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ABSTRACT

A new model which contains the dynamics of the motor
system and the kinematics of the timing belt system is derived
for an inverted pendulum system in FAPA Lab. Generalized
standard compensator configuration(SCC) which contains the
variable design parameters K1, K2, .., K5 is proposed so that
any desired design specification can be achieved. The robust
controller which has robust property against the influence of
sensor noise, system parameter variation and model
uncertainty is designed minimizing the H,-norm of transfer
function from exogenous input to contrelled output. The
method of solving the two Riccati equations in state space
and determining the controller uses on iteration method where
the unique stabilizing solution to two algebraic Riccati
equation must be positive definite and the spectral radius of
their product less than y2. Some cases are derived by varying
the design parameter for simulation on a digital computer
and experimenting the H_- controller on an analog computer.
The design parameters of controller which satisfies the
desired control specification is selected on the basis of the
simulation result and experimenting. The reasonableness and
validity of the simulation and the robustness of the controller
is established.

1. A&

Z=8t2) 2 9] E-84)4 (Uncertainty)ol = £33,
AA A28 e ey g s-S Bagshe AAE A7
( Robust Controllen)E 4 A3t & &sh= £l dd Al
o] o] 2ol A F 8T FAFob shtelch 537 B9
23448 i FHstelA AR Al2FE e
AA Bdgsts AR F2 oAtk EFAUL
gt & o7] DA Wl 2A F 7HA 7k ok 2 ey
7} -2 ] o] (Adaptive Conirol) 2] A]2=§ 2] ¥ 3}of tif 3}

L
o

213

Hol7)7h 228 Wspshs Zlo) 3L, o s 24 Ao
(Robust control) 24 xe]7] ¢} A& S| A WL ¥
319 2d B of X3t Aol

2 =Rl He- A7y & SZVA AL
M g35}o] A| 28 m}etn)| Bi(System Parameten o] HF 3 &2
o) B-2}4) 4 ( Model Uncertainty)ell o] ¥ 9 &3 A4 5
(Sensor Noise)ol| T3 AT 5748 ze= AU o7
( Robust Controllen& 4 A3}t H, - nom-g 3 4:3}3}
1= 9192 1989'd Doyle, Glover, Khagoneker, Francis7} A
AlZF  E&® B4 ¥4 ( Standard Compensator
Configuration )3} o4 2} 71€] w7g 4o 3 o] 23],
H, - Alo}7] (Uusts LQG)S}  He.- Ao 7] Apolo] &
#4L UFskn Fol) HF X ddgrt H, - norm
of Foj 3t yHTh A3, FHEE WAYAFIE BT
o} 7) o] Arel-Z el A9 A& Tk o2

21H,, H=A0} o 29 AL

A8 i A 29 o] Alor] AP L 2A, 1961
W Kalmano| o] 8] 2270€ 2| ¥ o] 7|2 Fo] A| 29
of tl & 2x} % 7}§H3( Performance Index)E £)3f2 1
RE 23} o Al 282 stA sk Aloj71E A
Ag ot e} o] 3t LQG(Linear Quadratic
Gaussiam)| o171 ¥1% 315 X% 3jo] 93] o] £H2.
2 & 3gse] X 2y S4498 23] 437
o] 2L o]5 o, $4olfi(gain margin, phase
margin}E 7AW spepnlE HEe] 4A EXB M A
olth. webA B 3} &)%) of2 F-5/g 0] glof Alo]7] 9] of
=, $1499-5-8 24 ste e F23]¥-37 ( Loop Transfer
Recovery)& | # of gt} 221} o] 2172 LQG/LTRA o]
shjo g wug) £ 42 5/ 3 e E HFol
ol Al 2ol gisi A AA A7l E Ao dA
317 o}t o] & LQGoA] AMS-3H Hynormo] 4



4 epdfizlel e kA 43, 2o B84/ WA
£ 23 o] o3k BAME LQGE] A5 A o] EHAF]7] o
Hobs 3 4dS 243 7] v Bolvh T =94 Ajof
Alz"e A HHE 2L STk dgola] BojH
(Singelar Value)ol] o2} R U= A4 A7 F A
3t7] $alAE LQGo| A AME-3h= Ha- norm ¥ H,-
norm o] & = g8},

1983 'd Zames$} Francisy 2] hef] o 3t 917} o} Z
AE HFo 3 [AEY A5 E 715H H,- nomo]
A REE & QYL A2 2 WA 71 8A 7t 5
38 UAs 55 2 L3sls 2 A A e|7]F Youlard]
Q-Parametrization3} Nevanlinna-Pick2] 2z X 7lo]=
(Optimal Interpolation Theory)e] &J 3l 3] & At} 1983
Doyle o] 7] o} YE| o] AW Yo 2H 979, 5%
] 2y o] ¥Fol gt 7HR 7 25 872 w2} A7t
A xgo] AME-9 & dPstaL, He-norme] 2% el
Ao HHIHNE Tl FFo] MMP(Model
Matching Problem), 3} & 14=+-3 (Inner-Outer and Spectral
Factorization), Nehari Problem2] A} 37 o] ¢} 3} -8 <=9l
2 R 4}1984'A Gloverys CHASHY P TARE
A 2 A AveZ7bo] A2 Hankel normof o] 3+ AL S
3l3L, o] A L, -norm o o ¥ B1ZkE 2] A 3}o] o] §-¢
< ¥.gitth o] L Nehari Problemel] o ¥+ Aefj 3¢ 3l &
T3 o] o] 2Ht} 1988d Glover2} Doyle Fo] 3
3 AYYS He-nome] FojT 3t vRG AT, &
WEE BRI ZE Aozl ATl
£ YEshsichol P T 27kl vl 4ol o]
g9 Qes)oll Y3 2L T3l RE A7 A
2 epd-g Hgt}l 1989 Doyle, Glover Khagoneker,
Francist X% REA47] 84} ( Standard Compensator
Configuration )3} t<= 2] 7Fe] WA o] 23 o o3,
H; - Hej7] (J4t3hd LQG)S} H, - A|oj7] Ato]off &
“dol 915§ dH3tsict

2.2 H,, - norm?] % 9}
1
G u2=[ L f “trace [G'(jm)G (jm)] d(n] "
2x 7/~
input : exogenuos signal ( fixed or fixed power spectrum)

G = 3P0, | GGl
input : exogenuos signal ( weighted ball)

2.3 ¥ & 2 A7) ¥4} ( H,, Standard compensator
Configuration)

He #oj7] AAFAT Y 1 Y o] EE B4
7] B4} (Standard compensator Configuration) 3} 8}o] &1 4)
2 ok YBHes AoEAAN Uehit 2

(Disturbance Attenuation Problem, Stability Robustness
Problem Tracking Problem, Model Matching Problem)+ ¥

214

2 B47] 94l ks e

Exogenuos Controlled
Input W G Z Output
Measured
Conrol U
Input y Output

391 2FRAY] 843
Fig. 1 H,, Standard compensator Configuration

¥F 247 ¥AM3L (H, Standard compensator
Configuration) oA 1 Toull & 2|23} A|7] &= 247 KE
ok dg9dcE g ge Wz TR

A B, B, x(t)=Ax +B;w+Bju
Cl 0 Dl2 Z(t)=C1X’+D12u
C2 D21 0 Y(t)=c7.x +D21W

oA7)H B WL RS e kA 2 V5
NER

(A, B,) is stabilizable and (C,, A) is detectable
(A, B,) is stabilizable and (C,, A) is detectable

D'IZ[CI sz]=[0 1]

B,]. _[o
[Dzll} D21={I]
2.4 H., -norm¢] 323}
Z0] 7 7t yol tshe] T, I_< v 8 PHEah= 2} of

71 K & 4317 $)3ked the-3 Zdo] 57} 8] Hamilionian
CEEE B

3 T
A v B,B',-B,B,
He, :=
o A
, A v”C'lcl—c'ch
= -B,B, -A |

oJ71A H... 1., | Riccati Operators] €| ¥ 1€ X..., Y..
S R

23| (Theorem) : THg-2] 4742 23& WEA|7|H F
o171 b yoll thato] N Tl < ¥ 91 A 0}7] Ko} 24 $ic.
i) H,, € dom (Ric) and X, :=Ric( H,)20.

ii) J,, € dom (Ric) and Y,, : =Ric (J,, )=20.

i) p Koo Yoo ) 272

19 220¢ VIAY W Foj 3t yol Shate] 1Tl
< Y9 Ao}7] Kis T3} o] Fa T



A. Z.L.
K@) = F 0

o714

~ -2

A=A+ BB X, +B,F, +Z,L,C,
Fu! ==ByXeas Leo: ==Y,oC'3X o0

2 1
Zeoi=(1-Y XoYeo)

3. =RAAR ALY £ 2y Y

FFE(cart) oA 1AREE Ze 7§, =S
o] FAIA £ UEE e EYIA AHoEA
(Inverted Pendulum Problem, Pole Balancing Problem,
Broom Stick Balancing Problem)= £33 ST 2 &
ZENLD 02 o WPE o] A2 W e 452 Fotet
71 1% Aol L2 Ho| tholA Yth £YNA £
A vhe TRMM 2 w14 Y Bl R PRNoE B
52, 7h=] 4ok 99 YYo= Bu AR g=
S EY2R 3= Yoo RIS Yol YA Um &
HAA A 2808 A of317] A 92 Ao] YngF 9
Q72 HBo] glo] girh 2 AT Ao R AzE &

AR AR o ti A 2D DS 5h o234 ot
¢
¢ : Pendulum
Angle
p: External
Force / Pendulum
K Q/ Cart
/ -/

Y2 S HYFARAAH
Fig. 2 Inverted Pendulum System
.2

H@) = ms(t) + mhb(t) cosd(t) - mb¢ (t)sind(t)
V() -mg=- rnhq)(t) sing(t) - de) (t)cos¢(t)
3,8(t)=LV (t)sing (t)- LH(t)}cos¢ (1)

Ms(t) = u@® - H() - Fs(t)

E, (§)=ky 80+ R, I, () + L,I,(0

T)=J8 ()+ T,

TM)=k, I,(t)

Tt n(xr

SO =1x0(1)

A9 N5 AYstel WPl Y= A £YA
2} A 29 of hsto] RE|2) Dynamics3t Bto| YU ETF
BANE TPV A2 2DE AN ST

215

od¥ E,ORH 4k 28 : ¢ 0=V Zx

A S [ X0, %500, X400, x,(1), X5(1) ]

L 80 0w b0 60
L:A71A A 5, 0: BEY 745
Xs() =x4(1)
x3(0 = x2()

. K
xl(t)=-§ix,(t)-T"xz(t)+LlE,(t)

% = Cix, (;) i C4cos x5(1) szin xs5(t)
C,-Cycos x5(t) Cy- Cycos™x5(1)
. Csx4 (7 sin x5(1)  Cex
C;- Clcosz)(5(t) Cy- C2coszx5 t)
X 0= Cix () _ ) B, tan x (ti3
[c5 cos xs(t)-m] [cs cos x5(t) - m]
Cs x5 2(t) sin x5 (1) Cexa (1)

[CS cos X5 () - m] [Cs cos Xg (1) - cosxs(t)]
y(0 =6 (1) =x5(1)
A7)M ASEL T3 o] oWt

J
C, = Mr+mr+; Cs = mL
mszr Ce = Fr
C2 = J
0+ mi) (Mr + mr + %) @, +mL)
Kt B, = d
Cy = T mrl.
J
o - m2L2g B,= (Mr+mr+-;)g
4 F T4 —
(Jp+m.l..2) r

4 . M8 3} (Linearization)

2157 (operating pointy& ¢ ()=0,0()=0°2 ¥
Qe WA sh e e AN AT A A

2] A B, CHYF ALUFE AL F AT
-1474.53 -17828¢ 0 0 0 134.04826
1383.58 -78.4672 0 0 -245.0995 0

A= 0 1 00 0 B= 0
-22.3994 127033 0 0 22118584 0

0 0o 01 0 0

C=[00001]

A2 ALYF(E,(5)->0 ()

-3002.596 s

T (S) =% 3 2
s +1552.998 s +140347 s -34038.76 5-2547789



1 EPVAA 299 A4

Table 1 Specification of an inverted pendulum system
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r | Eo]% WE Fe| w7} (Timing Belt Puiley Radius) |  0.00875 m
M | slEe 3% 06 Kg
m | 2z} AP 0.3718 Kg
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Fig. 3 The Standard Compensator Configuration of System
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