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Pose estimation method for indoor unmanned aerial vehicles in substations

ZHANG Yongting', HAN Yanwei', LIN Yongchang', FENG Yitong', LIU Jian®
(1.Zhongshan Power Supply Bureau of Guangdong Power Grid Co., Ltd., Zhongshan 528400, China; 2.School of Electrical
Engineering and Automation, Wuhan University, Wuhan 430072, China)

Abstract: Indoor unmanned aerial vehicle (UAV) inspection in substations can effectively reduce the intensity of
manual inspection operations. Due to high flight accuracy requirements and limited carrying capacity, relying solely on
UAV-mounted cameras and inertial measurement unit (IMU) data fusion to determine pose fails to meet precision
requirements. Therefore, a multi-vision-inertial navigation fusion framework based on the ubiquitous IoT with existing
fixed cameras in the substation is proposed. The images of UAV-mounted cameras for indoor lighting conditions are
enhanced and combined with IMU data to obtain preliminary UAV position data. In addition, by deploying quick
response (QR) codes on UAVs, the improved perspective-n-point (PnP) algorithm is applied to optimize UAV pose
data. After the flight is completed, the cumulative error of IMU in the UAV nest is verified. Experimental results have
shown that the deployment and maintenance workload of this method is small, and the flight accuracy is significantly
improved compared to relying solely on cameras and IMU data fusion algorithms. It can meet the needs of UAV
inspection operations in substations.
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Figure 1 Ubiquitous IoT positioning framework
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Figure 2 Edge computing framework
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Figure 3 Multi-vision-IMU fusion framework
3.2 QREBHHERE

AT b A % N AL A TR A
B NATBEZ A AR PR AR TRAY BRSO Y A
BOR, G WA pR R g fr TAR QAR B

SR IMU 5 5 3058 15 Sk 19 Bt k& ml LA
P2 JC LA A7 2 X008, 8 il T 5 B0RE T i BR 41
AREREFERE B R ER S . ZGaENTAN
o b B E S B oKL ZETE AL b R QRAD, T 1A 4
Fros s e B AL ®AT T A o Cln &l 5 g k), it 14>
52 AR K B QR SR B A1k JE A LA 2
B

4 RAMQRBDIFA
Figure 4 QR code identification of UAV

5 N A QR A HFAE GRS AL EARAL
Figure 5 Optimization of QR code feature fusion

pose of indoor UAV



142 B B - NI 2025 4F 1 A

[ ARk A B E N, LS R 5 NS5

g5 4 T Al X QR i L B R/ A E TE AL

AR MR FERFR . AT AN QRISA

S0 2 I/ TS5 0 R B 4 AR L e ]

TR BT EL R R A A T RO B TP 2

I B KU 1 -
TR BIR 22 L  PnP(perspective-n-point) | jt}\mﬁ;:mwr%‘l{% |

VLY TERRME P3P L BT R B QRIG I 2 4] = ]

Y23 VBG4 12 A0 J6 0T 45 (iterative closest point, LU Nal

ICP) Bk it A7 itk | 415 S o7 8 S 445 3 T8 AL
RN A

10 CHAANLALFR K QRIGAIR R, 28
i % TG AMLEAZ S A1 IMU il & 5 9 A8 bR 5080 5 W
gt B bR R WA

ke =hyikxe=Ryi(Ricrctmyc) +myx  (6)

o, e A HABILAL B R B4R AR R A A 4 s ke M
AL A bR 2R 2] QR BG4 BR 28 10 28 46 5 Ay QR T 42
b 7 B AR AR R IR Ry o 53 10 QR 15
A Z B T AR AR R T e BT AT AR B Rice
myc 53 3 R AR AL AR B R B QR A5 AR B R 1Y JiE e FOF
FT AR B 5 ¢ A AR 3R TC AN = 4 8 K 6

it B E TE A LR K S IMU RS 515 301
T BN E N (20, v, 20) 5 B n A EEAR KR 2 Y
QR A7 B R (2o, va, 20) (25, y35 23) = (X1 Vst
2,00) M AR IS (1 TE A HLAE BN

1 nt1
_n+1k:11k
1 n+1
= , 7
Y n+1k:ly‘ (7)
. 1 nt1
: —ﬂ+1;zk

BT I T 240 8815k Hs |, BRI AE S 52 0 G
AT AR LR L S T R AL R A
K BE o
33 REEERRE

BRE R WA 6 iR o 1EASRHRAR Sk H 3k
I S 50 B QR A5 19 B8 55 J5 L AT 3R BTSN BIL I £
B 2 (9) Al R L AR S 1 TC ARG B L .

TESE PR T ALK A L fE v, B v g & = AR
KA AT 22, & 4 DL 75 B 1) e 15 B O )Rk
W o Bt J R N L 900, ) 0 B 4 i o i AL e e
S O WG SN CTE N oo 3= VS W
BILSE o (0 KG B 007 128 B8 8l o il , A o T AL B W) 46
L2 EH e R R AT IR 2E

QR fiii 3} 7

i
WU QR 1t

NI

P {53k 1 45 4 2
&

| e EANLGE |

w
e

| l%i’é‘#ffs‘*cxff MU |

6 kA
Figure 6 Algorithm flowchart

4 ZWHERKSW

T o L B AR H R R R = N R T R TE A
BLAK A VM o R 04 T AL AE 4 U 45 g K a4 3,
TN TP AR AR SRR A BRI g o 5 R
IMU 2 J11 5 % 4 19 M-G 370 2 51 7 Sl b 48 A ARl 6
AHL AT BH R E R OE S % WG A IE R AR
WA FA R 2.2°5 JC AHLEE 4800 IMU 24555 MTT 300,
i WA Ry 200 Hz, 12 8 2% 1T A9 21 o 5 | o 8
KRG B T AHLUR S B AL =N 2 4%
k4 HEE R 1 280X 7205 2Kk i Dell Precision 7910
i %5 &% #4738, R 1 Intel® Xeon® E5-2600 v4
AhFEER 64 G NAT, iR 8 NVIDIA Quadro M 6000
12 GB, £ 4t ¥ 525 Ubuntu 16.04.

2N TG AR 2 L P AT R 4 I O 81 7
B, AT LE B A BB AR AR R
A% SC T 2 22 A0 1S G HE 4 R ek i 1 PP B3k
ARG WA AT RS P AT s R A )

Fo

o




840 B 1

KACHE , 2 A8 W ok B N TS A BILAL A T ik 143

TR MR B B4R T, AR SE B N RS B T AR A R 5
HE . MU RAT I 5 K RAT A AN 8 BT,
EREEE P T Y AR Ry NS R B R
AT 2 i, TR €0 3R 5 R TR AT S B, R B ALK
793 m,

7T ERRAMNTCAT BAZ LI H]
Figure 7 Indoor UAV flight and pose control

B8 =R LANKMSIL
Figure 8 Indoor UAYV inspection route

ME ] LIF B, iz 5t N FERE S AT
RGBSR A, DA R R B A (el g B R
1136 i AR5 e T AL ©AT e & rp 5
BLER X B B R R AT IR AL W TE AP
ST KR

P& AR ORB-SLAM 8 ¥ [ IMU 5 1% 3k %
il il B 9 12 AR ST B B AT A X LA 1 iR
24 LB, 1B BRIE b T il 2R 00 R AR Y SE PR AT
Bl n P 9 B R R AE A 1 TR, NG SR AT
A SCRT PR R A T S A W] R AR R
Z PR E e bt B R R R

9 -
8 —
7t = .
7T —WREG
£ O Tl e ORB-SLAM
o5 D IMUHR S K
iz 41 **é/m"ﬁ'ﬁ*rﬁ FHESE
3t el
Sl
i 1.0

Ik 3 0-3 1.0 -1.0 Wi [
Frm L5 NG

9 FHNEAMNCATHE 5T
Figure 9 Comparison of indoor UAV flight trajectories

K1 Hxbsrshitig £

Table 1 Comparison of absolute trajectory errors of algorithm

WRRE/ Wb/ FHRE/ BREWRME RETE/ SRR RATREY/

IR cm cm cm 2%/cm cm 5} 8] /ms s
ORB-SLAM 36.12 3.71 9.15 5.55 7.92 72.483 622
IMU -+ 815 3k 12.13 0.82 5.79 2.33 5.73 65.329 473

ZHHE— B FHER 9.23 0.78 5.43 2.19 5.48 37.817 395

5 45iE

T NHUA]AE = 4 =5 6] b kAT, S HLAR AR L,
SR AR OR K B o R 36 . 5 RSN APLKAA H,
2 N TCAHLEE BURE A7 BR 3k LR BB 3 1) GPS 5&
PLAR T, RATRT B EEOR A R o DA HL i DAY S [T E %
Bk R B R B E AL R T B b i
WL 7 BB AR 9 TEAMLIE Bk 5 IMU Bl 5 5
37 22 RO A8 TE MR A o AR SR X 3 1A B 358 X 18T 5
BEAT TS AR T2 BB 15 il 5 AE 28 AT 3 AN [
TR AN ) 5 48 5k Kodh 32 5 A% 1 R 9 JE A AL
7 2 K s A e AL

BT Z - RS HE S, T — AR SOK E

AHLEHS TAESE 54 X ATIRBESS &, S BN /AT
IR PR SR B U A S o3 A S Ak B O I E A
WAL AT B REAL SR L S D9 A ) i SCHE

S E Wk

(1] W, IF5E, WKL A BT AN T BEHOR Ay 28 b
TR A AR AR B R [9]. R R ,2023,49(3 T
1):90-96.
PENG Zhiming, XU Yao, HU Yongbo, et al. Intelligent
inspection technology for secondary equipment in
substations based on artificial intelligence technology[J].
High Voltage Engineering,2023,49(sup 1):90-96.

[2] VR, SN 0555 R T A S i R
il A WL RS A AR R (9], H I 5 43,2023, 60(8):
144-149.



144 L - T T - 2025 4 1 H
KE Qingpai, SHI Xuntao, YUAN Zhiyong, et al. Route CHANG Junxiao, YING Yupeng, LIAO Xiaobing, et al.
planning for substation patrol robot based on improved The automatic checking method of setting value for
genetic  algorithms[J]. Electrical Measurement & relay protection device based on image processing[J].
Instrumentation,2023,60(8):144-149. Electrical Measurement & Instrumentation, 2023, 35(6):

(3]  JHMER, 95, B2 Rl 55 T 40 )2 0 i 0 Y e T R 50-58.

L 3t AR SR 00 Ay B T 3 [9]. o R D) ,2023,56(8): 143- [10] W, XA A, X0 T 98, 45 . gk b P40 3 BE S 4R G B
150. HER R A EBEIE]. BT, 2023,40(9) :36-42.
TANG Xuchen, CHAO Zhu, DUAN Qinwei, et al. LING Gang, ZHAO Xicai, LIU Qiankuan, et al.
Probabilistic load forecasting method of high voltage Research on standard system construction of intelligent
substation based on hierarchical measurement data[J]. operation and maintenance for relay protection[J].
Electric Power,2023,56(8): 143-150. Distribution & Utilization,2023,40(9):36-42.

[41  kearfh, ool #hik5e 3% T ) B O3 1RT Y R e AR v s [11] B0 8% 00k % Bt 46 6 T vl g A 6k T g 4k vl R 3

4 SCHE B R AT S (D). L 0 55 3 0 AE R, 2023, 39(7): 67- R e g RG] 0 R X H A Sk,
72. 2023,35(6):50-58.
DU Qiwei, ZHANG Chao, HAN Hongfu.A study on key DAI Zhihui, YANG Xin, GENG Hongxian, et al.
technologies of intelligent substation operation and Intelligent operation and maintenance system for relay
maintenance based on bay detail drawing[J]. Power protection setting based on power internet-of-things[J].
System and Clean Energy,2023,39(7):67-72. Proceedings of the CSU-EPSA,2023,35(6):50-58.

[51  AFZF B O i W T ) 725 v 3 AL 2 AR A6 1 Jn A [12] =3 SClINE 205 345 SUE AL 4k B 9 R G T &

110 B DR SRR B Bt B R AN O ¥R (0], A ,2024, PEAF M7 R BFSE (0. 8 0 3R e A AP 5 4 61 ,2024,52(17):
52(9):65-71. 168-176.
GU Mengyao, XU Xinsheng, HE Yuchen. Data quality WANG Xingzhu, WEN Minghao, LI Jiaqi, et al. A
collaborative evaluation method for substation robot reliability analysis method of dual-redundant relay
inspection using weighted nested decision tree[J]. Smart protection systems[J]. Power System Protection and
Power,2024,52(9):65-71. Control,2024,52(17):168-176.

[6] ZE7K,FE MRS, 1 /INER A5 700 B il YR A 4 1] S A L [13] WANG Y. An efficient algorithm for UAV indoor pose
2% RG5Ok BRI, B ) TR R ,2024,43 estimation using vanishing geometry[C]//12th TAPR
(3):234-243. Conference on Machine Vision Applications(M VA),Nara,
LI Jie, DONG Linjie, TANG Xiaobing, et al. Precise Japan,2011.
positioning and identification of omnidirectional [14] B v, ke ARk, 4% . vadb e W4 d XM AL AVC
inspection robot for substation secondary equipment[J]. ZEA PRI R SR IS (7], K H 4R, 2023, 44(2): 270-
Electric Power Engineering Technology,2024,43(3): 234- 279.

243. XIAO Yang, LI Zhigiang, CHENG Lin, et al. AVC

[71 &SN E, C N5 AR &I A2z comprehensive  coordinated  control  strategy  of
LRI W5 (0], R G B 24 4,2023,35(9):1975- centralized condenser in northwest power grid[J].
1984. Power Generation Technology,2023,44(2):270-279.
JIAO Songming, SHOU Yunfeng, BAI Jianpeng, et al. [15] WEISS S,ACHTELIK M W,LYNEN S, et al. Monocular
Research on hierarchical motion planning method for vision for long-term micro aerial vehicle state estimation:
UAV substation inspection[J]. Journal of System a compendium[J].Journal of Field Robotics,2013,30(5):
Simulation,2023,35(9):1975-1984. 803-831.

[8] X fh ik, Bk i 3C, 3B KL 1,45 . 3 T YOLO-E 5 g i [16] il — 5KV 48, 3 K A o T8 4 2 T A AL 30 S A% i 1k
OCRNet K15 71 1 14 72 F, 0t 30 3% 432 B A1 1z 4253 O 12 RE 2T [9]. PH AL Dok R 222 41,2009,27(2):245-249.

[J]. B8 7 #E35,2023,44(11): 75-85. HE Yi, ZHANG Yanni, WANG Yongsheng. On the

ZHAO Weida, CHEN Haiwen, GUO Luyang, et al. propagation performance of UWB-MAV data links[J].

Substation meter readings and dial information Journal of Northwestern Polytechnical University, 2009,

identification method based on YOLO-E and enhanced 27(2):245-249.

OCRNet image segmentation[J]. Electric Power [17] ¥, BRER, 2%, 55 % 8 E R 35 0 i e i

Construction,2023,44(11): 75-85. U ER B A AL A A B AR L AR (7). 7 R LAY, 2023, 59
[91  H R WE, N TS, B /NI 5 3 T 5 4h BT A 4k e R 3 (5):178-184.

X B EAH A s X 5k (7). BN 5 4 5%,2023,35(6):50-
58.

PU Ziheng, CHEN Zhigang, SHI Xingtao, et al. Path

optimization of dc field patrol inspection robot in



54055 11

SROICHE | 45 o 78 L 0l B N TE AL A 3 U5 i

145

(18]

[19]

[20]

[21]

[22]

[23]

converter station considering the influence of synthetic
electric field[J]. High Voltage Apparatus, 2023, 59(5):
178-184.

AHRENS S, LEVINE D, ANDREWS G, et al. Vision-
based guidance and control of a hovering vehicle in
unknown, GPS-denied environments[C]/IEEE
International Conference on Robotics and Automation,
ICRA09,Kobe,Japan,2009.

ABEYWARDENA D, WANG Z,KODAGODA S, et al.
Visual-inertial fusion for quadrotor micro air vehicles
with improved scale observability[C]//IEEE International
Conference on Robotics and Automation (ICRA),
Karlsruhe,Germany,2013.

MIAO C,LI J. Autonomous landing of small unmanned
aerial rotorcraft based on monocular vision in GPS-
denied area[J].IEEE/CAA Journal of Automatica Sinica,
2015,2(1):109-114.

PHANG S K,ONG J J,RONALD T C,et al,Autonomous
mini-UAV for indoor flight with embedded on-board
vision processing as navigation system[C]/IEEE Region
8 Internationa Conference on Computational Technologies
in Electrical and Electronics Engineering(SIBIRCON),
Listvyanka,Irkutsk,Russia,2010.

CHEN F,CHOPRA I,POTYAGAYLO S,et al.Towards
model-free SLAM using a single laser range scanner
for helicopter MAV[C]//AIAA Guidance, Navigation, &
Control Conference,Portland,OR,United States,2013.
CADENA C,CARLONE L,CARRILLO H,et al.Past,
present, and future of simultaneous localization and
mapping: toward the robust-perception age[J]. IEEE
Transactions on Robotics,2016,32(6):1309-1332.

[24]

[25]

[26]

[27]

(28]

[29]

WEISS S,ACHTELIK M W,LYNEN S, et al. Monocular
vision for state

Field

long-term micro aerial vehicle

estimation: a Journal  of
Robotics,2013,30(5):803-831.

JE TR A A B N SE L 2 AR E NN B TE AHLE LS
AT . AL TR S T, 2019,55(22):231-
238.

ZHOU Kemin,ZHOU Rong, TENG Jing,et al. Method of

location and attitude estimation for small indoor UAV

compendium(J].

with multiple markers[J]. Computer Engineering and
Applications,2019,55(22):231-238.

ESE L FANEY (1) | e R B R D SN U R
Jo N WAL Z A8 1B 5% (1] oh B 3, 2021,47(11):134-
140+152.

WANG Jihong, WU Bobiao,ZHANG Yachao, et al. Pose
estimation of small UAV based on vision and INS
information fusion[J].China Measurement & Test,2021,47
(11):134-140+152.

MUR-ARTAL R,MONTIEL J M M,TARDOS J D.ORB-
SLAM:a versatile and accurate monocular SLAM system
[J]. IEEE Transactions on Robotics, 2015, 31(5): 1147-
1163.

R R M 35 T 59 6 PR 9 ORB-SLAM 1 3% [J].
b BT R 2225 4R ,2024,47(1):106-111.

LI Ping, CAO Chaochao.ORB-SLAM algorithm for low
light environment[J]. Journal of Beijing University of
Posts and Telecommunications,2024,47(1):106-111.

JE T AT YRR FR AT 80 B S B R L J7 12 F 5 (D).
W IR < W R Tl K%, 2021,

ZHOU Ning. Research on visual-internal localization
with two-dimentional code maskers[D]. Harbin: Harbin
Institute of Technology,2021.



