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Fig. 2.8  

Fig. 2.9  

Beaed, R.W., Mclain, T.W., Small Unmanned Aircraft (2012), pp.99-104, 106-108, 181-183, 

Princeton University Press.

, Vol.39 No.5 2000

pp.337-342

2007 pp.180-210
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Vol.67 No.6 2019 pp.181-189

Vol.64 No.6 2015 pp.317-323
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Table 3.1  

[kg] [m] [-] [m2] [m] [-] [m] [m] [deg] 

 0.102 (0.036, ±0.219, 0.057) ( 0.0872, 0, 0.9962) 0.164 0.334 1.94 0.112 0.031 0 

 0.003 ( 0.104, ±0.450, 0.032) ( 0.0872, 0, 0.9962) 0.010 0.061 3.31 0.061 0.002 0 

 0.005 ( 0.184, ±0.220, 0.032) ( 0.0872, 0, 0.9962) 0.021 0.082 3.05 0.082 0.002 0 

 0.011 (0.288, ±0.263, 0.064) (0, 1, 0) 0.020 0.150 1.15 0.150 0.003 0 

 0.004 (0.138, ±0.263, 0.071) (0, 1, 0) 0.017 0.150 1.30 0.150 0.002 0 

 0.015 ( 0.079, 0, 0.114) (0, 1, 0) 0.030 0.400 0.21 0.400 0.003 0 

 0.012 ( 0.549, ±0.263, 0.034) (0, 1, 0) 0.012 0.093 2.12 0.093 0.003 0 

0.003 ( 0.630, ±0.263, 0.089) (0, 1, 0) 0.016 0.118 1.53 0.118 0.002 0 

 0.012 ( 0.568, ±0.132, 0.002) (0, 0, 1) 0.029 0.108 2.53 0.108 0.003 0 

 0.006 ( 0.658, ±0.132, 0.002) (0, 0, 1) 0.020 0.072 3.79 0.072 0.002 0 

 0.087 (0.011, ±0.263, 0.002) - - - - - - - 

 0.298 ( 0.107, 0, 0.028) - - - - - - - 

 0.187 (0.006, 0, 0.028) - - - - - - - 

 0.072 (0.391, ±0.263, 0.002) - - - - - - - 

= =
0

0 0
0

3.1

( + ) , + , 3.2

( + ) , + , 3.3

( + ) , + , 3.4

= , , 3.5

, , ,

  = 1, 2, …, 3.1 = 
0.021394 kg m2  = 0.003327 kg m2  = 0.024660 kg m2 = 0.000143 kg m2
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+ 3.6

× + × 3.7

= 1
2 , 3.8

= 3.9

, 1.225 kg/m3

= + × 3.10

, , [Beaed,

2012]

, = , + , + , 3.11

, + ,  = 0.8

 [ , 1968]

,  [ , 2009]
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= 1
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2

 [ , 2016]
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Table 3.2  

 [N] [0, 6] 

 [deg] [ 35, 35] 

[deg] [ 70, 70] 

 [deg] [ 35, 35] 

 [deg] [ 35, 35] 

 [deg] [ 40, 40] 

UAV

3 2

0 deg 10 m 5.59 m/sec

 = 150 m  = 0 m = 6 m 0 deg 5 deg

10 m 5.59 m/sec = 130 m

 = 1

20 msec 100 msec

3.3

0.1 PID

Octave n4sid

= 0.955510 0.836066
0.049124 0.904964 , = 0.0012527

0.00024476

= [0.5073 0.6772], = 0.00016569

= 3.7687
0.8923

n4sid N4SID  [Overschee, 1994] 
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Table 3.3  

P I D 

 4 4 0.01 

 4.5 0.7 0.05 

 0.5 0.1 0 

 40 0 0 

 1 0.8 0 

 6.5 - - 

3.3 3.4

PID

10 deg 1 m

Root Mean Square Error RMSE 0.22 deg

RMES = 1 ( ) 3.23

( ) = ( ) ( ) 3.24

( ) 100 Hz  = 400

RMSE PID 0.39 

m/sec 0.41 m 0.28 m/sec 0.33 m
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Fig. 3.3  : :PID
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Fig. 3.4  : :PID

Beaed, R.W., Mclain, T.W., Small Unmanned Aircraft (2012), pp.43-50, Princeton University Press.

2009 pp.38, 39, 68

2016 pp.22-26

2005 p.10

Overschee, P.V., N4SID: Subspace Algorithms for the Identification of Combined Deterministic-

Stochastic Systems, Automatica, Vol.30, No.1 (1994), pp.75-93.

2017 pp.1-37

1968 pp.293, 294

Octave Forge, Function Reference: n4sid (https://octave.sourceforge.io/control/function/n4sid.html).
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4.

2
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RB-S035D ROBIN DC FC2830-

12 980KV FSD LP 10038SF / 10038SFP APC

FLYFUN18A, HOBBYWING 1000mAh

3S KYPOM 320mAh 2S Hyperion

6 CNN Madgwick

[Madgwick, 2011]

5

ESP-WROOM-32 Espressif Systems IMU

LSM6DS33 Adafruit MPU6050 InvenSense LIS3MDL Adafruit

ELP-SUSB1080P01-LC1100-J1 Ailipu Technology

SD MicroSD card breakout board+ Adafruit

IMU 50 Hz 10 

Hz I2C 10 Hz Wi-Fi

Fig. 4.1  
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4 2

0 deg 35 deg

= 22 m  = 10 m

 = 6 m

 = 1 20 msec 100 
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Table 4.1  

P I D 

 25 12 5 

 29 22 3 

 75 0 0 

4.3 4.4

1 m

3.23 RMSE 1.52 deg

RMSE 4.3  = 2940
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Fig. 4.3  
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Fig. 4.4  

Madgwick, S.O.H., Harrison, A.J.L., Vaidyanathan, R., Estimation of IMU and MARG Orientation 

Using a Gradient Descent Algorithm, IEEE International Conference on Rehabilitation Robotics, 

DOI: 10.1109/ICORR.2011.5975346 (2011).
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UAV

UAV

Fig. 5.3  

5 2
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0.067 kg 0.104 kg

3.3 V

dePIC33FJ64GP802 Microchip Technology

5.6

10 3.3 Vp-p 40 kHz
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UT1612MPR / UR1612MPR SPL (Hong Kong) Limited
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Fig. 5.4  

Fig. 5.6  
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Fig. 5.9  

Fig. 5.11  
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= ( ), ( ), ( ) 5.14

5 3 2  = 45 deg  = 81

5.1

Table 5.1  

P1 
0.47708 0.032315 

0.06269 0.065334 

P2 
0.33130 0.19575 

0.28758 0.56777 

5 3 5

5.13

( ) = 1, 2, …, ( )
= + 5.2

=
1

2
( ) ( ) 5.15

 = 45 deg 1

 = 10, 20 deg

 [ , 2001]



-  40  -

Fig. 5.13  

Table 5.2  

45 deg 30 deg 20 deg 10 deg

[m/s] 0.09 0.14 0.32 0.47

0.93 0.91 0.74 0.52

[m/s] 0.37 0.33 0.36 0.55
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5 3 6

UAV

5 1 1 UAV 5 m/sec

0.1 m/sec 10 Hz

5 m/sec 25 Hz

10 Hz A/D 400 kHz

12 bit 5 m/sec 0.10 m/sec

0.1 m/sec

150 mm 0.171 kg 40 kHz DC 3.3 V

10 Pa 4 m/sec Honeywell

SSCDRRN002ND2A3 1 msec 160 Pa

1 MPa 5 m/sec Sensirion

ASP1400 0.002 Pa 100 Pa 0.001 Pa

142 msec 1280 msec

CYG-81000 160 Hz 4 Hz 32 Hz

0 m/sec 40 m/sec 0.01 m/sec

245.7 kHz DC 24 V 1.7 kg

UAV

5 4

5 4 1

4

ESP-WROOM-32 Espressif Systems I2C

10 Hz

45 deg

25 deg PID
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5 4 2 IMU

5.14

5 m/sec 25 deg 22 deg

15 deg

IMU

( ) = 1, 2, …, 
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=
1
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=
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1 ( ) 5.17

5.14  = 400

5.14

IMU

S/N
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Fig. 5.14 IMU

Table 5.3  

[deg] 1.93 3.10

[deg] 5.49 4.97

5 4 3

( )
( )

( ) =
( + 1) ( 1)

2
5.18

( ) ( ) 5.15
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( ) 3.23

RMSE 1.4 m/s 0.8 m/s 0.4 m/s RMSE

5.15 = 200 5.18 5.15

RMSE

Fig. 5.15  

2001-278196 2001

UAV

Vol.86 No.887 2020 DOI: 10.1299/transjsme.19-00429

2018 pp.41-46

2018 pp.91-107

Taylor, J. R. 2000 pp.46-97, 187-213

Vol.26 No.1 1990 DOI:10.9746/sicetr1965.26.1
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6. CNN

IMU

CNN

CNN

1 deg

6 1 CNN

6 1 1

Stochastic Gradient Descent
( ) ( ) ( )

( ) = ( )
( )

( ) + ( ) 6.1

 = 0.001  = 0.9

( ) =
1

log ; ( ) 6.2

  = [  , …,  ]   = [  , …,  ]

 ; ( )  = [ ; ( ) , …,  ; ( ) ]  = 720

1 0
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One-hot

RMSE

RMSE =
1

( ) 6.3

6 1 2

1 deg 360

1 CNN

6.1 4 3

VGG16 [Simonyan, 2015] VGG16

6.2 VGG16

ImageNet

VGG16 7

48 × 48 × 3 × × VGG16 64 × 64 × 3

Table 6.1  7

 / 

 - - 48 × 48 × 3

3 × 3 / 1 ReLU 48 × 48 × 64

3 × 3 / 1 ReLU 48 × 48 × 64

2 × 2 / 2 - 24 ×24 × 64

3 × 3 / 1 ReLU 24 × 24 × 128

3 × 3 / 1 ReLU 24 × 24 × 128

2 × 2 / 2 - 12 × 12 × 128

 - ReLU 1024 

 - ReLU 1024 

 - Softmax 360 

 - - 360 
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Table 6.2  VGG16

 / 

 - - 64 × 64 × 3

3 × 3 / 1 ReLU 64 × 64 × 64

3 × 3 / 1 ReLU 64 × 64 × 64

2 × 2 / 2 - 32 ×32 × 64

3 × 3 / 1 ReLU 32 × 32 × 128

3 × 3 / 1 ReLU 32 × 32 × 128 

2 × 2 / 2 - 16 × 16 × 128

3 × 3 / 1 ReLU 16 × 16 × 256

3 × 3 / 1 ReLU 16 ×16 × 256

3 × 3 / 1 ReLU 16 ×16 × 256

2 × 2 / 2 - 8 × 8 × 256

3 × 3 / 1 ReLU 8 × 8 × 512

3 × 3 / 1 ReLU 8 × 8 × 512

3 × 3 / 1 ReLU 8 × 8 × 512

2 × 2 / 2 - 4 × 4 × 256

3 × 3 / 1 ReLU 4 × 4 × 512

3 × 3 / 1 ReLU 4 × 4 × 512

3 × 3 / 1 ReLU 4 × 4 × 512

2 × 2 / 2 - 2 × 2 × 512

 - ReLU 1024 

- ReLU 1024

 - Softmax 360 

 - - 360 

6 1 3

4 6.1 3D

3DCG  3D OpenGL

20 m

10 < 10 0 < 40 180 < 180 1 deg

309960 3DCG 158760

27, 29, 31, 33 deg 30240

3DCG
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4 6.2

RGB 3DCG

3DCG

[0.75, 1]

3DCG

= 6.4

[0.25, 4]

Fig. 6.1  3D

Fig. 6.2  
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6 1 4

6.3 CPU Intel Core i7-8565U 16GB

GPU NVIDIA GeForce GTX1660Ti 7 2592 sec

VGG16 16144 sec

Fig. 6.3  

6 2

4 ELP-SUSB1080P01-

LC1100-J1 Ailipu Technology 10 fps CNN

6.4



-  50  - 

Fig. 6.4  

6.5 RMSE 7 14.78 deg

VGG16 51.92 deg 7 4

VGG16 13

3DCG

7 130 frame 344 

frame 6.6 130 frame

344 frame

10 deg
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Fig. 6.5  

Fig. 6.6  7

Kawahara, R., Ogawara, K., Shingin, H., Hino, N., Yamamoto, T., Attitude Estimation of a Micro 

UAV with Side-Force Fins Using a Convolutional Neural Network, AIAA SciTech Forum, DOI: 

10.2514/6.2021-1161 (2021).

Madgwick, S.O.H., Harrison, A.J.L., Vaidyanathan, R., Estimation of IMU and MARG Orientation 

Using a Gradient Descent Algorithm, IEEE International Conference on Rehabilitation Robotics, 

DOI: 10.1109/ICORR.2011.5975346 (2011).

Simonyan, K., Zisserman, A., Very Deep Convolutional Networks for Large-Scale Image Recognition, 

ICLR (2015).

OpenGL (https://www.opengl.org/).
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