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The study on the Optimal Control of Linear Track Cart

Double Inverted Pendulum using Neural Network

Sung Joo Kim, Sang Bae Lee

Abstract

The Inverted Pendulum has been one of most popular nonlinear dynamic
systems for the exploration of control techniques. This paper presents a new
lincar optimal control technigues and  nonlinear neural network learming
methods. The multilayered neural networks are used to add nonlinear effects
on the linear optimal regulator(LQR). The new controller can compensate
nonlinear system uncertainties that are not considered in the LQR design, and
can tolerate a wider range of uncertainties than the LQR alone. The new
controller has two necural networks for modeling and control. The neural
network for modeling 1s used to obtain a more accurate model than the given
mathematical cquations. The neural network f[or control is used to overcome
deficiencies by adding corrections to the linear coefficients of the LQR and by
adding nonlinear cffects on the LOR.

Computer simulations are performed to show the applicability and a more

robust controller than the LOR alone.
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1. A&

"Cartpole system” or "Broom balancer’2# €& A Inverted Pendulum-e B2
HAGALE 7T Qe HEAHQD Aadeltt, 44 FAEE 1 Aol7E HAT
o, Wi sl g A ¥ uA¥AL F4 EFsin Yok TBE A&
go] BgAAo] th3t RobustnessE AAA2HAMA A il S Holch olF
2dzge o sy A, AR 2] AU

o] RN, $al A¥AHAr|eT A NFA=D FHTHE BY
3 u Ay Aolrle dA wie AP LQRE od 2l B¥AA i B
¢ Robustness® AU Yok 23R gk vAY FHEAHL LQR AAdA 1L
AY47 gk 2ez fEE vAY BEA4E SEIES AP TE A
¢33 LQRET W Wsle BHANS FEFSF e A2 Adrlg A
Zo|t},

2. Linear Track Cart-Pendulum System

1% 1€ Linear Track Cart-Pendulum System (LTCP-2)& B F3 Jrh. 7]
A, $/1¢9 Pendulumse FHAWHANA 2HFA 360" AT ATk

LTCP-2& 1709 ¥R $%7 2709 HAe5 L Az, 3719 AfF= 370
o ZAE 7R AR Acder rdEo] ST

LTCP-2A| 2o th¥ Lagrangian®$3 4L 4(2-1)7} 2ok

d/aL\_ AL , aD _
dt( 3i) 5z T as &
d/ aL aL aD
A< H .\ - ) = (2-1)
dt( 331) aBl+ 381 QB[
d/ 8L \_ _dL 3D _
dt( 832) 3192+ 332 Qﬂz
o714, L = T-V

T : Kineticol 12 V : Potential o]\ #]
D: F&Agsr Q. ¥
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actuator R A& A1(2-2)9} 2},
v, kioe - Ry, +Lo3 4Kw
Kia = %% 4D, w+T, (2-2)
TL = fr

ez o F4% 2% e A2 4L A5 Aok
SHHEE g el Aosd
X = [Z B, B z gl ,3-3]

LTCP-2¢ll thah defgale 4(2-3)2 2o] €drh

x = Ax+Bu
y = Cx (2-3)
o7|M, A, B, Ca3& g3} o}
0 0 0 1 0 0
0 0 0 0 1 0
A- |0 0 0 0 0 1
0 -1.9626 0.0273 -1.7347  0.0049 0
0 109.2847 -50.6785 86579 -0.2715  0.0013
0 -315279  31.0207 -0.0749  0.0783 -0.0008
0 100000 ]
0 010000
B 0 1001000 .
B 0.6691 ¢ 000100 (Z-4)
-3.3393 000010
0.0289 100000 1]

A71M, AHE-E LQRE theel Ao sl TRk AgAd A 4(2-5)l o}
Bhia it

J - %fo (x’ Qx+u’Ru)dt (2-5)
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o714 Uy = 10, 2-7)

Ym = [01 007 007 1 5 5] (2-8)

RiccatiB B4 & o183l A9 o5 k& 7+ Ut} ol, T3 Hol=y o
5 K&

K =131623 -1575404 196.1801 3.9692 -8.0341 34.6014 ]°]t}. (2-9)

3. AR =g JsdagE

Three layered neural networkst® 23 2014 B3},

o 7] A,
N;
net, = Zé wi'uy;, v = 12..N, (3-1)
_ 1 (3-2)
f, (net,) = 1 + exp(-net,)
8y = =(yq - ¥, (net,)
8, = -w’8,f, (net,) (3-3)

3, sz 3 ,f,/(net,)

weightse] ¥3}= 4/(3-4)¢F Zr}.

Wi = owS o+ 8 ,f,(net,)
wjz’ = w,-2 + 7 6 ,f,(net,) (3-4)
Will = Wil + 7 6vui

A71M fEHolHRZ ALEE AR Aojrjz AMEE AANZFL (6X6
X 6}olt}.

4. A2 FE A3 LTCP-2A12¥9] A o]y

LTCP-2 Al=Hlel] ti& Alo] FAH=E 27 39 Bt} &7]M, NN1& Al~d 3
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Faol THE vAFAHS BASCH NN2& Al Ade 28o] uiake g3t ZobA|
T & Aojde s A= AFEE
) AR EYE o] &3 v ¥ vy
NN1S & (t+])o] H43} HESE Edeld Hojo
e(t+l) = y(t+1)- y" (t+1) (4-1)
Z NNlo| ¢ SAE BHAL A48 e ook A EHE ¥
BAe olgslM thee AolaHE P
(2) A A3 2g o] 83 v AdF Ao
o] HAHNNE et+l)o] A2 HES F ZAES F¥ghel utehes ol
FEE Aolydy uE WA= Holth
e(t+l) = r(t+1)-y(t+l) (4-2)
oluj o] AHolYdd u(t)= 24-3)3 Eoh

ult) = u(t) +NN2 .ot
(4-3)

alt) = -k x(t)

5 AlEdolAd 43
LQRat] 93k Aol Aol LQRT AR WS 7 A3 F, BEwE A
kAo o3 Aoy A S zhzt v w P ES Eotrh
A 1) 2714 x, = [0 005 005 0 0 0l=2 &3 »ieke PositionZE &
t = 10(sec)& 7ol 05m (FANMNFALT 2 Z3E I8 4914 Jebd
gtk g7 2 Ao AR A9 vlLstA ekt o] A& LQRL A
A7} Robustd Ao 7]o] 7] wjF o]t}
2)

o A| B A8 AL HrEsk ASolnk daAl D3t e HAA AG-DI (5-2)
o} o wagel Zhalaew 1 AWE 33 SelA vEhiT Ak

X1 = Yt e(l-exply g,L)“) (5-1)

Xog © Yo +te(l-exply 1_1)2) (5-2)

A Eg o)l s ¢ = 3 t - 4secT t =10secollA] 2L ZWES] B
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Aol MABEe AT, 3 FHE 39 o4 JEm Ut e > 3d
W EE 4hold JHSALE LQRY AMEF Aojrl: Aolrt Brlsac)
ARAL, AFY2 g FA AEE Aol wlEts 9N Te oo
227F et £7H9 Pendulum& Ml$E AoZAo= 2E3 EIE
R A},
A 3) vld@ Aol FrtE AP 9o] AL Ao
AA 29 Ze zANAN 000169 ZAHANM AYS o] HoHE T
7HA ZSRE Aeol el 2 ARE 29 6o UEhg T 9ok
A ZAe AeEn Aot A UeE o) g nMRYT o
°f 2238 WYL 22U NN29 2¥o] Aoz 2 Ao|YPo]
LA FAll LQRY 5 kE A WHAF I wEolc) o|ASHE
A9 2717 000220 & Z9dlE LQRT A3 Alolr: Alol7t B}
FRAAL HHFZ Ao 23 Ao)7)E Positiono A1) ©3bgt wAAGE A
= 7Fsd o

6. 2&

AEHY LQR AAYdME = T5A4E JeEE £33 g9 9
A WA oF ey 01“11 EUE %*‘—ET of 3 F&d 4% o] ojgygn, #A
82 gt AA FHEE 1 Ao|r|E HAYW, d5HSo A @S H]
ARAEE A 1?'6]--1- Atk ol mdao] oagg Wiy Y&, g2
Bagol ALHUT. MYBAZ AN HAPw, AW PGP vlaks
ol QOIAEE Edoy sojd AR g o8 s}

°l =B, $ElE HYAHA s e MLy ARH= e GHHe AW
FHAY AojlY HA e AT

LQRE | =2 E844d) B3 Ebud rohustness® AUz ik g A%
HA% 54 LQR 4A9A4 13847t gtk 28Ee $als udY 284
4E SESES U323 A4 LQRET He Hee BgAye =u
g4 AE M2 LQRE HANT o] A2 Aoj7)= LQR HANA 13 =3z
B WY A2de NHYHe BAES JANTHE W o] WEHAE
FETH HOYFE EFUNAT oL LQR ©“EoZ AL A HU o
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1% 2. Multilayered Neural Network
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13 2. Multilayered Neural Network

Nonlinear Controller Plant Identification r(t+1)
ult) y(ts1) +
K ® Plant I -0
+

A NN1 (t)
NN2 —J—®J _?J ] eten

o] NN Zoutf®)

I O 2 S

O3 3. LTCP-2 Al2¥ 9] Ao A=
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