SRR A S I it
AL~

Department of Electrical Engineering

College of Electrical Engineering and Computer Science

National Taiwan University

Master Thesis

B RS R PR AREZ I KR 2 p BRI HE

Control Strategy and Automatic Traction Technology for
Magnetic Controlled Capsule Endoscopy

g

Chia-Feng Chu

hERE A gL
Advisor: Chih-Wen Liu, Ph.D.

¢ A E 109 & 7 7
July 2020

doi:10.6342/NTU202001604



B 3278 K2 L Z 3 X
DREBETELE
JER W aeic B ERNREZIEH KRB R B 8 & 7] 84T

Control Strategy and Automatic Traction Technology for
Magnetic Controlled Capsule Endoscopy

A X AHENE (£33 R07921088) AR L ERALERIE
SRR BAE SR NRE 109 £ 07 A 15 BATAARER

%%
EZEREBRUORXRAE > 4FHLEHR o

(5 9 #4R)

EEL:S //%\ \%K (’{7%(’ (%2)

doi:10.6342/NTU202001604



RBF

ARl F AR AR SRR X AR
HoXFapd PREPOEIFL REEE JF { PB4 T
SR R T T S A

F[? ‘ffji NN ;}';—l
P AR AR e

EHCHFLAR S FRaTmmner FHBHMRE AT LY F¥ 53
BARFCR TRNAF2FIFHFPLL > #H{er g o

E#HBEENZLEE 2 BHFL a0 » B o phorihd ch iR o 2 20
AR R kIR AT T b B B %%m% gALEDL AT
SEAPEEH FS AL TR B RN PR R ks g R E
BLEE N2 AL R R ENIE A RS TR EPARESBLE - A BH-
g hipiEAEY Boenidpd R qky‘j%u}g, o 4 AP AT F s N ARAL IS
Wi B R HR L AL AMT R wik o g AP E T

;&%—iﬁ#é%@@Amﬁﬁo

‘“1

Bt AR Eehi © R AR ] s &9 0 F T KB S Y
SERRIERUL ORR - TR S ERUE R G IR T SN
E B EE - PERMMA L A > UE B LR E TR T2 e

EERES LR R BAFTOA B2 RS MRS BE 0 A
i o

SRR R B R A AN RE PR E L Al e % g oY
ﬁuiﬁﬁﬁﬁﬁﬁﬂ&ﬁﬁ@ﬁ’%ﬂ“%? FEERG RG4S

EEEANEINT PR )EL{;, fm i B3 o

i

doi:10.6342/NTU202001604



EF 3

E R N AR L BN AR T Y 0 B MBS 3 TR

Frps e i B4 AN AR BRI TIE B A SRR R A AT &
FRAGEFPARGAPM BT £ S E o SoB g IV ER BT Y
FPELECFHBRSE N R LT 2 S0 A S aeRla B g o
BeyrZ 31T 5 03 B Al A LA ERE g s e 3B S HE 0

y*ﬁ%%i&@ﬁiﬁﬁﬁﬁ$iﬁﬁﬁ

AR A PRk T bR R
:}F] B PR S s @ 'f;]z BE-BERFRat £ mEFAIAD

‘Kﬂ%%~ﬁﬁ%%&4ﬁﬂiéﬁéﬁ—%iéﬁ“%ﬁ»%%é%%
TR BRI AT N AR AR BT R I RER BAEE RPN RE

BBeR I Bl L (MR S ES AR K A5 ) ol FFERFRE
FRY NG RETT YRR Ao T A K AR B

SRR P IR

1 s pEen i -

MétF : BEBEPrP AL BEES IR FRABLPFFEZ - FEHE IR

RE

il

doi:10.6342/NTU202001604



ABSTRACT

Comparing to all the studies of endoscope, Capsule Endoscope has many
advantages, such as low pressure, comfortability and no need to anesthesia. Also, it can
observe the entire situation in the large intestine by controlling the camera lens
magnetically. Our lab has dedicated to Endoscope and its related technique for many
years. Such as  developing  Magnetic = handheld  controller  for
EsophagoGastroDuodenoscopy (EGD) use, investigating magnetic field and related
position of Magnetic Positioning Technology. Moreover, our lab also developed the
magnetic field navigator (MFN) platform for colonoscopy detection and the intestinal
cavity identification technology through Al artificial intelligence. During the surgery,
these technologies can help the doctors to have a better understanding of the conditions
inside the intestine. This research is due to the fact that when the operator controls the
magnetic field navigator platform, the command may be complicated and the functions
are more diverse, so that the operator needs a period of time to get started. Therefore,
the magnetic field navigator platform is integrated into a semi-automatic mechanism
through Al artificial intelligence, control strategies and algorithms. The development
includes lumen calibration technology, Anti-endoscope loss and using the depth-first
search algorithm to achieve endoscope automatic traction technology. Then integrate
these technologies into the user interface’s button. The operator only needs to click the
button of the user interface to use these technologies, which can greatly reduce the

inconvenience of the operator when controlling the magnetic field navigator platform.

Keywords: Magnetic controlled capsule endoscopy, Magnetic control system,

Depth-first search algorithm, lumen detection, Positioning by force sensor
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#
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{

J@t

5 dp 4 0 2 v pARALGD & B (Roll 4 2 Pitch)x @72 T pF A M7 1V iR 2 e A AL Freh

FAE PR T T FAEF p B P endTaE o

3-1-1 1§ 1| £ ¥ ~ (Inertial measurement unit > i - IMU)

BRI EELIMU): T3 F 30y chv pl€ = ARNEHE 438 KE L 0 B
PRz T4 2 i Bl cIMUB S 24 = Bz dwilg vif B3 R R A
: FREIESERE > d NP HRPEER* 3DOF HIMU >

BA o B HN R R AER &
REELE R KRR T L KA FRE AP PAE R
(a). 4eid B 3+

FUSEES E R AT E X Y Z g 4 T AP EeBEE R AP

B @ AP Py Ed- BRI A- B> 7 ok BiTB §%h- BRAT S A

~

Al b4 wr

1[6]#77 -

PEE S P s S o doth X 2o PP GBI AE T D ¢ L o] 3-
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STILL

WEIGTLESS X=0g
STATE Y=0g
Z=0qg

B 3-1 sk & 57 2 BI[6]

FERF G LARRS kR H B (R 1 g= 9.8m/s?) R g P

Gk g Rt s Xo o 4o 3-2[6]7 7% 0 ek PR F B RS 5 PTG X a5

-lg ehdiciE o
X=-1g
Y=0g
ACCELERATION Z=0g
19

INERTIAL
FICTITIOUS
FORCE 1g

Bl 3-2 s 1 < R EBI[6]

hod R BEF AR o d RIS PR 3P IR g AT A Z-agh

b Fde g e o doT B 3-3[6]9 7
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L Z ght RIT|-1g e iE R IRETIE 4
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J. HTBb fF’ T.|J rﬁ/EIJ_E__ fif .

Az B dhe 15,?”?{]" B L AEE IR
45° > Pl g FAmak €254 T X-2 Z-F > 4o §) 3-4[6]47 7

GRAVITATION
FORCE
19

GROUND
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Bosl4 5!\1g Hde g B AR T ,*’F'_liﬂ;}-q.ﬁgﬁ Ba o Hx4 %y -071g’-‘, iz

flm
ﬁ;

P B g7 R Nk 145 B 3-5[7]F A2 AR (Bl ¢

A’

"( | R
Ry
B 3-5 2@ e 2 R[7]
R* =R; + R + R (3.1)

(b). IMU -2 :

AR E R B BRTREARAPNAREY 2 * HIMU - 2 2 P £45 % 3DoF
#1IMU > 5 MMAS8452Q £ * enp F 5 - e il ] » ¥ R &% N ARELY - 4o 3-8[8]

N

Bl 3-6 IMUMMAS452Q)[8]
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MMAS8452Q % - %

58 T F 5 B(dataregister)#riedr > o - BFHEE T EFR i B 8-bit ) fa- fhdeiE

B4 12-bit PR M 4L 2 phlic e B

BEd A BFAE GBS 4o 3-7[8]4 7

0x01: OUT_X_MSB: X_MSB register (read only)

H = phieii & chificlE

Bit7 Bit 6 Bit5 Bit4 Bit3 Bit 2 Bit 1 Bit0

xXD11 XD10 XD9 XD8 XD7 XD6 XDs XD4
0x02: OUT_X_LSB: X_LSB register (read only)

Bit7 Bit6 Bit5 Bit 4 Bit3 Bit 2 Bit1 Bit0

XD3 xD2 XD1 XD0 0 0 0 0

B8] 3-7 MMAS8452Q data register|[ 8]

s BEARE G B 70U NE fhaded B30 X s b)) 0 X_MSB register i
77 8-bit > X_LSBregister 1% ¥ F 4-bit > 4 4-bit ¥4 0> d 3t975 enbit 3 1= &)

GFREFEEY  FP T RN xphiteid B 5 2 AENG2) 0 FET E Dy #hit R oz hih

i

R

xAccl = ((X_MSB = 256) + X_LSB)/ 16 (3.2)

(c). Roll angle & Pitch angle :

L) = dherdeik B BB 1S fr%? izt B NAR4 e Roll angle % Pitch angle » j€.m {8

Foph A4 hE i 0 B 3-8[9] 5 Roll angle ~ Pitch angle ~ Yaw angle #7% % e1% f§ o
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B 3-8 &% 47 BI[9]

d RI3-52R38F A XA RMARFET A BhARE® 2 IMU 2 pALSL
TR § B BRI > AR Y PRI AR AT ] L IMU & p

ALELT 7 0 &7 33 ) Roll angle 2 Pitch angle 4 %] 5 * #258(3.3)% = #2;X(34) :

Accl

Roll angle = tan™! }Z]ACCI (3.3)
xAccl

Pitch angle = tan! TAccl (34)
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3-1-2 *£. 5| #5 5 i& & (Array Shift)

B XY $h~ Z fh= dhieid B3ATF I Roll & & 2 Pitch & & 215 » 1235 ¢ fi*u

oo g R d nAPET HIMU R G 2 po i Ry anf R

o

FOUP- & R BB T

Sppf R 3B R HRoll 2 Pitch & R HciE § F BFAEL R W AR LRS-
IF)‘\VQBA—"%] ﬁ;}if_‘é’; ’Hreal:;?l‘%é‘&fg’Agerror; i&gﬁ‘i&i ) ¥ %g'«’ﬁ."?ﬁg '/l/?‘;‘% -

7 ;4 (3.5):

0 = Orear + ABerror (3.5)

E5V(3.5)F A0 082 AOyyyor & AP M 0 B Hi0 38 AOgppor T 5N ) 0 B 7 10 R0 B A

WA AR - Ry > AR 39 S HEY > HiFE 2 8K raw data &7 e

o R A PTG @A LT P AT R IR L B DR -
array|]
datal a[:J] a[1] a[n-1]
/_
data2 | al1] | al2] | aln-1]] aln]
4
data3 | al2] | a[3] | aln] fln+1]]
arr[0] arr[l] . arr[n-1]

B 3-9 5|4 858
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B L ST LR N RO SR S

a[0]= 8y = Oorear + ABoerror
a[1]= 01 = O1req1 + AB1error
(3.6)
an-1]= 6,1 = Op_1rear + AOn_1error

FER - ATE RO BES LA A FAp e (S BT 30 PIO,da 5 2 250

B0, 440,y

Bao=2 0
(3.7)
_ GOreal + elreal + et gn—lreal + AHOe‘r'ror + Aglerror + ot A071—1er‘r'0r
n
I T - Ak 50,5 0 (3.8)
0,405+ +0,
0a1=— Zn
(3.8)
_ leeal + 92real + ot Hnreal + AHlerror + A92error + ot AHner‘r'or
n
dAGNENGY)TEFEAAEMGEL 2 £N3.9):
_% o
Bar = 00 — 2+
(3.9)

_ 9 +_90real_A90error+enreal"'Aenerror
a0 n
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d A0, T B Oy T 0, KO, s TE o BB L0,k 0,0 @ Ok O, ¢ i

e . . , 1, MO —Af Q1. |
FL B A % Aoerror  Abperror * § 3 (3.9)F 41+ Gy 2 SRTor SR 4y i+ 3F 547

BEER A LR EE o A R ELE
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WF R BRDE BT 0 F B S ek ¥r ) koo i@ 34 Yawangle 2 Pitchangle>
B PR B oA T A L E R A s ) 458 YOLO (Youonly look
once)iF R § ¥ H-3] - * K H[B[Hirs n o A 24 MEN § s r e 74 - 2342 K

Bl4c® 3-10[10]#7 7% o

Closed-Loop Outpat Lo
Control System -
e
MP- rm. """ Dutpat Pose
~OH [
¥it)
T 3
Telooperated -
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2|
- = ANN
Y
Localization
Algorithm

B 3-10 TAI A 1 E 9 f 405 % vt B 3k | 240> BUBI[10]
58 YOLO ¥ fuR R 8 ¥ B4l 0 VA 472 2 PEFRsg vz ie b o i 35 el R 19 roik
Bzt o v @2 MEN & o R ER g - 29 > YOLO B duF & 8§ #0303 44

B 3-11 #7 «

)-)-;': 33024 Jade¥0lded

..........

B 3-11 YOLO ¥/ W& B & ¥ #-34)
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3-1-4 &+ 2 ;% 34 ¥ (Calibration Function)

A% iE IMU #8261 2 Yolo B @A & Y §03 8-p ARG v ks e @
P R R A dI AR R TR AMEFEREI TESE S Ak o A R #p

AT LY R doB 3412 5 6 o

Bl 3-12 p AR 1R

FRERBEREIGFEY 0 T REHBHW S Yaw angle 2 Pitch angle » 4] 3-13

b FEEKOE Yaw Z EE 4 R >S5 Pitch Z B E LR > F FH02 077 =3 R

Bl 3-13 P ARG o1 R B
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FARD Yaw = % b AR ARGER G AT LREFY B NE GG R 2 A
LaR e TR ET S R R SRR ER RS AR DR Gt R

4ol 3-14 #5751 o

Bl 3-14 pALELIE R 7 £ B

§ 3 R S AL R A PR R 2 A B et BB A R 280 R fe e

BL 5 o8 3-15 97 o

Bl 3-15 pARGL PRI 2 B & L HE[H]-110 5 b
Yol 3-15 0 FEKIFR & LiEa - PARB RIS OKX,y) > iF T BH: h(x,y) > MARELE

Fht kT &R 50, FHEEL L, PN TREER S S 2703.10) ¢

h.x —0.x
axtanf = a * tan(6,,,,) * — (3.10)
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d R R AURR B R

m
F_L
-l

>l 5 g A ¢ IO % > & Yaw S EY oL S E A

52 ARNGID

h.x—0.x

0 = tan™! (tan(0,,,,) * T

) (3.11)

Bl 3-16 f ARALTFAR B 2 & & LR H]-14 65 b

LBRIER - T Ea PARGEEEL OXy) > Fr S hxy) PRESTFE S LD
BB B8max WHLE L Wo TP TRISNER S > 42553.12) ¢

h.y—0.y

- (3.12)

ax*tand = a * tan(8,,4,) *

d AP EIER S LEa AT KRR § B PTIShE % 0 % Pitch e B84
s i 458(3.13):

h.y—0.y

) (3.13)

§ = tan™! (tan(Smax) *
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3-1-5 PID controller

Pl mRE AN LAY AIERE(BEE L) T e s N 2 d
FLOORRMGEFINER DR R oW 3-17 4T 0 F P RGBT f 5B A ay
ARG RS0 LR FEL G RE e MRS F IR R R R R RIER
Bay BHEHIEER 0, T EO >0, 0 B p EjERD 2580 5 Mg R WS R

TAHFE

Bl 3-17 p ARG FFA T & B

Y5 R 3-15 2 3-17 ¥ 4v > £ EKOmax* TH BiFR a0 0,5 FRRE &R A ST

MER G TARNFERD RS A2NG14)

{ a, *tan @, = a, * tan(0,,,,) * (h.x — 0.x)/L (3.14)
a, * tan91 =Aap * tan92 )
R ERE A RO, 5 2 A238(3.15) ¢
1 h.x — 0.
0, = tan‘l(% * tan(O,ax) * ¥) (3.15)
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d 2 RENCIST 0,7 L3S EFEFAEIREFEFAAEINTERDT E > “$

TR R 2| BE A Y > ¥ 0h— 83 2 3515 Pl controller kAf A o
PID controller(}* &]-Ff 4 -pic A 341 ) > Ad W G E ~P)~ f 4 H ~(I) ~ s E ~(D) e

FEEAE e BE AR Kk, 0 kiR kg kA FH 20 B 3-18[11] & PID controller

7 R -

¥

P K e(r)

AF; i
=Setpoint Error» 1 Kij‘e(r)dr

cess [ Output—»

J oD g e
dr

i8] 3-18 PID controller 57 B, R§][11]

d @ 3-18[11]¥ #v > PID controller &_% 7 i 3£ #r R e B H L G HE ~(P)~ #
L EADE e EAD)ABEED L 2 FL oA K2 ZL o PID controller 44335 &

£ GO £ SR 1S il Y P B [12] -

A~ /P AL %i@#“%ﬁ&%ﬁ%ogﬁiﬁﬁﬂﬁjﬁ4ﬁfmm§

Pout = er(t) (3.16)
HArHEAY REL AL R4 ML B PR R ok - B By fik o k2 ohT
P A SR N Bl mrnﬁ;f]:' R R S R e = A S-S DAt 1L ﬁ;—] e 2 ENG1T7):
t

I = K; f e(r)dr (3.17)

0
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M B A g A RFEAL P EFAL- PR X8 - B ESY Bikgdp koo 2t Eliceh

FE 5k Seame RN F 5o B A e ﬁﬁj“". 5 4254 (3.18) ¢

d
=K,— 3.18
Doue = Ka—-e(t) (3.18)
RN ket UNORE S R gk Qﬂﬁis?] [EARIE I 4 ()= i‘”"ﬂ*']ﬁiﬂt'i 'PID & 27
DR R E AT EA I

t

u(t) = Kye(t) +Kl-fe(r) dr+Kd e(t) (3.19)
0

T I’? = fg \(3 15)6 R A3 mg’;fg‘} » 24 9p i * PI controller j\ﬁ%] iy F?‘i}r_ » 8 od A
PI controller H %% ¢ "FF PR ()%™ » R hp B RE e » H®L ¢ FRE ik
()R 1 S gh S 258 (3.19)™ 1248 it IR & e 258 (3.20) -

h.x, —0.x
L

= h. x, —0.x
+Ki * tan(emax) * z f)
k=0

0, = tan™ (K, * tan(6,ng,) *

(3.20)

§ANE X HREPR BT BEh(xy) RABERET F § B Fobd R

A DR % Be(n) R T B S r 2l S A i gh A e BT R o
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32-14 BRIEA S
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Bop 0 B P R FER O I ARG S o ST A PR S UE 4 R R B IR AR 4
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EFERHARY FHRe RBARPIBFEEFHEEFY

{5 T LA N AR Sip

m ¥

J’d_},\ 'B";)@/F’J F.—

W PR AR R IR T Y M ARBLZ 5 4 B s
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(a). A= 4ok ¢
P E AR R Yaw &R T EIO R 0 @ TR E B SEP T 0 4 g Pitch & &
51180 & > v Aok B 0 § £ srd B Yaw # Pitch thk & > 4 § B k8 iepE
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(b). &>+ BRI EHRE :

W

d R 321 Fars Apke B4R RIES B XA IS 0 a2 X ERasld P
oo f Lt BORIEE B et Kpesth SR e ek 0 F P IR P ARELT AP

WoglpE o H o peo] gL zg_;t-‘z_g;&tﬁ B 4 }i})‘.;ggﬁé%ge& o

— B F7 &R %

— Y EREEAR

B 3-21 4 BRI E & b IR AR AT 8 7F 15 )
(©.#+EARRIEBLE:
EI R RI R B APS N R BRI R > B 3-22 4 0 KEH ¢ 5 A 4p
et BR BH f EARR > Mt B D] 4 R R Beng @ (differential) s £ BT AR L o¢h IREEAE

BPARG AP RE o om F A E S OFF 0 Aon IR TIPARB S o

B 3-22 4 R ip] B AR ]
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FHAARRBEALSRREBIGEF A RRECES ERIDAPR > 28 AL
AELIMBEE N R NLIE R o 4oB] 3-23 977 0 Gl A He B AT L I b2

ARSI N ARG PR o
WEG ZEREE

-44

B 3-234 gRIELEF > EH
(D). RHBpLE> wH#
EED BB E P ARE LR e 218 7 #2241 MFN B 5ok R AR AL B TP AR
B R RBFPRE I B LARLFEI Y FEEBBE AR L AL
EREAE BRI 0 2 R TN R 0 PR Y R P AL BAR R Y - AR
SEE TN ARAR o R AN PR 3B B i e oo Bk 25 £ # @ (differential value)s 1.5 =t 2

(MFN ’B‘ﬁﬁ.j b e i o H 3200 5 1 @) H Y X dhork end Bicde S £258(3.21) ¢
1.5
Xsteps = |xdifferential| (3.21)

32 o Y dherik chd B s S A28 (3.22)

1.5

ysteps - |ydifferential (3'22)
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(e). EFHF I|pARE :

TR - B AR Y APRTE 0L E - X p i fie d B AL E

g8
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BIZ547F e ot s BERD ) M2 RBRECAEENERARBALFFEZ FRABEL
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Bl 3-24 BA) 8 RI[14]

FAmE A R ApMEE B Co RABAERE S G LB BES CB o 2 (5
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B0E C 3o Miesr E BH(F] 5 D 2o G40 B Bhiriedk) > kW5 o OF 1 Vo g

™~

W
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FUORRBAIEFE 2 AIOFH 324 BakAgiv i Ao HipaRgks B2 Co FE
L BEL PEE M BELD MY AIFRIEF > FPH2ZSWEARS DR B E U DES
Ao BRI FE o FRZF R  FRABAFE 29w DR F4 w8 @i/

EFHPERVWER > B 42 5 AoBoD->F>E-C o B 3-30[14] & B A58 S hd g

2

B 3-30 iF A AR A0 BI[14]

HoeRRBAWEFE 2 L) stack(Fefp) et x> 34 o stack 4 - f18 2L J(Last In
First Out ,LIFO):r33 B 8 7I[16] > #ATeh~ % ¢ 38 B h(JEdp b 30) e~ % § g dfpen

R o B 3-31[17] 5 stack =7 2 B :

Ermpty Push Push Pop
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(a). #~ 43K 2
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(b). Z&df :
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Roll angle raw data

129.8
129.7
1296
129.5
129.4
129.3
129.2
129.1

129
1289
1288

erroty s = 0.76

Roll angle

™~ =
~No~N

data

1
21
41
61
81

101
121
141
161
181
201
221
4
6
281
301
321
341
361
381
401
421
441
461
481

Bl 4-8 ¥ - & & 500 ¥ #cdf B)

d B 4-8 ¥ 1284 IMU &#F o %k 5 978~ e Rollangle 72X € 5 X +0.76°638 % - ‘,/TT 3
S50 BT PTY § F L FI A ch P2 ¢h o A gz Ul } ¢ Start rotation # i € i B
- EHEE o TR PTG RS PNARE A S ELIHBEEE 0 R 500 LR GERIT

2 fs » BIB 49 hlgk o

Roll angle array shift(10data)

129.8000
129.7000
129.6000
129.5000
129.4000 N 5
129.3000 IBT’TOTmax = (0.24
129.2000
129.1000
129.0000
128.9000
128.8000

Roll angle

21
41
61
81
101
121
141
161
181
201
221
24
6
281
301
321
341
361
381
401
421
441
461
481

=5
=+
=
=1

B 4-9 ¥ - & & 5 array shift #c; B
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BRI § M EIFROFATRTRE 4 ﬁhé’\zﬁ% ZNGIADE > NGB K

Yaw angle % Pitch angle #-4% 2f 2° e i I

RS A AN S B

H ¥ &3 Yawangle 2 Pitchangle 3 & B > Hfici &7 5 THE LB L > W2 &l pF

L3S fE epE R o

% 4-1 Calibration ¥ it #cx

Orientation 'Yaw ,PitCh Time
Adjustment Adjustment Consume (s)
A. 46.25°+6.76°  20.25°+4.28° 1.346
B. 1.05°+1.17° 22.75°+1.73° 0.93
C. 42.60°1+7.64° 23.4°+5.34° 1.434
D. 49.1°+6.27° 1.45°+1.69° 1.158
E. 46°+10.14° 17.75°+5.46° 1.513
F. 17.2°x£10.74°  27.35°%8.35° 1.186
G. 35.65°£8.42° 16.9°+£6.75° 1.777
H. 63.9°1+12.18° 4.35°+3.97° 1.642
160 trials  37.72°120.42° 16.78°t10.05° 1.373
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4-2-3 PI controller § 5 #¥%

fE A EIHEIFER BT 2584 b Plcontroller i {7 & &t > = T* F 3% 18 > #255(3.20)
# % Yaw angle % Pitch angle #4025 82 e T g P B0 £ 42 5 N B2 w i b F Shiic
V%> 2P ¢35 Yawangle % Pitchangle s & & > Hiicig 477 5 TEEHREL » N2 K
I OPET S R
#. 4-2 PI controller & i #cdy
) ) Yaw Pitch Time
Orientation ) )
Adjustment Adjustment Consume (s)
A. 48.45°+2.75°  22.05°+4.70° 0.788
B. 0.5°+0.59° 27.7°%£1.23° 0.567
C. 37.35°+7.33° 19.8°%£3.12° 0.781
D. 51.45°£2.94° 1.35°x1.71° 0.826
E. 37.25°+4.55° 16.65°+2.13° 0.719
F. 0.9°+1.14° 27°+2.86° 0.614
G. 37.9°+6.59° 23.35°4+4.5° 0.73
H. 44.65°+4.37° 0.65°*1.19° 0.802
160 trials 32.31°:19.41° 17.31°£10.43° 0.728
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. & & &
i & e : . .
Pitch angle Pitch angle Pitch angle
Yaw angle
= 37.72°%£20.42° 32.31°%£19.41° £ 20°
R 4R
Pitch angle
= 16.78°+10.05° 17.31°+10.43°
R &R
o £ 0.75
1.373 0.728 0.
I P (s) !

83

doi:10.6342/NTU202001604



43 PRARBI L EIFFIRES

d 3t pARAL A A BRIk IR P ARBLRE S AP T 54 B Tk A2 hrh e
OB 2 N ARALEEAARIE £ BRIRG IS Kl B i B AT R
B R HRT o R b e A RS B  H 20 g BE 0 r0 B T ke

BAME . HS RREL S i
4-3-1 F Zir A2k 3+

N AR AL HE 0 € @ F 412 S(b)m ke TR B L AR iR
4&/}»}3 LED > r(l,_ :ﬁ:‘;ﬁ/n ﬁiﬂig\u 4-1-2 aﬁ(a)mp\ Zﬂﬁﬁif’f'ﬁ% ﬁ_’a%/” ﬁi;?‘hf%ﬁ?
PIREARFEME N AL S 5 20~25 gPFF o d MFN 4k T R o M PF L B AR BEEGR

FEAE > 4o 4-11 #F ¢

B 4-11 |7 4_24 H s~ 4o §Ed

84

doi:10.6342/NTU202001604



R ET N ARALA_A PTPE o P IREAR T N AR B AR g I Aprx sl gt Fgﬁggg_}]\ ALAR Lk
4 BRE G R E IR 0 G AT Sl IR ARBIT Y BB G R E IR
EHBTf chlciE > A BRI BN ARERD L b0 BB A R ERA

oAbk s Hh o o 4-12 917

B 4-12 B gl o ARALA_A BjiF

B OISR P ARBLAS R ARIT PR L PR IR N ARBLB RS 4 < S S e T R
o F e BB EE LIRS 0 F AT e P L R enlicE § 5 4p
g BER ) ERABEE RBAER - F LB B E Y0 20g Bl kg

FRIMBAB S w RN AREL Y 2 o Ao 4-13 4T ¢

85

doi:10.6342/NTU202001604



B 4-13 ¢ 2REaw Pl ) ALAED +
4-3-2 7 p AL 4 P SRl

ARG AL R BRI INEAR S N ARBLEERE S 05 S4BT - KR % BR P INEEE

NALALIERE S ZPF 0 R Akd BRI ER A &4 BB A BRI PR
(a). Z=5 :

BZSF PRBIEERS S BEN S 236g 3096w DE o 2P %;;:g%l_?;?]
HLEE 12 o8 o
=5

EMDD X axis ®MDD Y axis
250

200
150

100

oml[HHIIIIJIIIIHH'” '“ll..Jh

B fa (1)

7 B Bl (e)

w
(=]

Bl 4-14 Z=5 P 4 B p B 22 o2 1 B 4 )

86

doi:10.6342/NTU202001604
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