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Bundit Inseemeesak 2009: Design of an Intelligent Two Wheeled Robot. Master of
Engineering (Mechanical Engineering), Major Field: Mechanical Engineering, Department
of Mechanical Engineering. Thesis Advisor: Mr. Withit Chatlatanagulchai, Ph.D.

100 pages.

An intelligent two wheeled robot is independently driven by two concentric motors. Each
motor has an encoder connected to its shaft to measure angle when it moves. The intelligent two
wheeled robot is a marginally stable plant that avoids obstacles autonomously. Control of the robot
for stabilizing and meeting some desired responses is complicated because the plant is nonlinear and

non-minimum phase. Moreover, the number of inputs is lower than the number of outputs.

In this research, we use the LQR control and LQR control with augmented integrator,
including state observer in order to estimate states. Vision Builder software is used to capture

image and send to Lab View to implement.

Both simulation and experimental results of tilt angle estimation are accurate over a wide
frequency range. Simulation and experimental results also demonstrate the reliability and
effectiveness of the proposed control scheme even if oscillation occurs in experiment due to friction
and oscillated electrical wire. Robot can still turn with high accuracy. Camera can capture high-

accuracy image in the presence of obstacles enabling the robot to avoid the obstacles well.

Student’s signature Thesis Advisor’s signature
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m_| m_| m_|

1 1 W2
“mW?+=(J. 423 Y+ —@J. +J )+ .
2 w 2( bz wz) 2R2( 0 wy) ¢

(2m,, + m,)R?6% + 2m,LROsiny + m,L?sin’y
+ 2((2mW +m, ) R%06 + m, L%y siny cosy + mbLR(ésim// + Gy)cosw))gﬁ' (32)

R K K.K ;
=n——(V.-V,) - |n—t24+f
WRm(r I) ( Rm w}¢
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a

msdszanaszuuiluadulugliSgiiana

U

09.: I 1 Aa 1 1 ) 1 o
aums (30), (31), (32) 11y Wuszvu lumadunianuuuduaianusudeou

4
Av Ao

A
msoenuuUszUDAIUANlunuIteiidnsegmeldnguiFadinuiuialsznaszuudnarn
1< a o J 1 1 { [ a 1
Whagadu fe Smualden  y Tawiesq Jemnsodszmnaauneun ludhugadu
- d A o o
sing =y, cosy =1 uay w?=0 wldmwaumsnamans sududmiumsosnuuy

sTUDAIUAUTUAY A AU

((2m, +m,)R* +23,, +23,)6 +(m,LR— 2], )y
. (33)
+(nKt%+ £+ fWJQ— nKt%W LAYV

m m

m

(m,L*+J, +2J,)i + (m,LRcosy —2J,)6 —m,gLsiny

. nK (34)
]l/l = _R_(VI +Vr)

m

-2 nKtﬁ+fm 0+ 2 nKtﬁH‘m
R R

m m

1 1 W2 ..
(Emwwz+E(Jbz+2JWZ)+ﬁ(JO+JWy)J¢
(35)
K.K ; R K
+ln—=2L4f = n———(V -V,
[ R WJ¢ W R ( r I)

m m

aumi(33), 34) uaz 35) a1l lade

i MEMEEN

e E - (2m, +m)R* +2J, +2),  mLR-2J
I m,LR —2J, m,L? +J,, +2J,
nKtﬁ-i- f,+ f, —nKIﬁ
Rm Rm
F =

2 nKtﬁ+fm 2 nKtﬁ+fm
Rm Rm



0 0
G =
{O _mbgL:|

1nK, 1nKg
2 R, 2 R
H =
_hK 0K
Rm Rm

waz Kg+1g = J(V. -V,)

1 1 w?

Tas K = EmWWZ+§(Jbz+2JWZ)+W(JO+JWy)
| = n—Kth + f,
Rm
W R

ANTUNIT (36) a2l daums

E(L1)0+E(L2)y +F(L1)0+F(L2)y = H(LL)V, +H(L2)V,

E(21)0+E(2,2)y +F(21)0+F(2,2)y +G(2,2)y
= H(21)V, +H(2,2)V,

uae

ausaudannsaman § 180 37xE(2,2) - 3G8)x E(L2)

ansaudaunsm g 180 G8)x E(L1) - G7Nx E(2,1)

nKK
= + f
B= =

IT] m

o Y
frualv a

38

(37

(38)
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awnsolouliedluglisglimen lade

' % Ao a
X = AX+Bu = u (39)
0 A 0 B,

e x = [0.v.6,v. 4, ¢5]T woez u = [V,,V,]

0 0 1
oo 0
Ao AB2) AGBI) AGBY)
0 A(42) A(43) A(44)
A(32) = -mgLE(L2)/detE
A(4,2) = mgLE(L1)/detE
A(33) = -[(B+f,)E(2,2)+2BE(1,2) |/detE
A(3.4) = B(E(22)+2E(1,2))/detE
A(4.3) = [(B+1,)E(L2)+2BE(L1)]/det E
A(4,4) = -B(E(L2)+2E(L1))/detE
0 0
0 0
e B
B,(4) Bi(4)

B,(3) = «(E(22)/2+E(L2))/det E
B(4) = ~a(E(12) 2+ E(LY)/det E
detE = E(L1)E(2,2)-E(L2)’
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0 0
B=1_ 3 3
K K
TagiomnAszUy Ao y = CX (40)
1 000 00O
C=/01 00O0O
0 00010

N1INUVVITUUAIVAN

dyo @ £ o @ awv dy Aq YA
unitiuauemsosnuuuAIAIANFUTUTI e snuideil ssuumntunu Nldne
{ { a -4
MIDINUVUITVUAIVANNMIZANNGA (optimal control) (3Yad, 2548; 1130, 2551; Lewis
g 9 ! A v Y
and Syrmos, 1995; Ogata, 1997) uaz luuntilszneudls 3 dau Ao guauliannuaduguld

o Y Y Y @ 1 o w 9 {
uazmmm'lﬂ m*saammummugmmam@ummmﬁmuaaﬁﬁ@

o o Aav dy Y I a A
ﬁ”m'ium'i@@ﬂLLUUizU‘UﬂT}Jﬂuﬂlumuawu%zﬁ@ﬂﬂamuazlﬂuvlﬂmquHg]ma

IS v

v 9
szupfidesmsmruguiiuliguaviannuannsonivgu ldnazduna 14

q
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1. auautannuaugy 1 (Controllability)

szuuiinuauiiannuniunyla (controllable) uEAMN YT TRy UAILAN

1 A A ) A v o o ] d‘ﬂl Y 1
uuvuaetlesaTanIUguIzDUNINAmHasuAY I dedmnialas fdeamslalugaana

=& o A g £ o A o Y o
IR sazansamaInuguiiiuriaagmuaumsngmsnuguii Inaumsanyue

RINZLVUNUI o () e n Tag o (s) = det[sl - A—BK]

o rank[BiABi--i ATB] = n 1)

a 4 vAa 9 1
miwqﬂuﬂmﬁummmmmu"lmmmagslumﬂwm'n i

rank[BEABSAZBEA3BEA4BEA5B] -6

rank| B AB: A’Bi B A'BIA'B] = 9
Faausanosan ldareTisunsy MATLAB @28f1d4 rank (ctrb (A, B))
2. puaviannuduna’ld (Observability)
dszuy (A B) Nmaniianuaiuguld (Observability) nuneaud1 finarlan
uazszuveghdwmiislas aunsaivenmmaavesszuunnmMsnnsandyanailousenves
P4 ] =&
szuuldlugiaamin
2 T ATAT: 2 AT(R) AT
wo rank|C :AC -t AV7C | =n (42)
minganinuauianudunalduaaseglunanuan a
rank[ CT : A'CT : ATCT 1 ATCT 1 ATCT I ATCT | = 6

Faausonosan ldareTasunsy MATLAB @28A184 rank (obsv (A, C))
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v
U \ w

qqumm 30 ﬂﬁﬂ@ﬂﬁq 7 (Linear Quadratic Regulator, LQR)

PAUAUVBINITOONUUDAIOAIANAIMAITDT 08N gA (linear quadratic regulator)
A 1 an <3 A = A g 1 o 1w
widenIMsmsneInande Suvuuwunduszuumnnilumsdiuamaidasivets Ta o

% = Y ~ . A9 A
msaammumgagmmuﬂummﬂwmmwuamiauz (performance index, J) umueenga

(minimization)

frualdassyiianssous (performance index) Ao
J = I(XTQX-i—UTRU)dt (43)
0

< a d A & 1 &£ g a Jd gl @ Y o w
Q L‘]J“LlLiJﬂiﬂ“h’ﬁllllW]ﬁ'VIL‘]J“L!‘U’JﬂL!L!‘Llﬂumﬂlﬂum@iﬂ%’ﬂ’)ﬁuWﬁuﬂclﬁﬂﬂ'liJﬁWﬂﬂﬂu

1 o I a A & ] o Y A
NMINIUANVNTAALAASAI LAY R Wumasngauuas il unauINLUUeUMHTNNS 9

9
IS [3 o w

9
o &Y o [ [ [ ] . I~
wmindwsudyananiuan dyanuniuauiignimuali lifidesina unconstraing) vaen

a

lavzunsunaasoglunini 24

e o e

Y < Y @ =
canﬁ 24 Ua@ﬂhlﬂegllﬂillsluﬂ']iﬂgﬂﬂuﬂai'!ﬂaﬂl!ﬂﬂjﬂ‘ﬂnﬁﬂﬂiﬂ']w

NN 24 2214 X = Ax+ Bu (44)
y = Cx
ut) = —Kx(t) (45)

il x=[¢9 v 0 v ¢ &]Tsuzw Vr:IT
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K = |:kll k12 le k14 k15 k16:|
k21 k22 k23 k24 k25 k26

WA A B A Wauaanauns (39) unum u 45) asluaums 44) az'ld
X = Ax—BKx = (A—BK)x (46)

o Y a 4 = = A A 1< 1 a A ag;‘
Mriualiuasney A—-BK WADesMNHIToNALNZILT UATUATOIHITAL NIHUA

Wounua u(t) luaumsasssiiaussoug 43) ww'ld

J = [(x"Qx+x"KTRKx)dt (47)

Oty 8§ O %y 8

X" (Q+K'RK ) xdt

o d
fvuald X (Q+KTRK)X = ——(xTPx)

dt
K (Q+KRK)x = =X Px=x'Px = —x' | (A-BK)' P+P(A-BK)|x
(A-BK)' P+P(A-BK) = —(Q+K'RK) (48)
Tumanuan a uaadldimiuiuile A—BK flumesndniadesnm ezl P iy
wasngaunasniuuIniueudeandestuauns 48) uazlunstinssuuiladesninuda
annsara P adluweSadaumasidluuinmiven 1diesnnde) daiua P ouq 714

v v 1 g A < A ’
]’lﬂﬂWﬂﬂWiLLﬂﬁNﬂTﬁ (48) faz'lmﬂummﬂmﬁummmﬂummmuau

mﬂmi%ﬁﬁmmumﬂﬁ
J = [X(Q+K'RK)xdt = —x"Px = —x" () Px(w)+x" (0)Px(0) (49)
0

4 ' o <3| 09.11
waziiloannAunzves A—BK gafmualimduauianua vie x(0) —0
9

aaeld J = X" (0)Px(0)
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' Y o Jo VoA A o
uaaINasssiaussauztuiansuvoanusudu x(O) HAZINATNSE P

oridaey Mruald R = T'T

A [ a o A ] 1 a ¢ & ]
wo R WuwasngauuasiduuInuuuey uag T Ulm‘ﬂummiﬂﬁlmuwuw

Nnaums 48) annsaden @iy
(A"-K'B")P+P(A-BK)+Q+K'T'TK =0 (50)
AP+ PA+[TK ~(t7)" BTPT [TK ~(T7) B P}— PBRIB'P+Q=0 (51)
Tagnenenihlion J drgalasnmsdsum K wSedesmsadigaves
X' [TK NN PT [TK ~(m)" BTP:| X
Fudunadinaudufnuivensadimsgaionud Foudumuniuie
TK = (TT) ' B'P

fuly K = T*(TT) B"P = R'B'P (52)

< Hq 9 = < o o 1w
quNT  (52) Wugumsitlaa K NMARWETUNTATIHIUITSUUAINAI ANUULI

A

annsaAAMIdYIUAIUAUNIKINE TUNYA AD
u(t) = —Kx(t) = —R™B"Px(t) (53)

d! a 4 Y Y 1Y = d‘ [
FUNATNY P Tueaunis (53) ADNTOANADIAUTUNIT (48) ﬂiﬂﬂaﬂgﬂﬁﬂﬂ\iﬁﬂﬂﬁ

(54) {38171 Reduced-matrix Riccati Equation Ao

A'P+PA-PBR'B'P+Q =0 (54)
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a5UmIeenuuuAInILANAITMATIAGINGT1I AD

9 . . . . 4 1 a o
1. uAfIeVYDITUNT Reduced-matrix Riccati Equation (54) oIAINATAY P
A ' A a o A d ' Vv A A A
meﬂimgm P m‘ﬂummﬂﬁmumm‘mﬂuuaﬂuuuammm”lﬂm TEUVULIADYTININTYIID

a o
Wwasng A—BK Tiadesnn

1 a 4 4 o 1 { { 1 @
2. unuauuasng P luaums (52) mednnuma K fainzauige dauda

4
Aauv A

| [ 3 1 2
TuauAveiiiuilymmsausesdyana (tracking) 1U119ATIPNEENTT Servo Systems B9
1< @ = 3 9 [
Wumsveevouavesilymmsinyuatesnmeen liidndes  JUuuumMInIUgUUAAIAS

NN 25

Y 3 o o
anﬁ 25 Ua@ﬂqﬂﬂgllﬂiﬂ{luﬂ’]iﬂjﬂﬂuﬂ@uﬂﬁﬂlll]u@]']uﬁ@ﬂ YT

NNINA 25

X = AX+Bu (55)
y = CX
u=-K,x+K,(r-y) (56)
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K — kll k12 le kl4 le k16

k21 k22 k23 k24 k25 kZG
MINAUMNT (55), (56) X = Ax+Bu = (A—-BK)x+Bkr (57)

= =y di a ] q'/ 9 a 9 [ 3 U
szvviiidesnmiie Inaszuuilasg luvuilmovessznuggou aniua  y ()

O I B ~ Ar o1 Y s A I o o Qg}/ @ 1
wimgingmaai r uag u(oo) Naguingagud iio r Wuilsdguiuiula wuh

X(0) = (A—BK)x(o0) + Bk;r () (58)

1 v Y 1 [l
7 r duilsdsuduiiule r(eo)=r(t)=r Hmaiide t>0 waziinsanaums

(57) audeaums (58) a1
X(t)=x(0) = (A=BK)[ x(t)—=x(0)]

Amuald X, (t) = [x(t)—x()]
%) = (A-BK)x(t)

130 %,(t) = A, (t)+Bu (59)

iy u = —Kx (60)

e

panld Ao mseonULUTTUL (59) wag (60) InladesnmuIelingiin Tasns
[ Y = Adw kY [ Yy c:
ponuuudaswets K ldaumsassyilaussouz lidnvazadenuaums 43) liliadiga

TagauMsassriaussous M UsZUVIAD
J = I(xeTQxe+xeTKTRKxe)dt (61)
0

wmseenuuulas Q = diag[0.1,1,0.11,0.1,0.1]
R = diag[1,1]
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Y1 A
ﬂgulﬂﬂ'lf]ﬂi'lellﬁﬂﬁl o

| -0.2236 -6.0222 -0.6541 -1.4885 -0.2236 -0.5249
| -0.2236 —6.0222 -0.6541 -1.4885 0.2236 0.5249

35M 39 Vision Builder
= 9 .- . .
1. @ny1M5 1% 115N LabVIEW t18g Vision Builder Al
] Y s Y 1 s o P o
2. afwsndunuuanglnsaindl laun eulnamoidoddl uomesaeIad dlenIu

aeudu dosndesdnanazuiuegiiilon dwaaslunini 26 waziimsaedasendedoya

[y a 14 1
funeNNInes uazae lrlaiee

H ' 4 @ a
MW 26 HUBUATDADIADOINTOY

] J % a
3. A3 NEUINNAADIHUIUATDADIADDINTOY

v

[

I A = = Y =
’JWQL'IJM"’D’NMEJ’J BATDADINAUNIAN

4. $1003M3032970 309 laedraeadiag lunsain

o =
ANNINN 27
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5. MMIeenuuUNInI199uI0g TuT1sunsy Vision Builder Al Taslisoazidon

e

o { o o 1 Y]
5.1 Sunmilannndes whindalysunsudenini 27 Taeldilandu Acquire

Image

8 NI Yision Builder Al (Evaluation Version) - Configuration - Untitled Inspection 2

File Edk View Operate Tools Help

tlal £25 slele] 3ufw

oo We | Acauirs Image (IEEE 1394 or GigE);
&g | Acauires an mage From the sclected IEEE
1394 camera or Gigebit Ethemek camera,
& (6, Smulate Acquistion: Simulates the
sl [+ x| @
Fram File.
Select Image: Selects a new mage to
Inspection | inspect
Status Ll
PAS v

H [ o J v
M 27 SumminndeudnundalusunsuTaglsilendu Acquire Image

o o 4 @ { o 1 d
5.2 14ilendu Find Bdge tiovwovvesinghasavvuTaoutiauiuluuuadie il
1 3 1 i o g ' [ @ dy
a1 v 'lde nag antuuu Taodruaziudu o adluiyig dsuswesnniduasi
oy S g 7w S g oy
#9N4uU Edge Polarity A9A U1 Bright to Dark Wan4u Edge Strength faauilu 15-25 Wendu
lel 1o { o a 2}' < =) { o A o3| A
Smoothing AIANTUIFUDI@ AU Steepness Asantuduidsedu anlauainla

1MNMIUTTINUALNITNAADI ALAAL IUAINA 29-35



onfiguration - Intellegent car

21| S (=% @

£53x434 1X_ (0.0)

2/ n|wl [~ s]o|ale|e|e|p|s s

foin  Settings | Limits |

[ auto setup

Look for
[ All Edges

Edge Polarity

|fioor 1

Z= €& | b Pojecte. |@Mcosoft... | T Tmsanui...

[ & Inteligen...

] Display Result Image for this St

I

@nlwl| [/ s|olojo|ole|o]s|

Inspection

PASS

= Edge Strength Profile

Smoathing
[ Bright to Dark Only | Steepness

~| Edgestrength | 22

©

[ 31
[ 20

|4

[ B labviewvi [ B Inteligen...

Vﬂ@@ € =»

[7] Display Result Image For thi

d' 09/‘ U Yo = =3
MNN 29 LEAINMTAIA A AV UIIBINII VD ALY

Inspecti
Status

PASS

Main | Settings  Limits

Pass Inspection ...
Minimum Number of Edges |
[ Maximum Number of Edges
Number of Edges Found: 1
Edges.

® v |Strength

Polarity &

405.06 | 23.35

1
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File Edit

6531434 1%

View Operate Tools Help

s

Display Result Image For this State

Floor 2 floor 3 left 2 left 1 left3
# Edges =1 #Edges=0 #Edges=0 #Edges =0 #Edges=0
Too few edges found  Too few edges found  Too few edges found oo few edges found
< | >

Y

a A o Jdo o v A A
MNN 30 lWiJV\I\?ﬂG])"L!ﬂ'ﬁ?‘]i'}fﬂﬁ]ﬂm'ﬂﬂiqﬂﬂiﬂﬂﬂquwuﬂ

& NI Vision Builder Al (Evaluation Yersion) - Configuration - Intellegent car vision.vbai

Inspection
Status

PASS

=]

50| Acquire Image: Acquires an image from the #
selected camera and inage acquisition
board.

Acquire Image (IEEE 1394): Acquires an
image from the selected IEEE 1394 camera,

Acquire Image (IEEE 1394 or GIgE):
‘Acquires an image from the selected IEEE
1394 camera or Gigabit Ethernet camera.

Simulate Acquisition: Simulates the
acquisition of images by reading images
from file.

Select Image: Selects a new image to
A inspect.

N & /@ 14111

Acquire Image: Acqures an mage fromthe
selacted camera and image acquistinn

o | |E .

floor 3 loft2
2 Edges =0 2 Edges =0 #Edges =0
[Too few edges found | Too few edges found  Too few edges found

b Project £,

v Y
1 Q| o 1
i 31 msladedsuldasuuulrareduuu 5 du

board.

Acquire Image (IEEE 1394): Acqures an
image from the selected IEEE 1394 camera

1354 comera or Gigabit Ethernet camera.
Semiste AcQuistion: Simulstes the

acquistion of inagss by reading mages
from file,

Select Image: Selects a new mage to
ropect.

_] Acquire Image (IEEE 1394 or GGE):
x -] Acquires an image from the selected IEEE

50
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atinn - Intellegent car vision.vbai

& NI Vision Builder Al (Evaluation Yersion

Acquire Image: Acqures an mage fromthe
salectod camera and image aquiskion
board.

Acquire Imsge (JEEE 1394): Acqures an
image from the selected IEEE 1394 camera.

Accuire Imae (TEEE 1394 or GoE):
Acquires an image from the selected IEEE
1394 comera or Gigabit Ethernet comera.
Sindate Acquistion: Simustes the
acquistion of Enyges by reading mages
from fie.

E Select Image: Selects & new mage to

[¥] Display Resuk Image for this State

rspect.

S | Cem Smm S e
flooe 3 2 left 1 o3 S
2 Edges =0 2Edgs=0 2Edges =0 #Edges =0 y
l‘i’_“"__’;"_‘i’;“_’f_ Too few edges found Too few edges found Too few edges found P v
< >

o o [ iwent. | b vedbosn.. [Rnivin.. [P lbviewy b rieboen,. B4 @/ 1413

74 start

Y A g o ) Y A g9 { A
mwfl 32 induasidvvenTuuuadie v s du eldasounquiiui

& NI Vision Builder Al (Evaluation Yersiom - ion - Intellegent car vision. vbai

Acquire Image: Acqures an mage fromthe
slacted camera and image acquistion

board.

Acquire Imsge (EEE 1394): Acqures an

image from the selected IEEE 1394 camera.

Acquire Image (IEEE 1394 or GRE):
Acquires an image from the selected IEEE
1394 comera or Gigabik Etheenet camera.
Sermste AcQquishion: Smulstes the
acquiskion of images by reading mages
from file,

Select Image: Selects a new mage to
rspect.

[¥] Display Resuk Image for this State
O om ©em ©mm
loft 2 loft 1

floor 2 floor 3 2 ~ left3
2Edpes =1 2 Edges = 0 2 Edges =0 2Edges =0 #Edges =0 V
[Too few edges found | Toofewedgesfound  Toofew edgesfound  Too few edges found PAS v
>
(b keloen,. &N (,{9 14:13

v
A

A
NWUN

/i 33 induasiulununaynlide 5 du e ldaseunqu
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A o =\ L&Y o Y 9 o <3 1 1 A o
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[} 9 1 09/' 9 9 d’oj 1 d? zﬂ' [ zﬂy
ﬂﬁ@]ﬁ?ﬂ’mulﬂ Iﬂﬂi%ﬂ%ﬁ%‘]ﬂ HUYs2NoUAIY IFUVUNIAINANIUDY (INDINTLHLIINNU
= ° YA Yy A o Y4
ﬂ\‘]’J@mLW@ﬂ“‘i fJ‘”‘VIG]ENﬂ']TViEJﬂﬁ’Jﬁﬂ) Lﬁ UNNU Q WWuﬂGlﬂG]S’E] Floor 1 LAUNEDI mwuw“lwwa
=
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Floor 5
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Tums@enss) @uinnils Svualide Right 1 @unass fMvualiye Right 2 duha

=
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iduveuniannunlide (ieTaszeznnueuvesnmainnaes lldsiag odadauly

4 T 9 9 A 0 ¥ y A
Tums@edse) dunnila smualive Left 1 dunaes smualive Left 2 dunenw

=

Smualiido Left 3 13UTHA Myualiae Left 4 duidh smualiido Left s

Iy J o [ % I [ a 4 ] I 1
1§Wandu  Calculator Tumsiaszeziagiunite Ainwa ieenin lideslTud

I Yo A A 9 [ A (Y
awnsolflanuii Tasszey lunuiunu x wisunndegalidwngavesnsouaziinuniny
9 A A v = Vo AY Aa £ J )
wnfesrnduinira uaznnuuge lldsangatiaumnmiesannea suiluldawaaauiia

Y A = ) a Ay Y a Aa o Yo 1 Y
Yoanded Ao Huuiannissnndugudscamdudnnya lassmualiiadivenndu Tag
o 3 4 . [ . . I
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U d'
ANNINN 34



d’ o 1 d'
HNN 35 llﬁﬂﬂﬂ"ﬁu"lﬂﬁzﬂg’ﬂ]l

= NI Vision Builder Al (Evaluation Yersion)

tion - Intellegent car

Fle ER View Operste Tocks Hep

LiSH|| RLR

»1 & =x @

1e® «» Bx @

AL

[ Display Resuk Image for this State

Sl Sl

on) - Confi
Fle Edt Vew Operate Tools Help

RECIEER

=21 S =x @

floor 1 - Edge [1].Y Position (Pixel)

el a5l

2Edps =1 |2 Edges =0 £Edges =0 #Edges =0 #Edges =0
Too few edoss found | Toofewedgesfound  Too few edgesfound  Too few edges found

NS o | Lot application Fore 1 ]

D1 b

St Poen St Udetes e
e
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Py TRy
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| v
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|

floor 2 - Edge [1].¥ Position (Pixel)

[7] ispiay Result Image For this State
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— | = 0.003718956, — | = 0.003815600
R | R r

m m

2. MHONANHRIVININGIE TANIMIBES Inclinometer

VINAUMIHAMAATUYDIAIATIV] Inclinometer AIARAITUNNALINT U4 fip

J3(6,—6,)=c, —mglsin(6,—6,)—ml (§sin(6,—6,))+Xcos(6,—6,)  (66)

MNHUINA U3 HUVT1899U94 Inclinometer 9819918

A o a 1 A 1 o 4
¢ Ao dulsza@nianumiag, | Ao Anmenuvuszniegaryuny Inldlalen,
m feo wravedInldlalea, J Ae A luwudanumes Usznaldszuudhnsauduld
1a sin(6,—6,)~ 6,—6,, cos(6,—6,) =1 uaz lifiaaves (6, 6,)

[([9'1—92), gsin(@l—ez)}{ ) /C}zéz

ml/c
130 0'2:[(9'1—52),gsin(@l—az)][\]/c ml/c]'

A

[V J 1 o o Ya o w Y A
’c’fﬂJﬂTiﬂxiﬂﬁTZI’E')QE‘]Jﬁﬂ’TiUGlW’J‘ﬁﬂﬁﬂlf]\iﬂ1ﬁ\1ﬁ’é]\1u’é)ﬂ‘1/lﬁﬂ o

q
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. A v
Tag dell™ = %V %1,®eu3ﬂ={?}veu”ﬂ={,}

A A o v Sy a o o 4
o N A i]maummmagaﬂﬂmﬂmimammiwqwmﬂaﬂymszuu

@ J o A o Y a A9 A A Y
’L’fiJﬂ'liﬂQﬂa'l’JﬂTVi‘L!mJWLWE]TIﬂWﬂ1ﬂ’N?JWﬂWﬁWl(E)llﬂTL!@EJ‘V]’qmllﬂ E aoanaod

AUANNS
(Y -20)°
2
wldaums  O= ((I)Td))fl 'Y (66)

{ ) @ a 4 [ 4 o
ANEUINT V4 uﬁmqﬂn’u‘n‘fnnmmmﬁmmmﬁwqﬁ]maﬂaﬂymmmmmni
. 9 4 a 1 1 o [ Y P4
Inclinometer  Usznavdivgilnssiauriados mununyunued laaligagudnaniued

inclinometer AD3 IMUNUHYUAY

Y a J @ L4 @
ﬂTWW‘H'Jﬂﬁ 4 ﬂ'li“l/lﬂﬁf]\iﬂWiwq%ul@ﬂﬁﬂ‘Hmﬂlﬂﬂﬁﬁﬁiﬂﬂi Inclinometer

Nz AAANIA (2551)
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@

) [ dy 9 Y 4 < @ s @
I ITUNITINAADIUISEIN iUuﬁJ']ﬂ!ﬂﬂqu'nJﬂW]E]iﬂﬁgllﬁﬂﬁQlﬂuamyﬂzﬂmll“ﬁumllﬂﬁWu

=2 J

A o ad a a = A Y1 oAy Yd 1A
ANUDAYYIUIN 0.1 IO DI 1 1IN ﬂ181u5$8$L3a1 60 IUIMN LW@GlWﬂ'WlllﬂlﬂuﬂTﬂ

a9

] { o o J 4 1
ﬂﬁ@‘]_lﬂﬁ]iJ"]f'J\‘lﬂ’NﬁJaﬂ']\ﬂu‘Uﬂﬂﬁg‘U‘U iUu']ﬂ!ﬂ@uﬂﬁUﬂWﬂLﬂl‘!IﬂﬂLﬂ@ﬁlcﬁulcﬁﬂi ﬁﬂ RN

Ty
o LY a Q‘{ Y A d‘ 09;
ﬁ"liJTiﬂﬂTu’Jﬂ!ﬁ']ﬂWﬁiJﬂi%ﬁ“ﬂ‘ﬁvlﬂ ( ) INAUNITN (66) LASIINNITNAADY 35 ATI LAY

1 d' 9 [ 1 A
ANURAYVDIVDYAANNATIND

1amdulizans A fie J/c=0.0022

1amdulizans B fie ml/c=1.0314
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msiigaimendinmans
1. aaauiannunIuANla (Controllability)

NNITVUMIUAN  X=AX+Bu

y =Cx+Du

mmmmﬁmam*mmi"lﬁmn
t
X(t) =e*x(0) + [e"Bu(r)dr (67)
0

sualdnasuduy t,=0 maasudu x(0) andnwvesnuaniamsigula

A 9 1o o A
A9 AAATANIYICDYNIANUUA

b
X(t, ) =0=e*x(0) + j e"4IBu(r)dr (68)
0
Y
Wso  x(0)=-— j e Bu(r)dr (69)
0
n-1
10 Cayley-Hamilton Theorem € "' = Z a, () A" (70)
k=0
n-1 4
unud (70) Tu (69) x(0)=—Y_ A“B j a, (r)u(z)dr (71)
k=0 0
L'
fvuald Iak (2)u(z)dr = B, (72)
0
n-1
unua (72) Tu (71) x(0)=->_A“BS,
k=0
B

X(0)=-[BiAB:---i A"'B]

ﬂ.l (73)

ﬂn—l
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szuvvzliguaniannuaiugu lddieausudulag x(0) awnsoudaums (73) e

o < [l 9 =X o Y A
widmeunsuiuenmwediesritiminey Ao
rank[ B: AB:.--i A"™'B|=n
a d a ¢ a v [ . . .
2. MINGIUUAINT P NaoanaaInUaums Riccati Equation
NNITVUAIVAY X = AX

I a o 1 ~ o Y I a S [ Y] =
A Lﬂummﬂmmmmmmum nxn u,azmmmﬂlmﬂummn@m"lmvnﬂuwm (non-

a 4 (-4
singular matrix) INNATNFUDITUNITOYNUSD

X =A"X + XA

a ~ ATt A

Uwamas Ao X =e” Qe

e Q WuweTagmiduulauiuen, X(0)=Q

ioduRinsamnsnsvesaumseniusan X =0 iv X =oo 1218
X ()= X (0)=A"| [ Xdt |+| [Xdt |A
0 0

a IS a Y qul
wnsanld A WuweSndauga daiu X (00)=0

fvuald P= T Xdt = T(e“T‘QeAt ) dt
0 0
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4 ' ) ) 1 A 4 S ' .
e e™ aunsomalann et e, t" et 1o A, 1TuAu91Z99 (eigenvalues)
a2 Y I A ATt~ o AL
oI A tag m, Apdnumagmues 4, iz A 1umaiesiiuay aaiy je QeMdt
0

1501 19 tazimua i

P = .[eATth’“dt =P
0

[ ;1 I a .. A a o A o a 9
WU P Lﬂummﬂ%Hermman 1’T§E]LiJG]ﬁﬂ%’ﬁﬂJ?J"lﬁﬁV]L‘]Juiﬂu’Juﬂﬁx‘]ﬁ?u?ﬁﬂlm’ﬂﬂllﬂ’ﬂ
A &

a 4 a o ] Y a 4 { 9 [
WAINFANAD A uazuaIngy Q nuanduuInUueu i]gvlﬂfn wesng P ﬁﬁﬂﬂﬂﬁ@\‘iﬂ‘ﬂ

auns (74) WONTUINN
T _ TOO ATt~ A At
X Px=x je Qe™dtx
0
° T
X' Px:j(eAtx) Q(e*x)dt>0
0

a5y x=0

waziaumiu 0 e x=0

k4 ]
fatu ﬁﬂ’ﬂnsfmﬂﬁ x=0 ﬁwwsunuuauﬂmmuﬁﬂmmw (asymptotically stable)

[
=1

A I a P =1 I a o ] ~ 9 Y] A
Hio A L’]Jummﬂ%ﬂﬁuﬂa wy P nuwasngtuuinudueungeanqoInUaNNITN (74)

A'P+PA=-Q (74)

=

a d Y] o w
3. ﬂ1iwg§]uﬂ1§1’ﬂf’h P uay K 5116Qizuumﬂuﬁmmmmﬁeﬂﬂqﬂ

NNITVUMUAN  X=ax+bu

e x<0 aussous e J =J'(qx2 +ru2)dt
0
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Tagan q >0 uaz r>0dygruamuquitinzay lannaumsaussouzddmdga

Ao
u=-—KXx
St o2 daussans J = I(q +rK? )t
0
fvuald (q+rK2)x2:—i(px2)
dt

130 (g+rK?)x* =—2pxx =—2p(a—bK)x’

iaz1l4 Ao [q+rK2+2p(a—bK)]x2:O

wifluaiagn  x(t) Lﬁaq+rK2+2p(a—bK)=0 (75)

dmiu(a—bk) Sadesmmaziuday uuaziin p Mfuuinaeandeeiy
A (75)

W30 (a-bK)p+p(a-bK)=—(q+rK?)
vio ___a+rk? 76)
1(a—bK)

Tagimuald  J = T(q +rK? dt = —T%( px* )dt = px* (0)
0

0

o : : 0
Mldaussouzdigalaio a_li 0

2rK (a—bk)—b(q+rK?
NNAUNIT (76) P __ ( ) (? )=0
oK 2(a-bK)




' 9y o [ 1 A g 1
sazunumaums (77) Tuawms (75) ag ldaumsdmsunim p Ndluaruan

282

q+2pa- PY _o
r

Nz AAANIA (2551)
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Taallsunsy MATLAB

(Y] J d
1. MIKUINANHUVDINBIADINISUANIY

%Iload raw data

input = load('File Location\ File Name.txt');
theta_encoder = load('File Location\ File Name.txt');
theta_encoderd=diff(theta_encoder)/ts;
theta_encoderdd=diff(theta_encoderd)/ts;
theta_motor=theta encoder/n_2;
theta_motord=diff(theta_motor)/ts;
theta_motordd=diff(theta_motord)/ts;
theta_wheel=theta motor/n;

theta wheeld=diff(theta_wheel)/ts;

theta wheeldd=diff(theta_wheeld)/ts;

J wy=0.001382417;

J 1=0.0000578;

J m=1*10"(-5);

J g=1*107(-5);

J e=1*107(-6);

n=64;

n 2=0.25; % 55mm and 13mm

J id=]_wy+(J_g+] m)*n+n 2*n*(J_e+] r);
ts=10.1; %sampling period

%perform linear least-square

[x,resnorm]=lsqlin([theta_wheeldd,theta motord(1:length(theta wheeldd))]....

input(1:length(theta wheeldd);
Kb=x(2)

Kt by R m=1/(x(1)*n/J_id)

d' a A 4
NU: NAANIA (2551)
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2. MM ONANHRIVININGINEIANINBEY Inclinometer

%Iload raw data
theta_gyr = load(""File Location\ File Name.txt");
theta_til = load(""File Location\ File Name.txt");
theta_enc = load("File Location\ File Name.txt');
thetad_gyr = load("File Location\ File Name.txt');
thetad_enc = load("File Location\ File Name.txt');
theta2d_enc = load("'File Location\ File Name.txt');
ts = 5000/1000000; %in seconds
t = 0:ts:(length(theta gyr)-1)*ts;
for i=1:length(t)-1

thetad til(i) = (theta_til(i+1)-theta til(i))/ts;
end
for i=1:length(t)-2

theta2d til(i) = (thetad til(i+1)-thetad til(i))/ts;
end
%select ranges of data
tl =ts; t2 =60;
theta gyr = theta gyr(t1/ts:t2/ts);
theta_til = theta til(t1/ts:t2/ts);
theta_enc = theta_enc(t1/ts:t2/ts);
thetad gyr = thetad gyr(tl/ts:t2/ts);
thetad_til = thetad_til(t1/ts:t2/ts)';
thetad enc = thetad enc(tl/ts:t2/ts);
theta2d enc = theta2d enc(t1/ts:t2/ts);
theta2d til = theta2d til(t1/ts:t2/ts)";
t = t(tl/ts:t2/ts);
%linear least square

g=9.81;

95



[x,resnorm]=lsqlin([theta2d enc-theta2d til g.*sin(theta_enc-theta til)]...

sthetad_til,[1,[1,[1,[1,[0 O],[+inf +inf]);
Nz AAANIA (2551)
3. HUUS1a0INNANINMIEN IR IHUEUATD IR0

% plant model.........ccoeceriiiriiiiiiieeeee
g=9.81;
m_w=0.5675;
m_b=1.94033;
R=0.147,
W=0.3103;

n=64;

n_2=0.25;

%from specification
J m=1*10"(-6);
J_g=1*107(-6);

J e=1*10"(-6);

f m=0.0022;

f w=0;

%from SolidWorks
L=0.04895;

J by=0.0173198;

J wy=0.0013824;

J bz=0.0117333;

J wz=0.0144355;

J r=0.0000578;
%form system ID

k b=0.004275;



kt_by Rm=0.0037673;

alpha=n*kt by Rm;
beta=alpha*k b-+f m;

E=[(2*m_w+m_b)*R"2+2*] wy+2*J] o,m_b*L*R-2*] o;...
m_b*L*R-2%] o,m b*L 2+J by+2*J ol;

F=[beta+f w, -beta; -2*beta, 2*beta];

G=[0,0;0,-m_b*g*L];

H=[alpha/2, alpha/2; -alpha, -alpha];

I=betat+W/R*{ w;

J=R/W*alpha;

K=1/2*m_w*WA2+J_bz+2*] wz+W 2/2/R"2*(J_wy+J o);

A1[0,0,1,0;0,0,0,1;0,-m_b*g*L*E(1,2)/det(E),((beta+{ w)*E(2,2)+2*beta*E(1,2))/det(E),...
beta*(E(2,2)+2*E(1,2))/det(E);0,m_b*g*L*E(1,1)/det(E),((beta+f w)*E(1,2)+...
2*beta*E(1,1))/det(E),-beta*(E(1,2)+2*E(1,1))/det(E)];
B1=[0,0;0,0;alpha*(E(2,2)/2+E(1,2))/det(E),alpha*(E(2,2)/2+E(1,2))/det(E);...
-alpha*(E(1,2)/2+E(1,1))/det(E),-alpha*(E(1,2)/2+E(1,1))/det(E)];

C1=(1,0,0,0:0,1,0,0];

D1=[0,0;0,0];

A2=[0,1;0,-/K];
B2=[0,0:-J/K,J/K]:
C2=[1,0];

D2=[0,0];

sysl =ss(A1,B1,C1,D1,'statename’, {'theta' 'psi' 'thetadot' 'psidot'} ...
'inputname’, {'vl' 'vr'},'outputname’, {'theta' 'psi'});

sys2 = ss(A2,B2,C2,D2,'statename', {'phi' 'phidot'},'inputname’, {'vl' 'vr'},'outputname’, {'phi'});



sysss = [sys1; sys2] Y%state-space model

[A,B,C,D] = ssdata(sysss);
A a Aa 4
NV NAANIA (2551)

v o (Y]

4, ”agtymma?nmmumi@emmmzuumugu

Yodesired trajeCtOries. ....currerererierieniesieeteienie s eeeeens

ts = 0.005; %sampling period

tend = 20;
t = O:ts:tend;
zeta=1;

omegan = 5;
filt = tflomegan”2,[1 2*zeta*omegan omegan”2]);
filtin = 1*square(0.5*pi*0.1%*t);

filtout = Isim(filt, filtin,t);

ref theta = 3*filtout; % Tracking case

%ref theta = zeros(size(filtout)); % Stabilization case
ref psi = zeros(size(filtout)); % All case

ref phi = 0.5*filtout; % Tracking case

%ref phi = zeros(size(filtout)); % Stabilization case

a d

AIN: DAANIA (2551)



5. SzUUAILAND IAYMIANMIMAaedioaiga (LQR)

1 o a J 1 4
ADAIN UUUF1A0INNANAMNAAT VDI UIUATDIAD
dyaus190ed M UNMTODNLLLTE VUAIUAY
PZTe0) 118 00) B (51 Fa o OSSR

[K,S,e]=1qr(A,B,diag([0.1 10 0.1 10 0.1 0.1]),1*eye(2)); %gain K design

x1(1)=0; x2(1)=0; x3(1)=0; x4(1)=0; x5(1)=0; x6(1)=0; %initial states
for i=1:length(t)
u(:,i) = -K*[x1(1);x2(1);x3(1);x4(1);x531);x6(1)]... %LQR controller
+ K(:,1)*ref _theta(i)...
+K(:,2)*ref psi(i)...

+ K(:,5)*ref phi(i);

xdot = A*[x1(1);x2(1);x3(1);x4(1);x5(1);x6(1) [+B*u(:,i); %CL system
x1(G+1) = x1(1) + xdot(1)*ts;
x2(i+1) = x2(1) + xdot(2)*ts;
x3(+1) = x3(1) + xdot(3)*ts;
x4(1+1) = x4(1) + xdot(4)*ts;
x5(i+1) = x5(i) + xdot(5)*ts;
x6(i+1) = x6(i) + xdot(6)*ts;

end

an: DeANad (2551)
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