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ABSTRACT

This thesis presents the robust controller design for rotational inverted pendulum system. The
rotational inverted pendulum system is nonlinear and unstable system. In order to design
controller, the system is first approximated to be a linear system.

" The robust controller is implemented for the rotational inverted pendulum system. The
experimental results show that the inverted pendulum rod can be maintained in its upright
position, while the rotating base can be controlled to the desired position. The robustness of the

proposed control system is more than that of the LQR control system when the length of the rod

is changed within the given bound.
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2.1.3 MIDUNIBIMNUGAN(Inverted Pendulum)
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4

mugd uaz b iilumdulsz@ninmuduanutiction coefficient) voagrmyy

: Lﬁaﬁmsmmasauﬂ'nms'mmumunu r uagiuny & ﬂ'liJ'lSill‘ldltJuﬂllﬂ'liNﬁi’JUﬂ'J'IIJI.h"\I

o o d

a a o o o o d’
voanuBudesmwugdufidutustug g 18ad

a, = Rf3sin -1(6)* (2.4)

= —(R,écos &+ Ié) (2.5)

Tawih / &‘luszvm’wszwhqqmJmugm‘nquﬁ’ui;ﬂqut‘fﬂaNmammﬁmﬁuﬁas’mwugﬁu

deunuaumsh 2.4) asluaumisi 2.1) 1218

f. =m[gcos @+ RfFsin 6-1(6)*] (2.6)

o ; 4 v
NAIVINUNUTUNISN (2.6) 2 luaumsn 2.3) uds 2 ldaunisvesetag s

7, =miRGcosO—mIR(G)* sin@+bf+(J+mRDB  (2.7)

uazleunuaunsh (2.5 aaluaunsi 22) s¢lifaunisfinamnnuduiugsening /3

uaz 6 1l
mgsin @ =mR fcos 6+ mlb (2.8)
ieannaumshi (2.7) uazaumsh (2.8) Fuaamnganssuvesszuusuieimiwugdy

' y
Wuaunrsihidudadu Swssnemmsireaiifiudady Taodmual? 6¢) e
oty Tsndnlndgud siufie mmnsodszainu'lda sind= @, cosf=1 uag sin (6> =0



1 4 (] ]
AU quNISA (2.7) uazaumsn (2.8) aansadoulndlgdy

7, =miRO+bf+(J +mR*) S (2.9)
ag '
mgl=mR B+ mlé (2.10)

awddy lumsesnuuudmugulasisueadieririu sUnuudaeanndiamansergn
@ouleglugiveaSpfianiug (state space representation) Ay iilefmualidausves
aumsi (2.9) wazaumsi @.10) Sudanlsaoius x=0,x=0,x=0, x,=£ uag
dyanuatuge w=z, udr Tnsofounvusmemuadamaasvesssuududein

wugdunuug vy lady

[ 0 Y40\ W4+ [0 ]
ngz-li-Jg oo [P (R
x(t)=( ;’ J 4 (JI’] x(1)+ (OJ’) u(?)
i 0 o Kt )

/ (t)=_o 01 o}x(')» : @.11)



uNni 3

& o U U
‘nq‘HﬁWHgTNiTﬁ’i‘J‘lJﬂTS@'ﬂﬂ!!‘U‘Uﬂ’Jﬂ"J‘]JQN

» 1 4 v
Tuuntsznandmouiugmdimivnseenuuudinruguiivetiminiuguszuy
b4
sudesnmugduuuuguvyy TasszuiimseSuengufugmesniduaesdiu dauusn
= = qdy @ o 9y 3 o -
vesedmguiugumsnugulsiad  wiewmimsesnuuudiniugulstad duilu
o 9 ao - a ¢ o dy & Y o  Jday A FY '
MveltgvsIngninuiatuil esnndinugu lstaalided luduanunanudens
a = o t o P Y  as = d o o’:
nlaswilasvesmnidiwes lussuvnnnd@muguiiesnuuudieitueadiies dniu u
’ ¥
dundaEeTER MU AU IMBWEaR181T LAZMSBRNIULAIAIUAY TUTTOULYEA

F 4 1]
seuuNassssinfnyaznlSsumsuluuni 4

A o [Y) [ e d
3.1 nguiug s miumsesnuuuiInugulsifan
v v o a - o o o v o 2 'Y
luiadeilszeimstanguiugwdmiumseenuvudnugulstad Feesldidu

fmugudmiuszuududesnmugsuuuuguvyuls]

W zZ
S P
u 4
K =

317 3.1 uanawunmudeniia llvesmsmiugu Tsad

usumwudenialvesmsmugulstad  fwaasluzdil 3.1 Ysznoududiuves

uwawvi(plant) P(s) wagdaudanaugy K(s) ludmwewwaurivzidognasuna 2 Suya

e

uazdayananenine 2 enina Taviilldygraduya » Audyanuniugu(control input) 910

o

U 1

dnugu uordyanudunys w uduenusunIuA19(exogenous input) MiIHARBIZUL

. . 1 4
AN 15U AIFTUNUINNIBUBN HazdygusunuIRaTuINdI5U] Tuduvesdanu

o
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I's I'd a o I's o Ao v o Y
emiavesmaun sildygnauenina » ihudgnaiialdobserved output) sndI¥u3

) v 9

Tnsiidygnahialdvndaiviiivgmh iy iidudygadunaliuddiuvesdnuguias
] 4

wazdyanaueine z Wudyanaueninanignarugu(controlled output) MiouNATIGINT

doyanaue 1M yanfii(regulated output) JURl 3.2 HaAUHUMNUABNYBIWANYIEDgN

v v

Aosauenesniludiy

w + Z
4 - Pzw _’?_F -

yw

ZU

u + X+ |
T > e LB,

Y

310 32 uanwrunudenvesunaut

Taoii B, fhuwsdnddreTounn w Wi 2
P, dhuwaSndawlounn w i »
P, dhumaSadcwTounn » Wi z uaz
B, duwadnddioTounn » Td
Haridunio Toutransfer function) veeszuvdredudon ldsade lui

z=P w+P u
y=F w+PF u
u=Ky 3.1)
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HerFucreTouseuredla(closed-loop transfer function) sTINdyaaeniyan z tae

e

4
doygnusuniude w szmIdTasunum » = Ky luaumsdmsuma y soueeld

y=F w+P Ky (3.2)
nasmmiudaglaumsdmsiuar y Imivelddsaunis 3.3)
-1
y=(I-B,K) Pw (3.3)

1 a 2 ' g = .
Taoh I dhuua3ndwitlaniiat(identity matrix)

diouny y 7188y u = Ky 9213

-1
u=K(I-P,K) P,w (3.4)
4 < < Y 4
UASIUBUNUTUNTITN (3.3) UATTUNITN (3.4) asluauns z udnzld

z=Pw+PK(I-PK) Pw

yu w

=| P, +PK(I-P.K)" P_|w (3.5)
(I-B.K)

s

»
ANty aumsaolousoundassuindyaaueninyg z nazdynIueuyn w el

LT T

audlu

L,=PB,+PK(I-PK)'P (3.6)

laoh z=T_w aunmisasleuseunlafldSonidiisfursaduiansudWeSusuinear
A =\ U U H

fractional transformation) Fufu3smsmimraunisorolouvesszuuiisl 2 mutiosn
Aueralugld 3.1

ymmsaougu A, dmivguii 3.1 fie deamsmdrniugy K(s) dmiuumaun
P(s) i ldfueiueud (infinity norm) vesflansugiolousenasila T,, fisdnn p
A J -3 Q’l’
am » dauduuan Tumsesnuuussuuniugy A, 1y TJaymnmseugu A, masgu

&
(standard H control problem) #9ffie
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Find T, <

K stabilizing " z“’"°° 7 3.7)
¥

nazdlymmsaiugu H, nasguiidneznulumsillsegnaldemnsa

9103y 3.1 aunsUSnilantu(state space) vounaus P(s) aansadouldidy (3]

x=Ax+Bw+ B,u
z=Cx+D,,w+D,,u
y=Cyx+D,w+Dyu (3.8)

- 3 o deiq ¥ a a ¢ o o 3
U 33 Wuuwunmufenvesszuunugulsvadniddnnluinniwuiatufi  deu
° o o o v A v @ ¥ dy
mmssenuuudimugy lstiadszasimageussuunulen luaia dade 1y
— (4,B,) aunsomlfinos14 stabilizable) oz (C,, 4) annsomsidaduna'ld
A d”‘ s o .Y s 3 L <4
(detectable) Foulvitdndudmsvsumlseiudlidanrvguiiniids vl
wdosmwld nazsulssiundamuguezannsaditsiunlsaaueynda 14
(] » )
— RankD, =m, woag RankD, =p, Reulviifiesvlsziuiaumsnelou

vin w 11 z ezlifiduilndguiiaauig

_A_ I I B i o/ 3 ¢:;
— Rank|” 7 =n+m, TWsuRNIIUAIND

L Cl DIZ__

[A—jol B, ]| /i 3
— Rank =n+p, SMIUVNNUIUANND

L C2 D21_

* ] E A (]
— D, =0 uaz D, =0 toulviihiinamsuiiu uaiweliaunsdivdenmssnnm
MAHARAY
Taoh dimx =n dimw=m, dimu=m, dimz=p, uaz dimy=p,
1ngUh 3.3 elddngnismiugn w=-K % uazdnlszmmsidoiuz(state estimator)

fauslu

%=A%+Bu+BWw+Z K, (y-3) (3.9)
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lavfi W=y BX % uar §=C,i+y7D,BX, % uazile w Wusnlszanavesdyana
da 4 o o a ad od A A
TUMUNNATUNUTY Y IUBUNAYeITTUY IunsdNuGNiga(worst-case) o § AoAszanm

o 4 o a0 a o ’ .
VMYY VB IMYA oAU K (s) Neglugdivuveunnsndsiungu(packed-matrix

[ 4
Vo A

notation) A5 OUAAS TARI

Z K

e

A—B2Kc _ZnoKeCZ +}/_2 (BIBII —ZuoKeDZIBl,)Xao |
-K, ‘ 0

K(s)= (3.10)

7
w + <
> B, C, *C\— >~
e
-+ I X
B, e " G
+
A e > Dy,
+
+
Pl
u Yy
Y
5,
-+ y+
X 1 +
X, | L ZoK, {)
+4+ i-
- A .
Bw .
¥y
> 7B\B Xy, —J
+
» C_, '-/
+
RT ~ 7D, 8 X

- -1 o J
gﬂ‘n 33 llﬁﬂﬂllﬂuﬂ’lﬂllﬂﬂﬂﬂlﬂ\ﬁz'ﬂ‘ﬂﬂﬁ'ﬂﬂNTiﬂﬂﬂ
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d' P} .4 k- o o \J é ~ ! 1 o
laoh K, fiedas1uniovesiiniugy uaz K, sasvmevesdadszinasm Saiimmhiu
K, = DlZ (‘B;Xuo + Dl,ZCl) 3.11
K, = (YmC£ +B,D;, )DZI (3.12)

iie D, =(D},D,)" uag D, =(D,,D;)" awdidy

ves Z, gnimuadsaunisi (3.13)

Z,=(I-y?1,x,) (3.13)

TashiA1ves X, uag Y, wannsamldnnmsufaunsiamavesiiniugy uozanns
L) = o g A i o 4 i
samAvesiIdung e ldrves X, ez ¥, dueasluaumsii (3.14) uazaumsi (3.15)
UMY

A_BZDIZDI’ZCl i _ZBIBI, —BzﬁlzBé

X, =Ric (3.14)

_él,él _(A ‘BzD~12D1'zC1 )'

(A I BID;IDZICZ) 7’CC = Czl'l‘jzlcz

Y, =Ric | o
~BB = (A - BID£1D21C2)

(3.15)

tiie G = (1-D,D,D;,)C, waz B,=B,(1 - D,,D,D,,)

AU TUNITVBITSUUIBUNUAWITOIY 151{'11

% A ~B,K, X
#| |Z.KC, A-BK.+yBBX. —mee(c2 + 7‘2D2,B,'Xw) %

z| |G -D,K, x|, 0
yJ le, o |z]7|p,|" (3.16)
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o

» » t d
Tagndnuguezannsni ) 1dnu ldvedesiuiton lundi

p(X.X)< 7 G.17)

4 a A . da s P> a o A e
PULYBY p(4) A AUNIEN (eigenvalue) RliANNNTIgavBINASHY 4 MioFouaums
Wi p(4)= 4, (4)
HIBI9INMSAINIUAITITB(manual calculation) A3En1588AULLTIANE12 13 Iudedw
A ’ ' [y o’l’ o @
memmamasvetaumsang  Ianugoindueiiann aniuTdsunsuneufiuneidmiy
9) ° r o o JR LY d’ A A a od @ ci, P
Trlumsdnnammdnugulsvaasagaiannvudeldhuinniinusatui swazdes
¥0411sunsy Hinf DESIGN.M M lumsisammdniugulsdaddmussn
sudesmmugdunuugmu lduaas i lunianuan n.
@ 9 J <2 44" A o ¥ et o o P
Twirdedely  zaandmouiiugnuiiessnuuufimunudieitueatiets
t 4
nnuquiissgneeniuulaol¥lisunsy LQR DESIGNM  uas AUG LQR_DESIGN.M

»
o b

Mannvugazuaaseglumanuan n

a X o w o Y aa a d
32 NYUYNUFGUTIMIUNMIBNUVUAINIVYNAILITHOaN 1013
huiadeiiszemeimguiugnuinlflumsesnuuudnugudeitusanes Taof
Mmuquieenuuuddtiiszgmit i lmugussuuiihududy -

fmualfszvudadusiaumady
%(t) = Ax(t)+ Bu(r)
y(t)=Cx(r) (3.18)

L] i ‘§ [ L o
ABINITMIAINGMIAINY u(f) = -Kx(r) Tumnzay saiildsdeilanssous

(performance index) luaunsy (3.19)

J= f (x(6) Ox(¢)+u ()" Ru(r))dt (3.19)
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ianlesiiqa e K iWhuuainddasvneilounduaniuz(state feedback gain matrix)
a { 3 .. . . . a o4 ¥
0 WumandntisuTuninuegud(positive-semi definite matrix) gz R Humasnaniin
{luwan(positive definite matrix) Tavfiwnsngd O woe R Hanwduiusfuaome x() uag
dunA u (1) Muddy
Wedmuald Q wey R fimmshi  agmismiugy u() Aldamdsiioussous J
Ay ° ¥ 9 ] a a a . . .
umuaunga ﬁ‘lij‘liﬂﬂ'lu’Jm"lﬂ‘l]'lﬂﬂ‘l)'lmﬂuﬂ‘li‘W%ﬂmﬂiﬂﬂ’m(Rlccatl algebraic equation)

swaaaluaunisi (3.20)
A"P+PA-PBR'B"P+Q=0 (3.20)

A ' ] a o a a o [ a0
e P lﬁUﬂTNﬂmﬁU‘Uﬂ\l’dﬂﬂ'ﬁﬂ‘lﬂﬂﬂmiﬂﬂ‘lﬂ uasxi‘luumiﬂqmummnuuazuﬂni‘iumn

> - J L
AN NYNISAIUAN u(f) FLUAUMNY

u(t) =—Kx(r)

=-R"'B"Px(1) (3:21)

-K e

o o Hq Yo o Y aa a ¢
gﬂﬂ 34 uﬂmxmumwuaaﬂ‘ueqiznm'mf]uni‘m'mmﬂuwaammnmmmaamms
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r o+ % B + X x )-’"_
~U P APQ B o P H T

1 1 4 a A v a a
311 3.5 uaasmuamuienvesszuunuguRgnYnEEy Tasmstiuddufinsines

AU WLADA(block diagram) AnarmsTugi 3.4 Wunsunmituaasdeszuuaiugquiily
Y P ac a rd’ ¥ ) et a 4 Y
amuguiiesnuuylasitueadiets isszuuninguiilimesraafiatuluaniiznida
3 A v a a o 2 o
wannsaud lvilymildTaadiuddufinsmes Idfussuunugy dawsiliszuuniug
i - g
naaiuszuuAIUANTiguILiN(augmented system) tazTlusunmudonvesszuuaugy
hgnunomindioiduiinanesuaasldnezii 3.5 [10]
dmualdeilianan e(t)=r(t)-7(r)=%(s) Tavh r(f) Sudgnnudiddii
] ’ ] ¥ [ »
maedl uaz y(r) duseminavesszuununuiignumoiy dnty svuufignusadiy

ANNTOIAAINY
af#0]_[4 o[:»] [B .
dt| %] |-H ol[x@®]| |o

s D)
=" 0][59-(’)] (3.22)

lumsesnuuudinrugudmivszviignueruiiy Sududeaningnisarugu

x(t)
x;(t)

e[0T e o] . ...
7=f [x,.(,)} [-o q,-J[fc,-(r)]*”(’) i e )

] Amnzauihmdsiiaussous Tuaunisi 3.23)

u(t)=-[K k,.][
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Q

L

~ d' ¢=' 0 o : d' o
linmeeiiga laoh [ }20 wez R>0 sy ngmsaaugu 4(r) Mildauns

4q;
Y o o a1 o
(3.23) u@ﬂﬂqﬂuu'ﬂzj\Jﬂ“ﬂ'lﬂU

u(t)=-R" [ﬁ]r P [;((?)] . (3.24)

4 . |B, B, . 4 aa ao 4
e P = duswamasvesdumsiisadasanma awaasluaumsi (3.25)
21 22 ,

T T
5 eerls S B e o
-H 0 -H 0 0 0 0 g

Taoh P* > 0 wazithumasndauunas
diedudinsn 4 (¢) Fwaasluaunsi (3.24) udIngmsnlunu u(t) szamsonmlan

u(t)=~Kx(t)~k, [e(t)dt (3.26)

Tavh K = R™'BR, Whuminddnsonellounduaniug wag &, = R7BP, Wusaswoe

duiinia(integral gain) vosszuviignumsiiy



UNA 4

ﬂ"l‘ii’)i’)ﬂ!!‘l]ﬂéhﬂ?‘ﬂﬂN!!ﬁa‘!NﬁﬂTi‘l’lﬂﬁ'f)\‘l

b4 [
Tuuniisznanimseonuuuuaznamsnansams 1¥dnrunu Infadiasfarugui
9 ey = o o A v gy 9 ‘:’ o Y
senuuunLITHeaRIesddindn udluunit 3 awdidy TunsesnuuudnIugues
dosfunudnesvesszuudude s mmugduuuuginyuneu
4 A =~ 3 = < o
nnmsdl 41 Fuilumaaadonsifinesaen vesszuuBuGesnmugduuuy

gumyu dieunumdromsiilimeSmariiasluaunsii 2.11) 9214

) 10 0 0
p 273254 0 0 0.1053 —29.9990
x(t)— 0 00 1 x(t)+ 0 u(t)

| =7.0558 0 0 -0.1075 30.6373

(10 0 0

= 4.1
y(t) _0 01 O:Ix(t) 4.1

H J a g 1 a a o { o
ﬂ'lfl\‘iﬁ 4.1 UTANATRISIUIABIAN 'vmszunaunas"'nmuﬂammngmﬂquﬁlé’fkluﬂmﬂU

wravesfinuBudesninugdn(m) 0.05 kg
ANUEIVRIgTHNYU (R) 047 m

a a o w
AWEVBIMUTUTBS MINYA (7) 0.48 m
Tumuﬁ’mmzﬁ‘awmgmnuu (J) 0.03264 kgem®
dudszansusudoanvesgiumg (b) 0.00351 kgem® [s

4.1 msaammnéf'amuqu
o 9 t:ly ’ <2 o o J v o [ o‘: 1 <
11114’.]‘11814 %zﬂanmmsaamm‘umﬂ’mquimﬁmi‘lueuﬂnuin HARVINUUITAAIOY
msaammm‘hﬂ:mfguﬁ";U"?"Eueaﬁams’ﬁ‘nﬁum"lﬂ‘l%"’lumsmnﬂuszuna‘“uﬁas’mwugﬁ'v

HUVFIUNYY

4.1.1 m3venUUVINILANT 3iTad
vinaunsSgiimonizluaumsi .8) fmualddygpasunasuniu w uesdygru

eHiyaTighaIuny z SAuify
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[ x, ]
dl
Xy
dz
w= uay 2= X 4.2
n x,
n2 u

Taoi d, way d, dusmanyliniveududannmsdsznunnyhidhudaduldihug
duvesszu sm‘fﬁ:mssﬂ%suuﬂmmwmwaqf’l'mﬁuﬁes'mwugﬁu AUTUMITUAAINGA
ASTUVBITTULAMIANNST (2.9) Hazeunsi (2.10) wazdauls n, waz n, Alusmdgyanusy
muﬁmmﬁﬂ%ﬂumﬁﬂﬁm11’7116: Y, wag y, awdny fafu aumsUsgligaiuzves

a a o [y ~q Yoo a o S @ 4" P s’ﬂ
szuuaunasmwu@auu‘uugmuyuﬂ‘mw‘lummuwumuuu mmsm‘utju"lm H

0 10 0 0.0 00 0
. 1273254 0 0 0.1053 1 000 —29.9990
7Y o—o—¢4= TR0t W\ ¢
| -7.0558 0 0 -0.1075 0100 30.6373
e 2
010 0| |0
z=|0 0 1 O|x+|0|u
0 00 1 0
000 0 0f |1}
y=’1 0 0 0’x+”o 0 1 o]w
00 1 0] |00 01

4.3)

wieM 4 B, B, C, D, D, C, D, uaz D, Tuaumsii 3.8) Sawitu
[0 1
273254 0

0 0
| -7.0558 0

0.1053

o O O O

-0.1075

o O = O
-0 O ©
o O O O
o © © O

0
-29.9990
0
| 30,6373




1 000

0100
C,=/0 010

000 1

[0 0 0 0]
D, =0

[0]

0
D, =|0

0

-1—

1 0 0 0]
Ch5

0 0 1 0]

[0 0 1 0]
DZl_

(0 0 0 1
D, =0

22

(4.4)

3 [ 1 d
dishendsfinaanil livinsAmaudoTisunsy Hinf DESIGNM Taosmualieh

y Uauiiny 4.9 ewld.

K(s):

[0.029  0.001 0.004
-16.360  0.833 -0.415
-0.008 0 -0.001
16.732  -0.851 0.425

| 546.147 -27.783 13.821

4.1.2 MIBAALLYUMIALRNAILITI0aA 1013

-28.6222  -4.2340]

4.0209  0.4947
8.0179  1.0027
-7.1483  -1.4301

4.5)

L 4
Tumseenuuudinlugudisitueaminiiu wdeudenauuning O uaswasnd R

¥ 3
Wmnzay uinoiiwusasui Tafinsenmsmuguifiesnuanurugavssimduiedm

mugduldianudidganndimsaugudwmi uBauussgiunyuvesiaduiiom

kot 4
gy Aaiu Selddmuald 0=diag[0.8 0 04 0] waz R=1 vmiuSamngns
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muge u(f)=-Kx(r) Taoudaumsfivadasamluaumsfi 3.20) Felaoialilezld
Tilsunsuouiumesdrelumssnny huimoinusatud 1819 Tsunsy MATLAB lums
ufaumsfisndiadania 51UazxﬁuﬂmmTﬂsunsnuazf‘hf?"qﬁ'l%'ﬁlumsﬁmammfhﬁ'zﬂ'mqu
it msueaniierylauans1ilu Tsunsy LQR DESIGNM Tumanuan n. daseldsas

snoflounduanuzussdimuguitesnuuudieSiueafioefisusi
K =[-5.1158 -1.0617 —0.6325 -0.5086] (4.6)

] . 4 ]

dmivszuumuguignunniudsdiduiinsmesiiu Mdufinsmesezgniiinlify

o T o ’ I ‘i o - o ’
nIsAILRUA LMY AFBUUeIg Iy ULALTisse1uA BB InAuB UG o T ninug AN 1)

A v a a o o J 1
annsagnaugu ldlagase mafivddufinsmesdandnezifumsudilymdeeizalu
° 1 o a a v A a g a 2
MINUAUAINUATI VBRI IH MY TR sUUBURB s NInUgduTIAatu luan Iz
a1 H Tumumsssuvhgnunumudaiuaasiuaumsii Gan sefidudu [0 0 1 0]

Tumsesnuuudmuguidiussuufignunoiinzfinaldmumasnd 0 wosweind

R auwmssenuuudnuy sazdmuald g,=0.1 szldsasvoeilounduaoiuzues

dmugudmsussuuiignunodiniy
[K i k]=[-56365 -1.1789 -0.8844 -0.6078 i 03162] (4.7

51aaz;%'ﬂmraqTﬂsuniuﬂauﬁ’:mas’ﬁ%’;’lumsﬁ1mmmfi1¢71mm]uuumtaaﬁams’
dmiuszuuignunaiudivaduiingmes Iduaaslulysunsy AUG LQR DESIGN.M

Tumanuan n.

3/ ¢ - v d
4.2 mimaassmuguszuulagliiinugulsian
wamsnaassutivesnitiu 2 dau dauusnidiurantananssmuguszuy Tasldfamungy
Tstfadiennuenvesfhuvesszundudesmnugdunsfinhify 48 iwudmes uazdiunds
-] A a a o o = &
wpandimsalugustuulisanuefMududesnmugdounlasasauily 3 szezde
5 IBURAINAT 7.5 ITUANAT UDT 10 uAas idanaseusunimeniusude famugdy
. 1 4 LR A
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Graph of Theta(Pendulumy)
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MANUIN N.

%

d 1] o A av
Tdsunsunsuiunas M dume 1l ua sy

[ 4 ¥

Tsunsunsunamesfild lunsidoluinnfinusaduianndulaeld T)sunsy

MATLAB uazlisunsuamwnd Taolusunsumeudiamesdauildlumsesnuuudiniugy
} 4 1 ]

WauTaol4Tsunsy MATLAB uas Tsunsumeufiumesdauiimihiidudnaugy

S 1
wanndu laols ldsunsunivd

T1sunsu LQR_DESIGN.M

Tlsunsuesauuudmmuguimsvszuududes nmugduuuugumyui 19 uauise

MuiTueadiend daldinTeaiiottoolbox) Tulusunsy MATLAB ifewinainatvessums
» 4

Wyndiasand lasimsiSuauuasndnrnimin(weighting matrix) O wag R aunsoi’la

TasmsUSunlaousmasod Q uaz R fnanslulysunsy LQR DESIGN.M

A=1 0 1 0 0;
2732543 0 0 0.10530;
0 0 ) 0 1;
-7.05576 O 0 -0.10754]
B= [ 0;
-29.99898;
0;
30.63725]
Q= [08 O 0 0
0 o0 0 0
0 0 04 0
0 O 0 0]
R =1
K = Igr(A,B,Q,R)

save LQR_CONTROLLER.DAT K Q R -ASCII
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Tisunsu AUG_LQR_DESIGN.M

o a, a Y [ a a o Y]
Tsunsuesnuuudiniugualsitueafiierfdmivszuududesnmugduuuugiu
wyudignunoiiy  Tasmsiiudiduiinsiees IffumsaiuquiamiuFaguvsagunyuy

3 ] b 4
iweudlgymseviraiiiaduluanizaida

A= 0 1 O 0 0;
2732543 0 0 0.10530 O
0 0 0 1 0;
-7.05576 0 0 -0.10754 O;
0 0 1 0 0]
B=1[ 0
-29.99898;
0;
30.63725;
0]
Q=108 0 0 0 O
0 O 0 0 0;
0 0 04 O O
0 0 0O O 0;
0 0 0 0 0.1]
R=1
K = 1gr(A,B,Q,R)

save AUG_LQR_CONTROLLER.DAT K Q R —-ASCII

Tisunsy Hinf DESIGN.M

Tsunsueenuuudiniugulstaadmivssuududesmwugduuuugunyuils

= o ::’ - ¢§ 13 d‘o [} o o
Tuauive Taglsunsudivziinsastvaeuou lvangiduudmsvmseenuuuds
agulstad weillumsiudseiudn daugulstadiesnuuy idesannsoiunidlu

_ a o 1Y 9 (] P=1 a o :; dy

MsNIURUsTUUBUNB NINUgdNuUBg unyu Taednlidse@nam  Taon Tdsunsuiiee
o ' o . & o o ot
193wy Tusunsy Hinf MODEL.SIM Fuiluumunmudenvesdaniunulstaanidlu

nuItsdwaasluglii n.l



g =49
g2= g7
A =[ o0 1 0 0;
2732543 0 0 0.10530;
0 0 0 1;
-7.05576 0 0 -0.10754]

Bl =[0 0 0 0
1 0 0 O
0 0 0 O
0 1 0 0]
B2 =[ 0
-29.99898;
0;
30.63725]
Cl =1 00 O

0 10 0

0 0 1 0

0 00 1;

0 0 0 0]
Dli= 0
D12= [0;

0;

0;

0;

1]
C2 =11 0 0 0

0 01 0]
D21= [0 0 1 O

0 0 0 1]
D22= 0
Rank D12 = rank(D12)

Rank D21 = rank(D21)
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#

[A-j*eye(size(A)) B2;
Cl D12]

.

[A-j*eye(size(A))  BI;
C2 D21]
rank(XX)
rank(YY)

Rank_XX

Rank_YY

DD12 inv(D12*D12)

DD21 inv(D21*D21")

CCl1

(eye(size(D12*DD12*D12")-(D12*DD12*D12))*C1
BBl

B1*(eye(size(D21'*DD21*D21))-(D21"*DD21*D21))

Ham X 11 A-B2*DD12*D12'*C1

Ham_X 12

(g*-2)*B1*B1'-B2*DD12*B2'

Ham X 21 -CC1"™*CCl

Ham_X 22 = -(A-B2*DDI12*D12'*C1)'

Ham_X [Ham_X_11  Ham X 12;
Ham X 21  Ham X 22]

Xinf = ric_schr(Ham X)

Ham Y 11 = (A-B1*D21"*DD21*C2)
Ham Y 12 = (g"2)*C1*C1-C2*DD21*C2
Ham Y 21 = -BBI*BBI'

Ham_Y 22 = ~(A-B1*D21"*DD21*C2)
Ham_ Y = [Ham Y_11 = Ham Y 12;

Ham_Y 21 Ham Y 22]
Yinf = ric_schr(Ham_Y)

Xinf Yinf Xinf*Yinf

p_Xinf Yinf = max(eig(Xinf _Yinf))
Magnitude_p_Xinf_Yinf = abs(p_Xinf Yinf)

Zinf = inv(eye(size((g"-2)*Yinf*Xinf))-(g"-2)*Yinf*Xinf)
Ke = DDI12*(B2"*Xinf+D12*C1)

Zinf Ke = Zinf*((Yinf*C2'+B1*D21)*DD21)
Extra_term_1 = (g"-2)*B1*B1"*Xinf

Extra_term 2 (g7-2)*D21*B1"*Xinf
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[A,B,C,D] = linmod('Hinf_Model")
SYSC = ss(A,B,C,D)

[AB,CD] = ssdata(SYSC)

AA = Ts*A+eye(size(A))

BB = Ts*B

cc = C

DD =D

save. ROBUST_CONTROLLER.DAT AA BB CC DD -ASCII

Out1

B2 K

K D€ p

s +
-Ke Integratort

» «

A

) K

(97-2)*B1*B1"Xinf

’K +,

c2.

P K

(972)*D21*81"*Xinf

37 0.1 uerasusunmudenvesianauguTstiad egluTusunsy Hinf MODEL.SIM

T1sunsy LQR_CONTROLLER.C

/e o Y a

= Y] 4 =, - 2 o
Tsunsunsufiawesiiminfiidudaiuguiiesnuuudsitueaders Faiamun

} 4
Tulaol¥lsunsunnd Taoiilusunsuneuiiunssasfusdeyadumiafuguvesddy
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’

Tyanaun(enudvesdygyiimamnsodsunld) washmsyszutanalun

adlaransiiemmdyanamiuguitedalifuresmugumsiheuveemes 1eh

#include <DOS.H>
#include <STDI1O.H>

#define TCK 0x0d
#define DATA 1200

void interrupt (*Old_ISR)();

volatile int port300,port301,port302,port303;

volatile int spl,sp2,encoder_p,encoder_m,i;

volatile float theta,theta_t,thetadot,thetadot_t,beta,beta_t,betadot,theta_ttt,beta_ttt;

volatile float Ktheta,Kthetadot,Kbeta,Kbetadot,R;

volatile float Q11,Q12,Q13,Q14,Q21,Q22,Q23,Q24,Q31,Q32,Q33,Q34,Q41,Q42,Q43,Q44;
volatile float fbl,fb1dot,fb2,fb2dot,output,t=0.025;

void interrupt My ISR()

{
disable();
port300 = inportb(0x300);
port301 = inportb(0x301);
port302 = inportb(0x302);
encoder_p=(port302*16)+((port301&0xf0)/16);
encoder_m=((port301&0xf)*256)+port300;
theta=((float)(encoder_p-sp1))*0.0015708;
thetadot=(theta-theta_t)/t;
beta=((float)(encoder_m-sp2))*0.0015708;
betadot=(beta-beta_t)/t;
theta_t=theta;

beta_t=beta;



fb1=Ktheta*theta;
foldot=Kthetadot*thetadot;
fb2=Kbeta*beta;
fb2dot=Kbetadot*betadot;
output;—fbl-fb\lc'lot-be-bedot;
output=output/(0.3*0.181);
port303=output+0x7f;
outportb(0x303,port303);

outportb(0x20,0x20);  /* End of Interrupt */

=i+
enable();
}
void main()
{
FILE *fpwl,*fpw2,*fpw3,*fprl;
clrser();
if((fpw1 = fopen("theta.m","w"))==NULL)
{
puts("cannot open file theta.m\n");
exit(1);
}

fprintf{fpw1,"a=[");

if{(fpw2 = fopen("beta.m","w"))==NULL)
{
puts("cannot open file beta.m\n");
exit(1);
}

fprintf{fpw2,"a=[");

if((fpw3 = fopen("output.m","w"))==NULL)
{
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puts("cannot open file output.m\n");
exit(1);
}

fprintf{fpw3,"a=[");
if((fprl = fopen("LQR_CONTROLLER DAT","r"))!=NULL)

else

{
fscanf(fprl,"%e %e %e %e",&Ktheta,&Kthetadot,&Kbeta,&Kbetadot);

fscanf(fprl,"%e %e %e %e",&Q1 1,&Q12,&Q13,&Q14);
fscanf(fprl,"%e %e %e %e",&Q21,&Q22,&Q23,&Q24);
fscanf(fprl,"%e %e %e %e",&Q31,&Q32,&Q33,&Q34);
fscanf(fprl,"%e %e %e %e",&Q41,&Q42,&Q43,&Q44);
fscanf(fprl,"%e",&R);

fclose(fprl);

}

{

printf("Coudn't open the file \" LQR_CONTROLLER.DAT \"\n");
getch();

}

sp1=2000;

sp2=0;

outportb(0x305,0x04); /* Clear All PIC Microcontroller */

delay(5);
outportb(0x305,0x07); /* Enable Encoder Microcontrollers */

outportb(0x303,0x7f); /* Stop Motor */

while ('kbhit())

{

port300 = inportb(0x300);

port301 = inportb(0x301);

port302 = inportb(0x302);
encoder_p=(port302*16)+((port301&0x£0)/16);
encoder_m=((port301&0xf)*256)+port300;
.theta=((float)(encoder_p-sp1))*0.0015708;
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beta=((float)(encoder_m-sp2))*0.0015708;

gotoxy(24,12);

printf("theta=%f beta=%f" theta,beta);

}
getch();
theta_t=theta;
sp2=encoder_m,;
beta=((float)(encoder _m-sp2))*0.0015708;
beta_t=beta;
i=0;
outportb(0x304,0x34); /* Set Samping Period */
outportb(0x305,0x03); /* Enable Sampling Clock Microcontrollers */
Old_ISR = getvect(TCK); /* Recieve Interrupt Vector */
setvect(TCK,My_ISR); /* Set Interrupt Vector to My ISR */
outportb(0x21,(inportb(0x21) & 0xdf)); /* Enable IRQ5 */
while ('kbhit() & encoder_p <2200 & encoder - p>1800 & i<DATA)

{
gotoxy(7,14);
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printf("theta=%f thetadot=Y%f beta=%f betadot=%f",theta,thetadot,beta,betadot);

fprintf{fpw1,"%f %f;\n" t*i,theta);

fprintf{fpw2,"%f %f;\n" t*i beta);

fprintf{fpw3,"%f %f;\n",t*i,output);

} .
outportb(0x21,(inportb(0x21) | 0x20)); /* Disable IRQS */
setvect(TCK,Old_ISR); /* Return Interrupt Vector to Old ISR */
outportb(0x303,0x7f);  /* Stop Motor */
outportb(0x305,0x04); /* Clear All PIC Microcontroller */
fprintf(fpw1,"%f %f];\n",t*i theta);
fprintf(fpw2,"%f %f];\n" t*i,beta);
fprintf(fpw3,"%f %f];\n",t*i,output);
fprintf(fpw1,"x = a(;, 1);\n");
fprintf{fpw2,"x = a(:, 1);\n");
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fprintf{fpw3,"x = a(;, 1);\n");

fprintf(fpw1,"y = a(;, 2);\n");

fprintf(fpw2,"y = a(;, 2);\n");

fprintf(fpw3,"y = a(;, 2);\n");

fprintf(fpw1,"figure\n");

fprintf(fpw2,"figure\n");

fprintf{fpw3,"figure\n");

fprintf(fpw1,"plot(x,y)\n");

fprintf{fpw2,"plot(x,y)\n");

fprintf{fpw3,"plot(x,y)\n");
fprintf{fpw1,"xlabel('Time(sec))\n");
fprintf{fpw1,"ylabel('Theta(rad))\n");
fprintf(fpw1,"text(%d,-0.175,'Q = diag[%.1£ %.0f %.1£ %.0f] , R = %.0f)\n",
DATA/160,Q11,Q22,Q33,Q44,R);
fprintf(fpw1,"text(%d,-0.225,'K = [%.4f %.4f %.4f %.4f])\n",
DATA/160,Ktheta, Kthetadot,Kbeta,Kbetadot);
fprintf(fpw2,"xlabel('Time(sec))\n");
fprintf{fpw2,"ylabel('Beta(rad))\n");
fprintf(fpw2,"text(%d,-0.175,'Q = diag[%.1f %.0f %.1f %.0f] , R = %.0f)\n",
DATA/160,Q11,Q22,Q33,Q44,R);
fprintf{fpw2,"text(%d,-0.225,'K = [%.4f %.4f %.4f %.4f])\n",
DATA/160,Ktheta,Kthetadot,Kbeta Kbetadot);
fprintf(fpw3,"xlabel('Time(sec))\n");
fprintf{fpw3,"ylabel('Control Signal)\n");
fprintf(fpw3,"text(%d,-0.175,'Q = diag[%.1f %.0f %.1f %.0f] , R = %.0f)\n",
DATA/160,Q11,Q22,Q33,Q44,R);
fprintf(fpw3,"text(%d,-0.225,'K = [%.4f %.4f %.4f %.4f])\n",
DATA/160,Ktheta,Kthetadot,Kbeta,Kbetadot);
fprintf(fpw1,"title(Graph of Theta(Pendulum))\n");
fprintf{fpw2,"title('Graph of Beta(Base)')\n");
fprintf(fpw3,"title('Graph of Control Signal)\n");
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fclose(fpwl);
felose(fpw2);
felose(fpw3);

T5unsu AUG_LQR_CONTROLLER.C

Tusunsuneuiuaes imdhidusmiuguiieenuuudasisueadrerddmivssuy

sudsimnugduuvugumyuiignunediulasasiiudsuiinsines 1 fumsaiugy
o ' [ Y o o dv ¥ 2 o
AmntaFauyesgiunyu M laoialdveslsunsuiiezndrondeiuTdsunsu
LQR_CONTROLLER.C finamaunludisdu ualysunsy AUG LQR_CONTROLLER.C 92il
P 1 = oS ° ¥ ] @ a S a Yo
maiuduves llsunsuneuiunesmhmiiiludduiinsme fgniu I fuszuuniy

AU

#include <DOS.H>
#include <STDIO.H>

#define TCK 0x0d
#define DATA 1200

void interrupt (*Old_ISR)();

volatile int port300,port301,port302,port303;

volatile int sp1,sp2,encoder_p,encoder_m.,i;

volatile float theta,theta_t,thetadot,beta,beta t,betadot;

volatile float Ktheta Kthetadot,Kbeta,Kbetadot,Ki,Mi,R;

volatile float Q1 l,Q12,Ql3,Q14,Q1i,Q21,Q22,Q23,Q24,Q2i,Q31,Q32,Q33,Q34,Q3i;
volatile float Q41,Q42,Q43,Q44,Q41,Qi1,Qi2,Qi3,Qi4,Qi;

volatile float fb1,fbldot,fb2,fb2dot,output,t=0.025;

void interrupt My ISR(Q

{
disable();



port300 = inportb(0x300);

port301 = inportb(0x301);

port302 = inportb(0x302);
encoder_p=(port302*16)+((port30180xf0)/16);
encoder_m=((port301&0xf)*256)+port300;
theta=((float)(encoder_p-sp1))*0.001571;
thetadot=(theta-theta_t)/t;
beta=((ﬂoat)(encodelj_m-spZ))*0.00l 571;
betadot=(beta-beta_t)/t;

theta_t=theta;

beta_t=beta;

fbl1=Ktheta*theta;

fbldot=Kthetadot*thetadot;

fb2=Kbeta*beta;

fb2dot=Kbetadot*betadot;
Mi=Mi+((-Ki)*(0-beta)*t);
output=Mi-fb1-fbldot-fb2-fb2dot;
output=output/(0.3*0.181);
port303=output+0x7f;
outportb(0x303,port303);
outportb(0x20,0x20);  /* End of Interrupt */
i=it;

enable();

void main()

{
FILE *fpwl, *fpw2 *fpw3,*fprl;

clrser();
if((fpw1 = fopen("theta.m","w"))=NULL)
{
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puts("cannot open file theta.m\n");
exit(1);
}
fprintf(fpwl,"a=[");
if{((fpw2 = fopen("beta.m","w"))=NULL)
{
puts("cannot open file beta.m\n");
exit(1);
}
fprintf{fpw2,"a=[");
if((fpw3 = fopen("output.m","w"))==NULL)
{
puts("cannot open file output.m\n");
exit(1);
}
fprintf(fpw3,"a=[");
if((fprl = fopen("AUG LQR_CONTROLLER","r"))!=NULL)
{
fscanf(fprl,"%e %e %e %e %e",&Ktheta,&Kthetadot,&Kbeta,&Kbetadot,&Ki);
fscanf(fprl,"%e %e %e %e %e",&Q11,&Q12,&Q13,&Q14,&Q1i);
fscanf(fprl,"%e %e %e %e %e",&Q21,&Q22,&Q23,&Q24,&Q2i);
fscanf(fprl,"%e %e %e %e %e",&Q3 1,&Q32,&Q33,&Q34,&Q3i);
fscanf(fprl,"%e %e %e %e %e",&Q41,8&Q42,&Q43,8Q44,&Q41);
fscanf(fprl,"%e Y%e %e %e Y%e",&Qil,&Qi2,&Qi3,&Qi4,&Qi);
fscanf(fprl,"%e",&R);
fclose(fprl);
}
else printf("Coudn't open the file \"AUG_LQR_CONTROLLER\"\n");
sp1=2000;
sp2=0;
Mi=0;
outportb(0x305,0x04); = /* Clear All PIC Microcontroller */
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delay(5);
outportb(0x305,0x07); /* Enable Encoder Microcontrollers */
outportb(0x303,0x7f); /* Stop Motor */
while (!kbhit())
{
port300 = inportb(0x300);
port301 = inportb(0x301);
port302 = inportb(0x302);
encoder_p=(port302*16)+((port301&0xf0)/16);
encoder_m=((port301&0xf)*256)+port300;
theta=((float)(encoder_p-sp1))*0.001571;
beta=((float)(encoder_m-sp2))*0.001571;
gotoxy(24,12);
printf("theta=%f beta=%f" theta,beta);
}
getch();
theta_t=theta;
sp2=encoder_m;
beta=((float)(encoder_m-sp2))*0.001571;
beta_t=beta;
1=0;
outportb(0x304,0x34); /* Set Samping Period */
outportb(0x305,0x03); /* Enable Sampling Clock Microcontrollers */
Old_ISR = getvect(TCK); /* Recieve Interrupt Vector */
setvect(TCK,My_ISR); /* Set Interrupt Vector to My ISR */
outportb(0x21,(inportb(0x21) & 0xdf)); /* Enable IRQ5 */
while (!kbhit() & encoder_p <2200 & encoder p >1800 & i<DATA)
{
gotoxy(7,14);
printf("theta=%f thetadot=%f beta=%f betadot=%f",theta,thetadot,beta,betadot);
forintf(fpw1,"%f %f;\n" t*i theta);
fprintf{fpw2,"%f %f;\n",t*i beta);



fprintf(fpw3,"%f %f;\n" t*i,output);

}
outportb(0x21,(inportb(0x21) | 0x20)); /* Disable IRQ5 */
setvect(TCK,Old_ISR); /* Return Interrupt Vector to Old ISR */
outportb(0x303,0x7f);  /* Stop Motor */ .
outportb(0x305,0x04); /* Clear All PIC Microcontroller */
fprintf{fpw1,"%f %f{];\n",t*i,theta);
fprintf{fpw2,"%f %f];\n",t*1,beta);
forintf(fpw3,"%f %f];\n",t*i,output);
fprintf{fpw1,"x = a(:, 1);\n");
forintf{fpw2,"x = a(:, 1);\n");
fprintf{fpw3,"x = a(;, 1);\n");
fprintf{fpwl,"y = a(:, 2);\n");
fprintf{fpw2,"y = a(;, 2);\n");
fprintf{fpw3,"y = a(;, 2);\n");
fprintf{fpw1,"figure\n");
fprintf(fpw2,"figure\n");
fprintf(fpw3,"figure\n");
fprintf{fpw1,"plot(x,y)\n");
fprintf{fpw2,"plot(x,y)\n");
fprintf(fpw3,"plot(x,y)\n");
fprintf{fpw1,"xlabel('Time(sec))\n");
fprintf{fpw1,"ylabel('Theta(rad)’)\n");
fprintf(fpw1,"text(%d,-0.175,'Q = diag[%.1f %.0f %.1f %.0f | %.1f] , R = %.0f)\n",
DATA/160,Q11,Q22,Q33,Q44,Qi,R);
fprintf{fpw1,"text(%d,-0.225,'K = [%.4f %.4f %.4f %.4f | %.4f])\n",
DATA/160,Ktheta,Kthetadot,Kbeta,Kbetadot,-Ki);
fprintf{fpw2,"xlabel('Time(sec))\n");
fprintf(fpr,"ylabel('Beta'(rad)')\n");
fprintf(fpw2,"text(%d,-0.175,'Q = diag[%.1f %.0f %.1f %.0f | %.1f] , R = %.0f )\n",
DATA/160,Q11,Q22,Q33,Q44,Qi,R);
fprintf{fpw2,"text(%d,-0.225,K = [%.4f %.4f %.4f %.4f | %.4f])\n",

58



59

DATA/160,Ktheta,Kthetadot,Kbeta,Kbetadot,-Ki);
fprintf{fpw3,"x1abel('Time(sec))\n");

fprintf{fpw3,"ylabel(*Control Signal)\n");
fprintf(fpw3,"text(%d,-0.175,'Q = diag[%.1f %.0f %.1f %.0f | %.1f] , R = %.0f)\n",
DATA/160,Q11,Q22,Q33,Q44,Qi,R);
fprintf{fpw3,"text(%d,-0.225,K = [%.4f %.4f %.4f %.4f | %.4f])\n",
DATA/160,Ktheta,Kthetadot,Kbeta,Kbetadot,-Ki);
fprintf(fpw1,"title('Graph of Theta(Pendulum))\n");
fprintf{fpw2,"title('Graph of Beta(Base)')\n");
fprintf{fpw3,"title('Graph of Control Signal’)\n");

fclose(fpwl);

fclose(fpw2);

fclose(fpw3);

Tusunsu Hinf CONTROLLER.C
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#include <DOS.H>
#include <STDIO.H>

#define TCK 0x0d
#define DATA 1200

void interrupt (*Old_ISR)();

volatile int port300,port301,port302,port303;
volatile int spl,sp2,encoder_p,encoder_m,i;
volatile float theta,beta,U;

volatile float aall,aal2,aal3,aal4;



volatile float aa21,aa22,aa23,2a24;
volatile float aa31,aa32,aa33,3a34;

volatile float aa41,aa42,aa43,aa44;

volatile float bb11,bb12;

volatile float bb21,bb22;

volatile float bb31,bb32;

volatile float bb41,bb42;

volatile float cc11,cc12,cc13,ccl14;

volatile float dd11,dd12;

volatile float z1k,z2k,z3k,z4k;

volatile float z1k1,z2k1,z3k1,z4k1;

volatile float output,Ts;

void interrupt My _ISR()

{.

disable();

port300 = inportb(0x300);

port301 = inportb(0x301);

port302 = inportb(0x302);

encoder_p=(port302*16)-+((port301&0xf0)/16);
encoder_m=((port301&0xf)*256)+port300;
theta=((float)(encoder_p-sp1))*0.001571;
beta=((float)(encoder_m-sp2))*0.001571;
U=(ccl1*zlk+ccl2*22k+ccl3*23k+cc14*z4k)+(dd1 1 *theta+dd12*beta);
output=U/(0.3*0.181);

port303=output+0x7f;

outportb(0x303,port303);
zlkl=(aal1*zlk+aal2*z2k+aal3*2z3k+aal4*z4k)+(bb1 1 *theta+bb12*beta);
z2k1=(aa21*zlk+aa22*z2k+aa23*z3k+aa24*z4k)+(bb2 1 *theta+bb22*beta);
z3k1=(aa31*zlk+aa32*z2k+aa33*z3k+aa34*z4k)+(bb31*theta+bb32*beta);
z4k1=(aad1*z1k+aa42*z2k+aad3*z3k+aad4*z4k)+(bb41*theta+bbd2*beta);
zlk=z1kl;
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22k=72k1;
z3k=z3k1;
z4k=z4k];
outportb(0x20,0x20);  /* End of Interrupt */

=it
enable();
}
void main()
{
FILE *fpwl,*fpw2,*fpw3,*fprl;
clrser();
if((fpw1 = fopen("theta.m","w"))==NULL)
{
puts("cannot open file theta.m\n");
exit(1);
}

fprintf{fpw1,"a = ");

if((fpw2 = fopen("beta.m","w"))==NULL)
{
puts(*'cannot open file beta.m\n");
exit(1);
}

fprintf{fpw2,"a =[");

if((fpw3 = fopen("output.m","w"))==NULL)
{
puts(""cannot open file output.m\n");
exit(1);
}

fprintf{(fpw3,"a =[");

if((fprl = fopen("Hinf CONTROLLER.DAT","r"))!=NULL)
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{
fscanf(fprl,"%e %e %e %e",&aal 1,&aal2,&aal3,&aal4);
fscanf(fprl,"%e %e %e %e",&aa2l,&aa22,&aa23,&aa24);
fscanf{fprl,"%e %e %e %e",&aa3l,&aa32,&aa33,&_aa34);
fscanf(fprl,"%e %e %e Y%e",&aad],&aad2,&aad3,&aad4d);
fscanf(fprl,"%e %e",&bb11,&bb12);
fscanf(fprl,"%e %e",&bb21,&bb22);
fscanf(fprl,"%e %e",&bb31,&bb32);
fscanf(fprl,"%e %e",&bb41,8&bb42);
fscant(fprl,"%e %e %e %e",&ccll,&ccl2,8&ccl3,8&ccld);
fscanf(fprl,"%e %e",c.S’cddl 1,&dd12);
fclose(fprl);
}
else { )
printf("Coudn't open the file \"Hinf CONTROLLER\"\n");
getch();
}
sp1=2000;
sp2=0;
z1k=0;
22k=0;
z3k=0;
z4k=0;
outportb(0x305,0x04); /* Clear All PIC Microcontroller */-
delay(5);
outportb(0x305,0x07); /* Enable Enceder Microcontrollers */
outportb(0x303,0x7f); /* Stop Motor */
while ('kbhit())
{
port300 = inportb(0x300);
port301 = inportb(0x301);
port302 = inportb(0x302);

62



encoder_p=(port302*16)+((port301&0xf0)/16);
encoder_m=((port301&0x0*256)+porf300;

theta=((float)(encoder_p-sp1))*0.001571;
beta=((float)(encoder_m-sp2))*0.001571;
gotoxy(24,12);
printf("theta=%f beta=%f" theta,beta);
}
getch();
sp2=encoder_m;
beta=((float)(encoder_m-sp2))*0.001571;
i=0;
outportb(0x304,0x0a); /* Set Samping Period */
outportb(0x305,0x03); /* Enable Samping Clock Microcontrollers */
Old_ISR = getvect(TCK); /* Recieve Interrupt Vector */
setvect(TCK,My _ISR); /* Set Interrupt Vector to My ISR */
outportb(0x21,(inportb(0x21) & 0xdf)); /* Enable IRQ5 */
while (kbhit() & encoder_p <2200 & encoder_p >1800 & i<DATA)
{
gotoxy(7,14);
printf("theta=%f beta=%f output=%f",theta,beta,output);
fprintf{fpw1,"%f %f;\n", Ts*i, theta);
fprintf{fpw2,"%f %f:\n", Ts*i,beta);
fprintf(fpw3,"%f %f;\n", Ts*i,output);
}
outportb(0x21,(inportb(0x21) | 0x20)); /* Disable IRQ5 */
setvect(TCK,Old_ISR); /* Return Interrupt Vector to Old ISR */
outportb(0x303,0x7f);  /* Stop Motor */
outportb(0x305,0x04); /* Clear All PIC Microcontroller */
fprintf{fpw1,"%f %f];\n", Ts*i,theta);
fprintf{fpw2,"%f %f];\n", Ts*i,beta);
fprintf{fpw3,"%f %f];\n", Ts*i,output);
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fprintf{fpw1,"x = a(:, 1);\n");

fprintf(fpw2,"x = a(:, 1);\n");

fprintf{fpw3,"x = a(:, 1);\n");

fprintf(fpw1,"y = a(:, 2);\n");

fprintf(fpw2,"y = a(:, 2);\n");

fprintf(fpw3,"y = a(:, 2);\n");
fprintf(fpw1,"figure\n");
fprintf{fpw2,"figure\n");
fprintf{fpw3,"figure\n");
fprintf(fpw1,"plot(x,y)\n");
fprintf{fpw2,"plot(x,y)\n");
fprintf(fpw3,"plot(x,y)\n");
fprintf{fpw1,"xlabel('Time(sec)')\n");
fprintf{fpw1,"ylabel('Theta(rad)")\n");
fprintf(fpw2,"xlabel("Time(sec)')\n");
fprintf{fpw2,"ylabel('Beta(rad)')\n");
fprintf(fpw3,"xlabel(‘'Time(sec))\n");
fprintf(fpw3,"ylabel('Control Signal)\n");
fprintf(fpw1,"title('Graph of Theta(Pendulum)’)\n");
fprintf{fpw2,"title('Graph of Beta(Base)')\n");
fprintf{fpw3,"title('Graph of Control Signal)\n");
fclose(fpwl);

fclose(fpw2);

fclose(fpw3);
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FEATURES

® Mounts on customers printed
circuit boards.

® Flexibility! Internal 40-pin
socket configures amp with
no soldering

® Separate current limits:
Continuous, peak, and peak-
time

® Nointegrator windup
when disabled

® Fault protections:
Short-circuits from output to
output, output to gnd
Over/under voltage
Over temperature
Self-reset or latch-off modes

3kHz Bandwidth

Wide load inductance range:
0.2-40 mH.

® Surface mount technology
construction, lower part
count.

® Optional output filter for
reduced PWM noise to
adjacent circuits

APPLICATIONS

® X-Y stages
Robotics

Automated assembly
machinery

® Magnetic bearings

THE OEM ADVANTAGE

® Minimize cabling for lowest
cost products

® Uses industry-standard
connectors for solderless
installation
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MODELS 4122P, 4212P

“PIN” VERSIONS FOR PC BOARD MOUNTING

MODEL FEATURES
4122P +24~90VDC, 10/20A, Standard 0-100% modulation
4212P +24~90VDC, 6/12A, Standard 0-100% modulation

FEATURES

These versions of the 4122 & 4212
models and their variants use extended
pins that interface with printed circuit
board mounted connedlors for dired
mounting of the amplifier to customers
pc boards.

The active logiclevel of the amplifier
Enable input is jumper seledable to
GND or +5V to interface with different
control cards. /Pos and /Neg enable
inputs remain ground active for fail-safe
operation.

Mosfet H-bridge outpul stage delivers
power in four-quadrants for bi-
diredlional acceleralion and
deceleration of motors.

An intemal solderless socket holds 17
components that configure the various
gain and current limit settings lo
customize the amplifiers for a wide
range of loads and applications.

Header components permit
compensalion over a wide range of load
indudances to maximize bandwidth
with different motors.

Individual peak and continuous current
limits allow high acceleration without
sacrifiang protedion against
continuous overloads. Peak current
time limit is settable to match amplifier
to motor thermal or commutation limits.

All models are protected against output
short circuits ( output to output and
output to ground ) and heatplate
overtemperalure.

With the /Reset input open, oulput
shorts or heatplate overlemperalure will
latch off the amplifier until power is
cyded off & on, or until the /Reset input
is grounded.

For self-reset from such conditions, wire
/Reset to ground and the amplifier will
reset every 200ms.

Pins models also accept the ‘F~ option
card that has output ‘edge’ filters that
reduce the noise coupling of PWM
outputs to adjacent cabling and
circuitry.

The output filter card option uses the
same connedors as the popular 300
series models ( 303, 306, 306A and
variants ) for easy upgrading to the
4xx2 models.

The filter is a dual section L/C/R that
slows down the swilching ‘edges’ ( the
rise and fall imes of the oulputs ) for
greally reduced coupling of PWM noise
to nearby cables and circuits.
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MODELS 4122P, 4212P
“PIN” VERSIONS FOR PC BOARD MOUNTING

TECHNICAL SPECIFICATIONS Test conditions: 25°C ambient, Load = 200pH. in series with 1 Q., +HV = maximum normal value
MODEL 4122P 4212P
OUTPUT POWER
Peak power +20A @ 80V +12A @ +120V
Peak time 0.5 sec unipolar from 0A, 1 secs. after polarity reversal
Continuous power +10A @ +80V +6A @ +120V
OUTPUT VOLTAGE Vout = tHV*(0.97) - (Ro)*(lo)
Ro = 0.2 Ro =0.1
LOAD INDUCTANCE Selectable with components on header socket: 200 pH to 40mH
BANDWIDTH Current mode: 3kHz with 200uH load at maximum supply voltage, varies with load inductance and RH15, CH16 & CH17 values
PWM SWITCHING FREQUENCY 25kHz
REFERENCE INPUT Differential, 94K between inputs, +20V m aximum
GAINS
Input differential amplifier 1:1 (Volt / Volt)
PWM transconductance stage Ipeak / 6V ( | peak = peak rated output current; 6V measured at Current Ref J2-9 )
LOGIC INPUTS
Input voltage range Oto +24V
Logic thrashold voltage ( LO to Hi transition ) 2.5V ( Schmitt tngger inputs with hysteresis )
/Enable ( Intenal jJumper JP1 reverses logic ) LO enables am plifier, Hidisables
( Dafault function with JP-1 on pins 2-3. For +5V enable and GND inhibit, move JP1 to pins 1-2 )
Time delay on Enable 0.9 ms after Enable true to amplifier ON, <1msto disable
/POS enable, NEG enable Gnd enables positive or negative output currents. +5V or open inhibits (<1ms delay)
(Sefting of JP-1 has no effect on ground-active level of /POS and /NEG enable inputs )
/Reset LO resets latching fault condition, ground for self-reset every 200 ms
nput resistance 10K pull-up to +5V, R-C filters to internal logic
POTENTIOMETER
Balance Use to set output current or pm to zero. RH1 = 10 MAQ for Balance function, RH1 = 100kQ for Test function
LOGIC OUTPUT
+Fault ( Normal ) HI = Overtemp OR output short OR power NO T-OK, OR NOT-Enabled; LO = Operating nom ally AND enabled
HI output voitage +5V ( 33kQ pullup resistor to +5V ) +50V maximum
LO output voltage <0.5V typical, 1.25V @ 250mA max, Ro = 50 ( mosfet on resistance )
INDICATOR (LED)
Normal Green: ON = Am plifier Enabled AND Normal ( power OK, no output shorts, no overtemp )
Red = Fault (NOT Normal, see +Fault output above )
ANALOG MONITOR QUTPUTS
Current Ref ( current demand signal to pwm stage ) 16V @ demands tlpeak
Current Monitor { motor or load current ) 6V @ tlpeak (1kQ, 33nF R-C filter)
DC POWER OUTPUTS +£15VDC each output in series with 10kQ
PROTECTIVE FEATURES (Note 1)
Output short circuit (output to output, output to ground) Latches unit OFF
Overtemperature Lalches unit OFF at 70°C on healplate
Undervoltage shutdown @ <20V <20V
Overvoltage shuldown @ >92VDC >128VDC
POWER REQUIREMENTS
DC power (+HV) Transformer isolated from power mains +22 to +90VDC +22t0 +126VDC
Watts minimum 25W 27w
Watts @ lcont 25W 41w
THERMAL REQUIREMENTS |
Storage temperature range: -30 to +85°C; operating temperature range: 0 to 70°C baseplate temperature
Notes: 1. Heatsink optional { add “H™ to model number) 2. Fan = forced air over unit @ 400 linear feet/minute
MECHANICAL
Am plifier case size 43x%3.0x1.0in.(109x 76.2x25.4 mm )+ Pin height.
Heatsink Adds 1.50in. ( 38.1 mm )to amplifier 1.0in. dimension. Sama length as amp.
Weight 0.431b (0.2 kg.) for amplifier alone; heatsink adds 0.78 Ib. (0.35 kg)
CONNECTORS
Amplifier J1 (Power & motor): 5 Pins (Methode# BA-2900-105) 0.20" centers, 1.070" long
J2 (Signal): 16 Pins {(Methode# BA-2899-116) 0.1 centers, 1.070" long.
PC board mounting Mating to J1: (ML-MAX 0366-0-15-01-23-01-10-0)
Mating to J2: ( Molex: 22-14-2164 )
NOTES

1. Latching faults disable amplifier until power is cydec off-on, or /Reset input is grounded. Non-latching faults re-enable amplifier when fault condition is
removed. Overtemperature and short-circuits are |atching faults, under or overvoltage faults are non-latching. If /Reset input is grounded, am plifier will auto-
resel from Iatching faults every 200ms
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MODELS 4122P, 4212P

“PIN” VERSIONS FOR PC BOARD MOUNTING

FILTER OPTION DIAGRAM
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MODELS 4122P, 4212P
“PIN” VERSIONS FOR PC BOARD MOUNTING

CONNECTORS AND PINOUTS
J1: MOTOR & POWER CONNECTIONS

Pin Signal Remarks
1 Molor (+) Amplifier outputto motor (+) winding
2 Motor (-) Amplifier output to motor (-) winding
3 GND Power supply return. Connect to system around at this pin.
4 GND Power supply return. Connect to system ground al this pin.
5 +HV +HV DC power supply input
J2: AMPLIFIER BOARD CONNECTIONS
Pin Signal Remarks
1 +15V +15V in series with 10kQ
2 Gnd Signal ground
3 -15V -15V in series with 10kQ
4 Ref (+) Differential input positive terminal for Reference voltage
5 Ref (-) Differential input negative terminal for Reference voltage
6 Tach (-) Negalive terminal of brush tachometer
7 Gnd / Tach (+) Signal ground, or positive terminal of brush tachometer
8 Curr Mon Qutput current monitor: +6V output at +peak output current
9 Curr Ref Current demand signal to PWM slage: 6V demands tpeak current
10 | Gnd Signal ground
11 | /Enable Amplifier enable input: enables or inhibits PWM switching at outputs
Default Gnd enables amplifier, open or +5V inhibits { JP1 @ 2-3)
For controllers that output +5V to enable amplifier, move internal
jumper JP1 to pins 1-2 ( Gnd will inhibit, +5V or open will enable )
12 | /Pos Enab Gnd to enable oufput currentin one polarity, open or +5V to inhibit
Typically used with grounded, normally closed limit switches.
13 | /Neg Enab Gnd lo enable output current in opposite polarity, open or +5V to
inhibit. Typically used with grounded, normally closed limit switches.
14 | /Normal Cumrent-sinking when amplifier enabled and operating normally.
Goes to +5V when amplifier disabled or fault condition exists.
15 | /Reset Ground lo reset overtemp or output short circuit latching faults.
For automatic reset of faults every 200mS, ground permanently.
16 | Aux Single-ended awdkary input.
BALANCE POTENTIOMETER

Default position: centered. Functions to bring output current ( in torque mode ) or output velocity ( in tachometer mode ) to zero
with reference input voltage at zero, or control system output at zero. Normal range is £1% of full scale with 10Meg resistor in
header location RH1. To use the pot as a wide range sel-point adjustment, install a 150kQ resistor at RH1. Now, full CW or CCW
will have the effect of a 10V signal at the reference inpuls.

STATUS LED
Dual color, red/green.
Color +HV /Enable Short Overtemp
Green Normal Active None Normal
Red Too low or too high X X X
X Inhibited X X
X X Output short X
X X X Too hot
Note 1,5 25 3.5 4.5
Notes: ’

1. +HV nomal >20V and <92V for model 4122P, >20V and <129V for model 4212P

2. [Enable is ground-aclive for JP1 on pins 2-3 ( default ). To reverse function, switch JP1 to pins 1-2

3. Shorts detected by overcurrent circuit are between outputs, or from outputs lo ground.

4. Overtemperature faults occur when heatplate temperature is >70°C

§. +HV and /Enable cause momentary amplifier shutdown, operation is restored when +HV is within normal limits and /Enable
input is active Output shorts, and overtemperature fauits fatch-off amplifier. Thus amplifier will remain off until power is cycled
on/off, or /Resetinput is grounded momentarily If /Reset input is wired to ground, output short and overtemperature faults will
self-reset every 200ms.
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MODELS 4122P, 4212P
“PIN” VERSIONS FOR PC BOARD MOUNTING

COMPONENT HEADER

NOPARTS INSTALLED
IN THESE LOCATIONS

LOAD INDUCTANCE COMPENSATION
(SEE CHART FOR VALUES)

0—_D—0| cHe
R —|
047UF [O—C__D—O| cH14  PEAKTIME LMT
s7meG [O—____}—O| RHIS  CONTINUOUS CURRENT LUMT
182 [0 }—0| RM12  peAK CURRENT LIMIT

PREAMP DC GAIN & INTEGRATOR

o—C_—o cﬂn]

ey |o Of 9 PREAMPHLFREQUENCY ROLL-OFF
(SEL) |O O cHs REF INPUT LEAD CAPACITOR

100k [0~ J-O| RM7  REFERENCE INPUT SCAUNG

en jo O| RM6  REFINPUT LEAD RESISTOR

J ey 0 o Bl TACH INPUT LEAD NETWORK
52 (S8 (o] O RHe¢ ]
3 e 1 100k O~ }~O| RM3 TACHINPUT SCAUNG
o }-o| rH2  auxeur
COMPONENTS LABELLED *SEL* '™

ARENOT INSTALLED AT FACTORY "0 [0—{__1-0| i -samce nance
USER SHOULD SELECT VALUES AS REQUIRED

ARMATURE INDUCTANCE
Model 4122P 4212P
Load (mH) RH15 | CH17 CH1§ RH15 CH17 CH16
021005 806k | 22nF | 390pF | 698k | 2.2nF | 390 pF
0.6to1.7 200k | 680pF | 220pF | 100k 1 nF 330 pF
181048 402k | 680 pF | 180 pF 301 k | 470 pF | 100 pF
51014 806k | 680 pF | 150 pF 698 k | 330 pF 82 pF
15 lo 45 1.5M | 470pF | 100 pl 1.21M | 220 pk 82 pF

Note: Values in bo/d & italics are faclory inslalled standard. Values shown are for 90V (4122P) and 125V (4212P). Al lower
supply voltages RH15 may be increased and CH17 decreased.

PEAK CURRENT LIMIT (AMP) CONTINUOUS CURRENT LIMIT (AMP)
4122P 4212P RH12 (Q) 4122P 4212P RH13 (Q)
20 12 182k 10 6 4.7Meg |
16.7 10 56k 74 44 7.15Meg
13.3 8 30k 5.7 34 10Meg
10 6 18k
6.7 4 9.1k
33 2 3.9 *
PEAK CURRENT TIME-LIMIT (SEC) Notes on Current Limits:
1. Values in bold & italics are faclory installed standard.
Tpeak CH14 (uF) 2. Peak times double after polarity reversal.
1 047 3. Peak current limit should be set greater than continuous current limit.
0.8 0.33 If Ipeak < Icont then peak overrides continuous limit and Icont = Ipeak.
0.5 022 Minimum setling for peak current is 0% of peak rating.
03 015 4. Continuous current sense is for average current Symmetrical waveforms with zero
02 010 average value may cause overtemperature shutdown of amplifier or motor damage
01 047 due to high I°R losses.

o

. Times shown are for 100% step from OA with default value of RH13 ( 4.7 Meg )
When changing RH13, peak times will change. Set RH13 for continuous current
limit first, then pick CH14 based on waveforms at Curr Ref { J2-9)
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MODELS 4122P, 4212P

“PIN” VERSIONS FOR PC BOARD MOUNTING

APPLICATION INFORMATION

IMPORTANTI ALWAYS REMOVE POWER WHEN CHANGING
HEADER PARTSH

OPERATING MODES

These amplifiers operate as either open-loop current sources, o
feedback devices using analog tachometers.

As open-loop current sources, the 10V at the reference inputs
produce current in the load, typically a motor. The motor adls as
a Iransducer, and converls current into torque, the twisting force
al the motor shaft. This is called torque mode. It is used most
frequently in systems that have conlrollers laking feedback from
an encoder on the motor shaft. The computer calculates both
position and velocity from the encoder signal, processes them in
a digital filter, and outputs a signal to the molor causing it to
accelerate or decelerate.

As a feedback amplifier, a signal is generaled by an analog
brush tachometer mounted on the motor. This is a generator that
produces an analog signal that has a polarily and amplitude
proportional to the motor speed. The amplifier sublrads the tach
signal from the reference signal, and amplifies the difference
between them. This is called velocity mode, because the
amplifier changes the motor current ( torque ) so that the motor
velocity is proportional to the reference signal.

TORQUE MODE OPERATION

Torque mode is the default configuration. For inpul voitages of
110V, the amplifier will output its peak rated current.

In torque mode, motor current is held constant, and motor
speed, or velocity changes as the load changes.

In torque mode the gain of the servo preamplifier is simply 0.6
and scales the +10V from the reference signal down lo the +6V
that drives the PWM stage.

The servo preamplifier integrator function is disabled, and the
low gain is constant over a wide range of frequendes. Thus we
sometimes call this flat-gain mode.

VELOCITY MODE OPERATION

The difference between the reference and tachometer signals is
amplified and used to change the torque on the motor. Ideally,
the difference between the command and feedback signals
would be zero, so in velocity mode operation the servo
preamplifier must have much higher gain than when in torque
mode.

In addition, the gain must change over a range of frequendies.
For “sliffness” thal comeds for sleady-state changes, the
amplifier uses an integrator. For fast response the loop gain of
the servo preamplifier must be tailored to the charaderistics of
the motor and tachometer. To control oscillations from the
tachometer, the gain of the preamplifier must rojl-off, or decrease
at higher frequendes.

In velocity mode, motor speed is held constant, while motor
current changes in response to changes in the load.

THE PARTS OF THE AMPLIFIER
DIFFERENTIAL AMPLIFIER

The reference signal ( the command signal from the control
syslem ) is sensed by a differential amplifier. This ads like a
voltmeter with two probes, measuring a voltage between two
points. Current flowing in the amplifier power wiring causes
voltage drops in the wires resistance. This in tun can produce a
voltage at the amplifier ground that is different than the control

system ground. If this vollage is added to the output of the
control system, it can produce osdcillation, or inconsistent
operation. To eliminate this effedt, you should always use both
reference inpuls.

Conned the Ref(+) input to the output of the controller card, and
the Ref(-) input to ground at the control card. Now, the
differential amplifier will measure the control signal at the control
card and will reject any noise that exists between amplifier and
control system grounds.

THE SERVO PREAMPLIFIER

This section processes the reference signal and any feedback
signals, and generates an internal current reference signal that
controls the PWM stage lo produce output currents. It is here
thal the reference signal and lachometer signals are compared,
and the difference signal produced and amplified.

Three components on the header control the behavior of the
servo preamp. The chart below lists the default torque-mode and
starting-point values for velocity mode operation:

Part Torque Velocity
CH9 out 220pF
RH10 60.4k 680k
CH11 short 4.7nF

CH9 controls the high-frequency roll-off.

RH10 controls the loop gain, and thus the step-response
of the amplifier.

CH11 (along with RH7) forms the integrator that gives the
sliffness al a standslill, or speed regulation while running.

CURRENT LIMITING

This stage takes the output of the servo preamplifier, and
processes it before sending it to the PWM stage. The amplitude
of the signal is first damped to produce peak current limiting.
This signal then goes to the conlinuous current-limit circuit where
these funclions are produced. Finally, the current-limited signal
is outpulted to the PWM stage as the current-reference signal.
This signal is quite useful in that the current limit action can be
seen here and measured without connecling a motor, thus
protecting it from overload during initial setup.

PWM STAGE

The voltage at the output of the current limit stage is called the
current reference. This signal becomes the demand signal that
controls the PWM stage. Here the current demand is converted
into a current in the motor. This current can be measured at the
current monitor, which shows the response of the motor to the
current_demand signal. By operating as a current source, the
PWM stage is able lo achieve fasler response from the motor
than if was acling only as a variable voltage.

The current error amplifier compares the current reference with
the current monitor, and adjusts the output voltage such that the
demanded current flows in the motor. The gain of this amplifier is
controlled by RH15, CH16, and CH17, which are used lo
compensate the amplifier for the motors’ inductance.
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MODELS 4122P, 4212P

“PIN” VERSIONS FOR PC BOARD MOUNTING
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BASEPLATE OUTLINE DIMENSIONS
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MODELS 4122P, 4212P
“PIN” VERSIONS FOR PC BOARD MOUNTING

TYPICAL PCB ADAPTER OUTLINE DIMENSIONS

2563—_ 0160 DIA.
2438 —F I | % 7‘%’}%53“ B
. 2,000 " 2,001 - - < ?u
,, 0108 DIA, ,l
: I S PLACES !
0070 DIA. I
| 16 PLACES | ,
. ] 1
’ se 00,
438 rr l - [ - 45
28 83 N> 5 8§
s P 100 TYP, o ¥

MIL-MAX 0366-0-15-01-23-01-10-0

MOLEX 22-14-2164

n 1,000 1oe2”
=l |

OTHER DC BRUSH SERVO AMPLIFIERS

400 Family Six models g(rerating from 24-225VDC, 5-15A continuous, 10-30A peak.
Fully featured wi

th adjustment potentiometers, voltage feedback wi

IR compensation.
Mode! 403

For torque-mode only applications at low cost. +18 to +55VDC operation, 5A continuous, 10A peak

ORDERING GUIDE

Model 4122P 20A peak, 10A confinuous. +22 to +90VDC brush motor amplifier

Model 4212P 12A peak, 6A conlinuous, +22 o 125VDC brush motor amplifier

For heatsink option. Add “H" to part number. For example: 4122PH would be a model 4122P with heatsink
For 50% modulation option. Add "Z" to part number. For example: 4122zP

For the PWM /DIR option Add “D" to the part number For example: 4122PD.

Note:

ReB, 02/22/2001

Copley Controls Corp., 20 Dan Road, Canton, MA 02021

Tel: 781-828-83090 Fax: 781-828-6547
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Experimental Study of Rotational Inverted Pendulum
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Abstract

This paper proposes an optimal controller for a servo type of
the rotational inverted pendulum system to reduce the
controlled errors of the angle positions of the base and the
inverted pendulum due to the hardware of the system. In order
to design the controller for the rotational inverted pendulum
system, the system is first approximated to be a linear system.
Then the state feedback gains and the integral gain of the
optimal servo controller are designed via the quadratic
stabilization by means of LQR. The proposed optimal servo
controller is tested on an experimental apparatus in laboratory,
and the performances of the controlled system are also shown.

1. Introduction

An inverted pendulum system is known as a nonlinear and an
unstable system. The implementation in controlling the base
and the inverted pendulum is an interesting research topic for
many researchers [1], [2]. There are several different
configurations of the inverted pendulum such as cart-pendulum
system and rotational inverted pendulum system that have to
be controlled to be a stable system by various types of
controllers.

In this paper, the implementation in controlling a servo type
rotational inverted pendulum is studied. The optimal servo
problem studied in this paper is deduced to the optimal
regulator problem. Since the rotational inverted pendulum
system is a nonlinear system, then it will be first approximated
to be a linear system. The approximated linear system is
controllable and observable. Then the optimal feedback gain
matrix of the state feedback control system will be designed by
LQR method. The controlled system is stable but there are
small angle position errors on the base and the inverted
pendulum due to system disturbance. This disturbance occurs
according to the hardware of the rotational inverted pendulum
system. In order to reject these errors of the controlled system,
the structure of integrator will be augmented to the outputs of
the system. Then the rotational inverted pendulum system
becomes an augmented system. Since the angle position of the
inverted pendulum cannot be directly controlled, only one of
integrator is added to the base that its angle position can be
controlled directly. Again, the optimal servo controller for the
augmented system will be designed by the use of the quadratic
stabilization by means of LQR.

From the implementation of the designed optimal servo
controller and from experimental results, the angle position
error caused by the system disturbance at the base can be
rejected while the angle position error at the inverted
pendulum is still remarkably unchanged. Furthermore, when
the constant reference input of the base is changed from zero
radian to one radian. the output can track the constant
reference signal.

464

2. Experimental Apparatus

In this section, the experimental apparatus will be first
described. The experimental apparatus consists of three
primary components: the inverted pendulum system, digital
and analog interface, and the digital controller. The structure of
the controlled system is shown in Fig. 1. The inverted
pendulum system composes of a pendulum and a rotating base
made of aluminum rods, two optical encoders as the angular
position sensors with effective resolutions of 1,000 pulses per
round for measuring the angle of the inverted pendulum and
the base, and a high-torque permanent-magnet DC servo
motor. The interface between the digital controller and the
inverted pendulum system consists of two microcontrollers
PIC16CS55, one microcontroller 89C1051, servoamplifier and
8-bit D/A converter. The microcontrollers PIC16C55 are
programmed to filter the quadrature signals from the optical
encoders. The microcontroller 89C1051 is programmed as
sampling clock generator, The servoamplifier is used in current
mode to control torque of motor. The 8-bit D/A converter
converts the digital control signal of the digital controller to
analog control signal for servoamplifier. The digital controller
is a personal computer with Intel Pentium II processor
operating at 350 MHz. The program for real-time control is
created by C language. The program prompts for the
parameters and runs the controller using the timer interrupt set
ata 50 millisecond sampling interval.

i

Fig.1. Inverted pendulum system.

3. System Modeling

Two forces act on the pendulum, gravity and the reaction at the
pivot. In the © — 7 vertical reference frame, the forces are
summed at the center of mass. Hence

2F, =ma,
= f, —mgcosd 0y



X Fy =may
(2)

where 6 is the angle of the pendulum, B is the base

=-mgsind

position, /72 is the mass of the pendulum, f, is the reaction

r
force acting through the pendulum, and @, and Qg are the

accelerations in # and © directions respectively. Summing
the moments around the pivot of the rotating base yields

XM, =JB.
=1, —Rf,sin® -5  (3)

where T, is the torque applied by the motor, R is the length
of the moment arm of the rotating base, J is the moment
inertia of rotating base and & is the friction coefficient of
rotating base. The following @, and @y are expressed as the

sum of the acceleration due to the base plus that due to
pendulum itself.

a, = RP sin6 - 1()* 4)

ag = —(RB cosd +10) (3)

where [ represents the distance from the pivot point to the
center of mass of the pendulum. Eq. (4) is then substituted into

Eq. (1). Solving for f, yiclds,

f, =m[gcosd + RP sin® —1(6)*]  (6)

Substituting Eq. (6) into Eq. (3) gives the torque equation as
shown in Eq. (7).

t,, =miRO cos® —mIR®O)? sind

+bB +(J+mRY)B 7

Substituting Eq. (5) into Eq. (2) gives the relation between 0
and B,

mgsin® = mRB cos® +mlb ®)

Assuming that © (f) and 0 (f) are small quantities such that
sin =6 , cosd =1, and (0)sind =0, then Egs. (7)

and (8) can be linearized as follows:

t,, =mIRO +bB +(J+mR*)B  (9)

mgd =mRB +mlo (10)
From Egs. (9) and (10). the following state equation and output
equation of the rotational inverted pendulum system using the
system physical parameters shown in Table 1 can be obtained
as

%(1) = Ax (1) + Bu (1) 1)

y(1)=Cx(t) (12)

0 1 0 0
273254 0 0 0.1053
where A=
0 00 1
-7.0558 0 0 -0.1075

B=[0 -29.9990 0 30.6373],

1 0 00
C= I
0010
and where the state varables X,(1)=60, x,(f) =0,
x(t)=B, x, ()= B and control signal u(t) =t .

The rotational inverted pendulum system to be used for
implementation in this paper is shown in Fig. 2.

Table | Parameters of the rotational inverted pendulum system

pendulum mass (m) 0.05 kg.
pendulum length (/) 0.48 m.
arm length (R) 0.47 m.
moment inertia (J) 0.03264 kg.—m.?
friction coefficient (5) 0.00351 kg.— m.? /5.

Fig. 2. Photograph of the rotational inverted pendulum system.

4. Controller Design

Controller for Original System

Since the linearized system (9) and (10) is completely
controllable and observable, the state feedback system using
the optimal strategies of the LQR are applicable. The optimal
control law %(f) =—Kx(f) that minimizes the given

performance index

J = ey 0x() + ey’ Ru(ft  (13)
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can be found, where O >0 and R>0 are the weighting
matrices corresponding to the state x(f) and input u(f),
respectively. Given fixed Q and R, the control law that

optimizes the function J can be uniquely determined by
solving an algebraic Riccati equation.

Controller for Augmented System

When the input of the controlled system are zero, the base and
the inverted pendulum responses do not oscillate around the
zero line because of the system disturbance (error due to the
hardware of the system). Since only the base of the rotational
inverted pendulum system can be directly controlled, the
augmented system that one integrator added to the base is
constructed as shown in Fig. 3. Let the control error signal be
denoted by e(t) = r(t) — ¥(t), where the signal 7(t) isa
constant value. By defining the new variable X, )=e(r),
the controllable augmented system can be expressed as [4]

el /sl oo o
dt|x,(0)| |-H o]x@] |0

50 =[H o][ ’“”}

15
£ =y

where () is the controlled output of the base position of the
rotational inverted pendulum system and / = [0 01 0].
Then the optimal control law

u(ry=-[K k,{ b }

16
% (1) i

that minimizes the given performance index

_[#0] e o0, . .
J=[ {[i,(f)] [0 q‘ju:i_’(t)J+u(t) Ru(t)}dt an

can be found by using the same procedure in obtaining the
control law for the original system. Then the optimal servo
control law is obtained by integrating the control law (16) as
follow

u(t) = —Kx(t) - k, [ e(t)dt (18)

Fig. 3. Augmented system.

5. Experimental Results

In this section, the implementation in controlling the rotational
inverted pendulum system in laboratory and experimental

results of the controlled systems using the optimal controller
and the optimal servo controller designed for the original
system and the augmented system are shown, respectively.

Experimental Result of the Original System

With Q =diag[0.8 0 04 0]and R=1, the optimal
feedback gain K for the original system is found to be
[-5.1158 -1.0617 -0.6325 -0.5086]

Fig. 4 and Fig. 5 show the controlled response of the base and
the inverted pendulum, respectively, when the reference inputs
are zero radian. It can be observed from the two figures that
the response of the base oscillates under the zero line, while
the response of the inverted pendulum oscillates a little bit
above the zero line. These errors caused by the system
disturbance of the constructed rotational inverted pendulum
system in the laboratory.

Graph of Beta(Base)
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Fig. 4. Response of the base.

Graph of Theta(Pendulum)
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Fig. 5. Response of the inverted pendulum.

Experimental Result of the Augmented System

Since the inverted pendulum cannot be directly controlled,
only an integrator is added to the base of the rotational inverted
pendulum system to control the base response to oscillate
around the zero line. Therefore the controlled output Y(f) of

the rotational inverted pendulum system is given as
y0=0 0 1 o]x,() x@ x@) e®f.

Then the controlled system becomes an augmented system and
the optimal servo controller will be designed on this system.

In order to show that the angle position errors of the system
response caused by the system disturbance can be rejected, the

values of weighting matrix Q and R are kept at the same
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values as before. In this implementation, the weighting matrix
q; is assigned to be 0.1. Hence the optimal feedback gain for
the augmented system is obtained as

[-5.6365 -1.1789 -0.8844 —-0.678 03162]

Graph of Beta(Base)
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Fig. 6. Response of the base (Augmented).
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Fig. 7. Response of the inverted pendulum (Augmented).

Fig. 6 and Fig. 7 show the responses of the augmented
controlled system using the designed optimal servo controller
when the constant reference input of the base is zero radian. It
is found that the response of the base oscillates around the zero
line while the response behavior of the inverted pendulum still
unchanged. This means that the proposed optimal servo
controller can reject the angle position error of the base.

Graph of Beta(Base)
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Fig. 8. Response of the base with constant reference input.
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Fig. 9. Response of the inverted pendulum with constant
reference input.

The controlled responses of the base and the rotational inverted
pendulum when the reference input of the base is changed
from zero radian to one radian at 10 seconds are also shown in
Fig. 8 and Fig. 9. It can be observed that the output of the base
can track the constant reference input and still oscillates
around the one radian line.

6. Conclusions

The optimal servo controller designed for the rotational
inverted pendulum system has been shown and implemented.
It has been shown that the angle position error of the base is
rejected by using the proposed optimal servo control law (16),
while the small error of the inverted pendulum still unchanged.
It is also shown that when the constant reference input has
been changed, the controlled output can track the reference
input.
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