AP EATFRARGE B Ed T4 =€), A18F, 1998

Research Report The Institute of Industrial Technology, Kangwon Nat’'l Univ, Korea, No. 18, 1998

AFE SEMXe IH\il A of

Control of the Attitude of a Wheeled Inverted Pendulum
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Lee, Weon-Seob Kim |I Hwan
ABSTRACT

In this paper a neural network controller called "Feedback-State Learning” for control of the
attitude of a wheeled inverted pendulum is presented. For the controller the design of a stable
feedback controller is necessary, so the LQR is used for the feedback controller because the
LQR has good performance on controlling nonlinear systems. And the neural networks are
used for a feed forward controller. The designed controller is applied to the stabilization of a
wheeled inverted pendulum. Because of its nonlinear characteristics such as friction and

parameter variations in the linearization,

the wheeled inverted pendulum is used for

demonstration of the effectiveness of the proposed controller.

FIHE - (IF 2, HEyE 8F LQR
Keywords . Neural Networks, Feedback-State Learning, LR

LME

A Aol Aer]=2 Wol Af&ste A F9Y
sz AAZWS 5 7 g, AAFdene §
%9, 8lAY g4 ¥, HEAGY 22 gt

S ZFA I gtk A7l 291 AR EgL gy
Aoz ZWE 3 EHFLS dHEpez ALE
i 2% dite 24& UEAFE FUE 4
He HENFE dZAE XA 53A B8]

LQR #ol7l= HAAole dFoz Fojzl A
% ¥ 7}A = (Performance Index)& HA R 3t= 7o)
Aol Ap4le] Ad Hl-& < (Cost Function)g 3
2319 = g€ 7401 FRolAnt Fedugr Fad
A Al2"le] gtAdo] RAHYE Aotk EF o
71 45YdEYHMulti Input Multi Output) A
Az 8= 5 i FHo] EAeIL,
=R AZHETY gy osa H9

ol D:]

]..

»

P>
riuu_.i rl

* Aty kel Ao) A& T Hapaty
* ZUWHT AR} Zus

AA}71ek AdHY Aojr|E 2T FEEA AR
A8} 8% (Feedback State Learning) & = ¢Hst
gk o] FF & Kawato Tol ALd AHLx)
(Feedback Error Learning) WS W3 RoZA
=9 Aoj7i2 LOQRS AME3A. o2l FXo
M kA E Gy AMojrlE HASA Ao z7)4H
o AlAdo] AR GHY AMANNA ABIFHEY
o] S ErF wekd @3 AF Ao A%el
gt 4]

1.1 ®otet Mojolel 7=

At Aorie HHEY A7Z2 LQRE 494
AoI712 AANERL »E X2 FHojt o)
T TR Hod AAANe z27FgHY Al2E 9
GRS 2R 49d Al ABI=gE
g5A 7 AR SE Y Aoy MAIEG
o] AlAd el AL-FHA A (Inverse Dynamics)-& <
A3 A HE HYY Aojrie o o4 ¥R
32 GARG. 9714 A2} gYge A2
9] Yae 280 Hia FHL 2% Y 29

- 303 -



A7l (FLAEEL BGNEA T4 =2 F), 4184, 1998

Research Report The Institute of Industrial Technology, Kangwon Nat’l Univ. Korea, No. 18, 1998

o 3= &3] Hu &7 -3- aHg e &9
S HYAINE Aol €

Inverted

Pendulum posg

ang
pos

- State
dpes.e | Estimator

*]
2
]l

S S

ag 2 AEY SEXA 24

ml, m2 e} 2} A=
J1, J2 AA% A5 BYRAIE

11289 53 134 39 433 A
r: 2 7
61 AATE AW 7jgefd 4%

0, : A5 AT F o] F Az

ABY YA LFUAA L
PAHE g3y 47 7T >
AAAE 25UA K, + K, 282 9
A oA U, & Ak AN K, K,
A2t AR} AR £FAUAE Yz U,
& AR ANUAE verde, He) BAY

Lagrange-Euler

At AgH =

A2

i

xoZ
(]
.

H Z} Wgro i3k =43} Lagrangiand 784
A @D 2
=K-U= (K, + K,) —
=4 +h 6} -
5 mlF(sin%0,+ coszﬁl)élz + 27lcos b,
- 6FOF+ £ O8]+ (m1 + my) - (F62)
+Jz~(]1 08 + 1,68) — myg- (Icos ) + 7)

U
mt + myg(l-cosb + 7)

1)

4 (1)& Lagrange-Euler WA Ao s 011’}
o ekl 34 @, Q% ve £EAAE
F Ak

-

myricos 6,6, + [(m1+mz)7’z+]2] by — myrl
* sinﬁl 912 = nK,u (2)
(ml lz+]1)(.il+mlrlcosﬁlﬁz— mllgsirlﬁl
= —nKu &)
g} EPHA AA Node Ty
23 2ol AdHT,

weE o

E 1 AR TEHIKY WY ¥

EEE %k
AAe] @ 48 [Kg)
ANEY A 02 [Kgl
Aze] BARAE 003392 [K g m?]
89 BHARAE 0.000228 [ K g m?]

2 #YRYHE
Age) 2% Azte] ¥

0.00000186 [ K g m*]

_304d

259 A7 0.251 [m]
g2 WA 0.39 [m]
A& XA vpAH 0.0002 [N]
RE 9] E4s 0.0343 [Nm/A]
7] o 1) 195
FTYHIEE 9.8 [m/sec?]

919 2ddg WsE 2FHAY ddsAe 9
A2d EHAAY 9424 #AE 19 39 e

At}



A7iedFEANERE AYriEdTL: TR, 187, 1998

Research Report The Institute of Industrial Technology, Kangwon Nat'l Univ.Korea, No. 18, 1998

4 3 AR TRIMAL @s 83uT

3. LQRS o/ &%t HMof2| MA

3.1 LQR{Linear Quadratic Regulator)

LQRL 4ol =] 2 9] (State-Feedback) A7/ o2
A Foi AeH7t A4 (Performance Index)E &
42 3 Aol HAolm zp4lel A H L&
(cost function)Z HA3E v Aol FHolAW
FAROE 2% AL Alx=de ¢rgigdo] vagg
e Aot EF o Arie dFEJEE(Mult
Input Multi Output) Al2=gAE HEF F Ax 3
o] EAo|th. LQR A 7|9 Hae] AojygdL e
Wao] Ricatti WA =R T Gan &S
T Aojrh. wEtd $19 (2), YA FI &F
FAAE FAH FIAM A¥Eds @ Y
AL (4) F 2L Ay Aez yed ¢ gln
435 3 71 A (Performance Index)& 2 (5)8 Zo]
A2 34}

x = Ax + Bu
(4)
y = (x
J= —éf (xQ@x + uRuwdu (5)
o714 A S xv oe7 o
6,
- | @
= ®)
6,

Aol A 3 6 % 6, = A% 6F 6,9 14 7
U FEE, o) FE ot

A @A AdE w7t AeE= Y s
u= —kx % 2] 89 £ U3 B 4%
Bt ATE JA3) k= F e k FE FE Ao
LQR #lo9] EFejr},

3.2 State Estimator

e FuadeF A ANAaddAq AM(dad, X
dA0H) 5§ o4ty FAHY ¢+ g AHA &
&5 olF&E T2 AHFAY|(State Estimator)E
AA S Al HelE FA (Estimation)d = $l
t} EE zlo|E 27 E(gyroscope)t 22 AAE 2
A 445 E S3Y ¢ AAT sHFe v F9
AAM GA #3571 A”oE Gl Uk AHETF
3% & A PR} SRE 5 U2 FES
ojB¥ (7)9} Zth

- "‘;"‘ _
|Hcled o
Qo] Aol z= %, ~ Ly ol LE AHFEAY
(State Estimator)®] ©]5 3 2 (Gain Matrix)e] o}

|
4r o

34

I¢ 4 State Estimator®] T3

A7E E=YAA Alz"o] 71FZ(Observable)d v ¥
Alzdlel £8o 28 AEE 3T 5 vk e
A 2EY TR &9 AR r|Eold
g olFAGEREH ZEE oFEE F /HAE F4
Prd. 28 49 HAS FEFA 7)(State Estimator)

9 2§ Jepy

4 MAZ2ZUS 0|8 M7 MA

NANEHE AESAY H9 ArHIY FTEHELE B
el Aoz AAZEGe A9 d5FH, §E
Tzo o E4bxE, uA8Ag B ‘i}”a'ﬂll &
< BRo ysfiA s BEIkinterpolation)o] 7}e% o
W3 B 58 o8l e Ao FTAEH
2 g5y So weEl o8 RAE JYd ¢+ g

- 305-



FdrledF(F At dYrledTA =), A8, 1998

Research Report The Institute of Industrial Technology, Kangwon Nat’l Univ.,Korea, No. 18, 1998

41 AAH=ZG =d

AEILHQ Hof F2g WY 5 B MAMAEE
o] M2 dAFe shvel YEHA ' :
AAZERLE olF EWg FHoeRAM AR
TAEHE A ol AR (Recurrent)d 3 49
(Feedforward)®@ 2.2 Jx ¢ gl AAEe] 83
9l e H3Z 3ol o] 2ol Hopfield Neto] Uit
gdHdd e YEH 92 CMAC(Cerebellar Model
Articulation Controller), BPN(Backpropagation Net
work)e]l 91T}, BPNe #+z= g9 19 59 2.

Error Backpropagation

Input Layer Hidden Layers Output Layer

% 5 BPNE| 7=

A9 F2& 4¥HRYA Y8 E(nput Layer)d 83
(Output Layer) Atejol 3t o4l £ (Hidden

Layen) & 7tA& o3 AA3=2de] HHE 7HAx
Aeow dAg ¢ (Backpropagation Algorithm
ol &) N2 dZ2¥ wdNewon)7td QAZ=
(Weight)S 217431279 93 dste 29
L2aMg o]t HAH3] FAHEC[T]

42 NAS2Y Hojr|e| Euy

A7 g% Ae)7](Neural Network Controller)2]
gxuy o2 A 7584 (Supervised Learning)
3} A& 3 %F (Unsupervised Learning)e] 1t AabE
JeE3t ol Feate file= EHFEY FAAIE
(Training Set)S Fo #FFAI< RAeoln FA4= 4
e 28zd ERE W oy BAYSFE FJdIde
Wwgo g AAsRY 4 e AAZ=(Weight)
5 H3AFIE Rolu, 4719 FFYYL UA H
Hel Aojrigtom kA AlAdE FAsZ AV
AN dHE7 FHE o] &3 ANAIZHE &g
Al717] 9% Qe #3493 S dxd. 191 1
At EZHAALE LYAIIEE e AgYEE
GANNEE AAZNEGE H5AI

"‘

N\ayral
Network

po Fixed
<’> Gain

a7 6 =YY 2 g 7=

el 09 62 7% (Supervised Learning) 9
HozZA AAFERTo] 4™ Ar|2 AlgsHz
Jdorm, HHY Aoyl EHE ol ez 3
BEELS ARt Akt AAHEG A e
o FEE 99 ¥ 69 FE9} vz FHE 7}
A3 Ja G99 Aejr|z A¥kAE<Q PD Alo}r] o
4l LQR A o171 & Ap-&3hc}

5 meolAH

B =30 Aetd HHdE 25 (Feedback
-State Learning)® 94 A7z NFA22&
e AMol7|E LQRE AH&34=Y o33 7z
dMe ¢AS HAYY Aojr1g AAsE Rel FL
=g

51 LQR MO{7| & 0|8% ZRojdy

LQR A7lg AA87] A Aze 71&03
Zh, 2w o)FAE, A2 dAANDT UEHFU
Zt& e, olF A SHAIF WHIAFY ofFSE
& AHNHTFRE MM AHEY =AY 2dS
23 2] A

x = Ax+ Bu =

0 0 1 0 [= 0

0 0 0 1 |l=ly| o |,
196.97 0 —0.024 0.024 ||x] ' |=8.0512
—1165.19 0 0.1687 —0.1687} [z, | 56.4062
v = ex=[p Al[2] ®

%9 7} A 5 (Performance Index)®] ¥ 7HA 4
3 249 AH 732 (State Weighting) Q9F Ao
A& e 7} A (Cotrol Weighting) Rell ¥Wslg U
gujo] |y HAMNE &9 T 2o VepHT.

_306_,



ArlEdF(RFENER 4YrlEAdTE =23), #1183, 1998

Research Report The Institute of Industrial Technology, Kangwon Nat’l Univ, Korea, No. 18, 1998

# 2 7kEx Qo Re| Yt mhE 2eldY Fot

T+ B Q=diag(x,dx,y,dy) R 4
zodg 1 1,1, 1, 1 1 24 7
By 2 (10, 1000, 10, 100) 0.01 a8 8

obel 1Y 7¢ AW 19 BHE RelFth 74
v AR $AYL o 052 vl ZEF FFeA
o8 89 §HUL ouT RolA o 527} HolA 7]
ZH9 +¥sd AEY FYSEL YAHoz AR
FP&ERT 24k

————— angle
12 L —~  position

05 1 1.5 2 25 3 35 4 AS 5
time(sec)

a7 294F 1 (Q=(1,1,1,1), R=1)

24 29A% A AR Aoy EA
g 242 gdsigrh

----- angle
———  position

5 4 45 ]

hma(sec)

O 8 24 H 2 (Q=diag(10,1000,10,100), R=0.1)

AAAA ZteAe 2AY 1 2o a3 A3 A
g AH7MEAE DYt AES FHFAE
Ao AEEAA 1020 A E 1000& Fo

Age] £YE&EE Solnd A o] WY FAAE
a9 8o ERRRIH.

2ol BE AR} $PLEE 24Y 194
sb ¥ Aol7t YT A8 FUSEE LAY 19
Mt 94 #aA T oW 3% FU 2% AR

AU FHsgch

52 dAsZaU LQR Ho{7|E 0|88 Zo4dE

dolH AAT ARY AA71Y LQR Aoi7ls} 2
doiel @ud Aoz ABHITE YA
A8E ARFES HEE 0001 e evFe &
4% w9 & slelt REze AddY U,
£ =929 Ao}/ LQRY FF U, & A2
Aol7lel 2 U, o U U Up. Uy B VhERE
F gt AZH29d gErclHE 29 Yse F
gAHe HYe Aleiz1A LQR Alelzle 4@d%
A4 Tegth meldy AlA B AR} A
o $YARE o 25% A AGA SR F
Watgom 49 2Zo) LQR Aol7le AEHE
WoRo WY FEN,

Angle and Position of W.LP

----- angle J
——  position

radizn

o 05 1 15 2 25 3 35 4 45 5
time(sec)

a7 9 Mk LQRHMOZIR o] R MU

6.2 &

B =AM AlAE A2 Aojr|E AEL
2} 85 (Feedback Error Learning) W< W& 3lo
HAZ3e) o (Feedback State Leaming) H'd-& Al
el AHEPH ZHAAY A7) A §E39
3 ATE ESAGD =HH9Y Aeirlg AdAsr] 9
AME A2 BeEguEE 331 ZdgE 9
A EFRANE FEorg ot A9 mdy s

- 307 -



Agled#(FEddn AArled T2 =83, 18, 1998
Research Report The Institute of Industrial Technology, Kangwon Nat’l Univ,Korea, No. 18, 1998

nfg e FAZFEL =AY ¥ (disturbance) F
o &AM A AEE mdlkg 77 e
2dy fAAAg HIHQ vAHAY 2488 A
JEYe B 7S 7HAR glojA vy A
2d Aold F A& LHI,

EHazd#

(11 Osamu Matsumoto, "Estimation and control of the
attitude of a dynamic mobile robot using internal
sensors”, Advanced Robotics, vol. 7, No. 2, pp.
159~178, 1993.

[2] Qifeng Wei, "Nonlinear Controller for an Inverted
Pendulum Having Restricted Travel”, Autormatica,
vol. 31, no. 6, pp. 841-850, 1995,

{31 Michinori Shioda, "A STABILIZATION OF AN
INVERTED PENDULUM BY A NONLINEAR
CONTROL LAW, KACC, vol2, pp 1833-183§,
October, 1991.

[4] Mitsuo Kawato, "Feedback-Error-Learning Neural
Network for Trajectory Control of a Robotic
Manipulator,” Neural Networks, vol. 1, pp. 251-265,
1988,

(51 Yong No Lee, “A LOOK-UP TABLE-BASED
SELF-ORGANIZING  FUZZY PLUS LINEAR
CONTROLLER,” Mechatronics, vol4, No. 1, pp.
71-90, 1994.

[6] Michael H. Smith, “DESIGN LIMITATIONS OF FPD
VERSUS FUZZY CONTROLLERS FOR THE
ACROBOT”, Proceedings of the 1997 IEEE
International Conference on Robotics and Automation,
pp- 1130-1135, April, 1997.

[7) o|AE, “NF2Fe] HEH o, AAAFH A
3532 A|1E A3E, pp. 22-38, 19953 1149,

[8] A, “ANAHRGE o] &3 Alad 2hy R Ao,
Ajo] A} 52 Al W F SR, AW, A3E, pp. 62-73,
19959 114.

9] Madan M.Gupta, "Intelligent Control Systems”, IEEE
PRESS

- 308~



