|22¥l2 Hexacopter UAVS} Host PCE 402,
PWM 5742 $13F DAQ, Z12]31 Hexacopter UAV -0l =]

L e

Host PC

(Dell Precision 3680)

=

<|\ HIL_GPS, HIL_SENSORS
DDS Bridge Simulated Sensor Data

[uxrce_dds_client] [mavlink]

PX4-Autoencoder
Bridge
GPS Sensor

Barometer Sensor Sensors Hub
[sensors]
Anomlay Detection

IMU Sensor

DDS Bridge Pos & Att Estimator
[uxrce_dds_client] [ekf2]

PX4-Autoencoder
Bridge

Control Allocator
Actuator PWM

1

- :Sensor - :PX4 Modules -x:ustnm Modules 5 :uORB —— :External Signal

Position Controller
Angle Setpoints

Attitude Controller

Rate Setpoints

Rate Controller

Torque Setpoints

g
] -
Fllght Visualization/Dynamics Model

Fault Injection Module

Fault Injected PWM

Output Driver

1% 6. Hardware-In-the-Loop Simulation 4] &=,
Fig. 6. Architecture of Hardware-In-the-Loop Simulation.

RPI CM4 Mission Computer Pixhawk 6X Flight Controller DAQ(Arduino) Qground Control



294 Seungshin Lee, Donghoon Seo, Taegyun Kim, Beomjun Park, Young Seo, Seungkeun Kim, and Jinyoung Suk

1% 7. Hardware-In-the-Loop Simulation “JH].
Fig. 7. Equipment of hardware-in-the-loop simulation.
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