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ABSTRACT

In this thesis, a hybrid controller for swinging up and stabilizing an inverted pendulum on
cart is presented. The energy control concept is employed for moving the cart back and forth until
the total energy of kinetic energy and potential energy are changed enough to swing the inverted
pendulum up to around the upright position within the ranges of pendulum angle and angular
velocity specified in the switching condition. After that, the stabilizing controller is then switched
to stabilize the inverted pendulum at the upright position. The stabilizing controller is a linear
servo state feedback controller designed by coefficient diagram method.

The experimental results show that the designed hybrid controller can be operated with
acceptable efficiency. That is, the controller can swing the inverted pendulum up to around the
upright position and stabilize it there. The cart travelling distance during swinging up can be
adjusted by the parameter «,. Furthermore, the proposed hybrid control system is robust to

+10 percents changes of the pendulum length from its nominal value.
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MHUAVDITTUY E '(N'lllﬂllﬂ'l‘iﬂ'l'ilﬂaﬂuﬁ\lﬂiﬁ'lﬂ'ﬂuil aumn (2.3) Hazaumsn (2.4)

A a} - o o o d’.
ﬂz‘ﬁ'ﬂnﬂ'ﬁﬂ'l‘.ilﬂﬂﬂuﬂﬂﬂ‘iSﬁﬂﬂﬂunﬂiﬂlﬂuﬂﬁuuuiﬂ AU
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A o W 3 - A ' @ - - A\
dunToanuwYnl ¥ nU fcosd TINTOINIIUANY (sgn(x)=—-sgn(90050)) 1904
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Q=2 (3.6)
Co

@, = "%’ (3.7)
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wisiimed @ luaunsi (3.9) suilumdmuanueundgainziniosinoyeadyg

4
8B4 x, uazannIouaas lAdail

o a,sgn(V-V,) ?f V-V.|z 5, (3.10)
a(V-V,) B i [-V|<B

Taoh o, war B, Wummniweifweenuuuiilidunnniigud uaz 7, dundanuna
savoamamugduiigaaugauuaziisiilugud sinmsnsenaumsi (3.10) wnuh
1 ~ A 1
Amsiines o vwanauiiedves ¥V 1dh1nd 7,
ad o 1 o = 4:

3.3 Inumuiamanlszans

L] e 1 o - Q‘ -~ ot o A

Funudamdulszdnd wio coM uitmsoenuuuMnIURUIULNHAEYD
. & 2 P - .
vneuevuasusnlull an1991 Tavsnans191sdqud MUY (Prof. Shunji Manabe)
o - o 3 A 3 - ' =
F5msves DM ihimguimsesnuuudiniugulasldmponuniovniausonin nouj
a - . P L o ¥ a
(BafABAGA  (algebraic approach) 933M3¥03 CDM  viuvzlfumudsmdulszans

. - A ~ -
(coefficient diagram) lij‘l.llﬂ‘jﬂdﬁﬂll’dﬂdaﬁﬂ‘iZﬂ'ﬂﬁﬂ'l‘ﬂllﬁzﬁlliSGHZ‘UBJ‘HU‘Uﬂ?Uf]ﬂ‘Nﬂﬂ
TasinsanaumsmpudamazaunsnumIduvesilandunwlouvosszuuien
2ONVINAUDONDATE  FHANAZOUALYDITUMINYUINVDIAINIVANUAZ TUM TN U

il B
Auanyuzveszuundaszgndmua 3luseuusn  wazmdulszansvosaumsnyuy
¥

o @ o J o o
AIMURUUASTUMINH UMY UITY vzQnopAUUUIUN DU AUNMS IS BNDA

Y o . . - o a S ° -
YONMUUATNITOUE (performance specification) uazummswmmn‘l%’mauaﬂusmuz o
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A1ATTHTHADETNIN (stability index) ¥, AINIAWIANAUYA (equivalent time constant) 7 HAZ

1o W = g .. *
ANINATDBININ (stability limit ) ¥,

33.1 Tnseadis COM nasguazANNF TS MIndinmans

D(s)
AINTURY CDM NIFUIUNT
[ e o . P £ e " e e e e i
! + 1 :U(s)+ * : 1 1
R——» B,(5) ME o ;L [ 70 = B,(s) E » C(s)

-ﬂ. 3 o o A - J o
3\]11 3.2 Tﬂiﬁfﬁ1\1111915]111?{1?151[5:'!.IUILUUHUQﬂuﬂﬁﬂuiﬁﬂﬁﬂﬂ

dg g
TR3903 1 NASIUVOTLULULN T UWANTIND WA  (Single-Input  Single-Output:
- @ - & o A a o
SISO) fieniuuAa CDM uaaslddszilil 3.2 dnlszneudisianuguiies e ldddmy
wm 4,(s) B,(s) uaz B,(s) nazdmszuumsitesingl&daeiomm 4, (s) uaz
B, (s)
4 a & 04 - o
nnlnssad mnasguvesyrunuuM B uyaniaeayaluglin 32 e C(s)

yosszuumugnIagunsed o ladeaumsi (3.11)

B,(s)B, (s)R(s)+ 4.(s)B,(s)D(s)

A4,(s)4,(s)+B.(s)B,(s) @3.11)

C(s)=

AW CDM dzfmuanyuugudnyazyesszyumuualaiuaas 3 luaumsi (G.11)

b
IMnanyuzaail

P(s)= 4 (s)4,(s)+ B.(s)5, (s)
=a,s"+a, " +...+as+a, (.12)

n
_ i
= E a,s
i=0
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- o a @ & - o

Tavit a,,a,,...,a, Mudnlszandvoampuugudnsus dalszneudiomsiiiineives
Ay a o’ o - o RN a a ¢ 2 A e me
szIAUMINEA uazmsiimeidnuguidsliimasluanoiinusiauiisniismsve
coM nldFlumseenuuy  dmsuvuneuvoamseonuumiusznan lavazideadely/lu
N 4

S nseenuuuAINILAUAIL CDM exiidamsiilieidnghlFlunmsesniuudd
auge Usznoudisaassyiiadosam y, Wuddmuaadosnmeosszuy mnsdinm
auya 7 udmmuan SN UIUEIBITTYY uazMiINABUIMN ¥, il

] » »
vonanuamuasmsnlasuilasmniinesvesszuuniugy Tasdamsiiinesnaduiioe

= o o - do W o o o ;
fianuduiuinendamaninudulszdand ay,a,,...,a, il

a.
¥, E——— (3.13)
a; 18y 3
a,
T=— (3.149)
a,
« "1 1
Y === Yslu =P (3.15)
- Y 72ia

q‘ - d. A\l o - J
Tao i =1,...,n—1 uazanaumsin (3.13) 51 (3.15) annsadoumdnlszdng a, 0

" - ) 1 o or " ﬂ’
g lugivesmasssiiatosnm y, nazmnsdnmauya ¢ Tadsaumsao il

; 1
a, =a,t 2 i
f 7i—|"'?’;271i
i1 1 (3.16)
=a,0'| | —
’ J=1 ytj—;

VAU (3.12) waz (3.16) Saannsadounpunudnuaz P(s) Tugdvesrassyil

>
@ReINN ¥, nazmndInaauye 7 Tadsaunsae T

n i-1 :
P(s)=a;|4 2" H%,; (zs) t+7s+1 (3.17)
=2\ j=1 i-j

105097
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wazeusonmyuwnudnyaiziuyluiin P, (s) (monic characteristic ~polynomial,

4‘ o ] n"
a, =1) aTavmsaumsi (3.17) Awdnlszint a,

n-1 1
i n
a,=at"[ [ 5 (3.18)

Jj=1 yn-j

Fednumdnnaumsi (3.16) Autu 9naunsi (3.17) uaz (3.18) s ldaumanyuy

Auanyuziuy Tuiin

n-1

H(}’"-J’)j n [ i-l J
P,(s)=L——3>] 1:1[%/'{] (zs) p+zs+1 (3.19)

n
T =2\ j
il ¥ dmsumseenuuudlniugudls coM ae'li

L
3.3.2 uparamau)szans (Coefficient Diagram)
o o : d ' @ ~ ﬂ( A H
nanmsoenuUUAINIANAIS CDM  ueiiunsdamdulszaniiduniosiion
-— o " ‘; i o o ' o q(
hulsz TemiiiazlinnudngedntremsesnuuuaIniugy  Taolunrmedsmdulizans
UAAINATDOTNN NAWBIWAADYAUBAYAMUAIMUYEITTUY 1T Tumadauriuifsaniu
o d’a ¥ L o dav o
anwaiziiiidulse TonidemsesnuuunyuuguanyusNLSUAUGY UONINTNITD
= =S o o a Aa’v =
finsanaussouzvesszuylavswldluasi@erdunds  usudamdulszansdatinnm
wivdgauazdoanuuuannsmi ¥ lumsesnuuueialdie - druendnusivoamuis
AT N e . 4
mdulszansaminaliuniu waneltfesnnuuszuuniuguiinieiie19luns
L] o o & 1ed oy | o 1 o a o o
aaduladmsumseonuuudaliiluitou usudsmdulszantezgminauedlonsm
& o - - 3 o ' e a : v
uputdenniiny  Tasliupuasdedonaasmdudszaniveanyuin @, unudshan
HAAIMAIIYHIADEIAM ¥, MAMInaITuya 7 uazmnaEtin y, TaoAinedd
nAAuYa 7 wHAMIRIOIFUATINIFONADIZHIIN 1 B3 7 UATUAUUBUITAITUAD § V09
T o A’ ¥ o
mdmnlszansuaazarveanyuiy
o o o 1w a A’.’l o ¥ A °
dmfunsaamuiimdunlse@niiy - wvesndiediamelszneunina

ol o ol .
Whla T hedudsae Uil Amuanuuguidnyuzvesszuuniugulsia fo

P(5)=0.255"+s*+25’ +25° +5+0.2 (3.20)
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== o Voo o ﬂ( o
vnaunsi (.20 MlTldmdulszdnd a, vosmpuuqudnuuz P(s) uaz

F
AW TAeI U9 CDM naal laaail

a=[02512 21 02] (3.21)
y=l2 2 2. 25} (322)
- (3.23)
7 =[05 1 09 0.5] (3.24)

[ a‘ = A 3 £ e 1 o - A’J
oFeauNIsn  (3.21) 03 aumsn  (3.24) mldansoumaamudIndulszansa
1 - A‘ " " o 1 o o
Usznoudomdullszans a, MATITUADYTNIN Y, MAANIMANYA 7 UazAININA

woesnm ¥, 1aaagUin 3.3

a 2 Yi?i
' T
1 L 10
r=35
|7 , 2.5] 4
0.25 2l i 2

: \2
0.1 ekl 1

el S X)
%3 5 |%3
0.2
5 4 3 2 1 0
P(s)=>as' .
=0

H i\ o a ﬂ'
UM 33 uwudsmdunlszang

o ' o <3 O"’ i
nnurufamdulszanidamaluzdii 33 anulfweudunsmuaasdnuil

WRUSAM HaTANNAIAD B Ad L TAUAAID NG IVDIHAADUAUDIVOITLUY M3
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(] i 4 H - o
wanunlasysveaduldailosnniiman/aoulasmsiiinesvosszuusziaadn

ANUAINUVDITSUY

largcr',v, — ;tablc a, larger 7 slower response

: N
smaller , less stable ==
0. 1/ \ 01 i ‘\‘\\\

smaller 7 faster response

() EADYININVDITZUY () HARDUAUDIVDITTUY
U7 3.4 mansznuvesnsnldouwnlasmasssiindosnm y, azmaedinaauya

H 1 " - -~ A‘

13l 3.4 (n) uamaliiuduiioduIfwesmdnlszdng g, Tanuldanne:

o Vv - .5’ - @ 1 s A et 1
W fszuumuguiiadosmmnniu Tavezdeandoaduiassyiiadosnn y, filiAnn
o & ) ¥ Voo a =4 v ¥ o ¥ =
Tunassdudhn doduldwesdnlszans a, Uanulaniesziliszuuniuguil

- 9 v 1 - Aoy =

dusmwiovas Tavezaeandosfumassyiiadesnn y, #lianios uazangli 3.4 (v)
¥ 4 U ot - q( 3 o J or
uaaalituiuiiolmoduldwesmduilszdnd a, wiadlymedronniuezsilinney

' &
naauya v ﬁmﬁaumuazwawouauawaqszuumuqmsn%‘wu

333 Roulvadesnnves CDM
¥ '
wanmsiugudmiumsionsanadosnmusaszuuauguesnuuy Taefy
» 3
cpM 11y Tdunannideu lufisane dmsuados nmmuosanime [Lipatov 1997]
aa = ¢ o o . > - A
33MIATINADUADETNINVBAUTN-18D5 NG (Routh-Hurwitz)  1u Tldouly

v
DT AMINVDITZUVOUAD 3 AT DUAAL AR
a,a, > a,q, (3.25)

uazasauaas 1@ lugilvesmasssiiaesnin y, Al
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V)1 > 1 (3.26)
dmiuionluadus nmuosszuususy 4 nane8dail

a,>(a,/a,)a, +(a;/a,)a, (3.27)

Vo>V, (3.28)

INIENTATIVADVIADYS NINVDAUTM-1805 NG ammerpanImnzaudImsy
M51LIR9 IS AN DTN INVDITZVUSUAY 3 N3O UM 4 ua liRBINeABNI TN NS
= @ o A o ar [ o - o Y 5 =
iados MM EUSUAYY dadmiuszuudusy 5 nieszuududugaul Gnmen
& =4 o o = =4 Ty =4
1Riauaou lufsamedmiuanuiiaaos nmuazany lulmdesnmeesszuu B lunaw
A P ° o - A et e
suny Tasgruuuvosdou lanerfisadmiuanuiiados nmuazany lifiiadosnimves

[ L4
sTuUTimNzauiuNMIvoNIIAINILANAIY CDM uaasnae 1

A - 0o w A A A
Nﬂuvhllw YANDAINIUMIATIVTDUANNULADIININVDITZ UL RO

a, a.
a>12(—+ta, ,+"a,, (3.29)
a:‘+l a:'—l
Y, > 1.12y; dmsunnaaes i=2~n-2 (3.30)

A =S o v ey =t =)
NDN1‘UW‘U~WIE]’LTIH3Uﬂ'l‘iﬂi’l'ilﬁﬂ'ljﬂ’]'lllvlll UIADYINTNUDITEVL 1D

al'-!-lai = ai+2

i (331
¥4 51 dmivynawes i=2~n-2 (3.32)

3.3.4 winesguvesis COM

N3 (Graham) ¥AnYIMAMFIRUTszn edinlsz@nTvoanumgudnuag
ﬁ'uNaﬂﬂUﬁuaaa'}"aﬂz'Tﬂumf‘fu;ﬂuwmmg1uumJ ITAE (Integral Time Absolute Error) e
nﬂuﬁﬁuﬁuaNmaamsﬁnmf'rﬁ'luﬂi:msﬂ“hl’i'] ad. 1953 wazlull nA. 1960 wmaes

o g ' [3 i = e i\ u
(Kessler) Tdanngiuuninasgudiulmi Tasdmuamassaiiadosnm y, yaqmldiian
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Al o 4 1 L] L Ll i = 13 H
ghfy 2 iieasnisundaasAnfuiuvenaneuTupIinavu luszuuAIURNEDNILY
Awgiluan ITAE
1 ) o - 3 e ' o Y =
Aol a7, 1998 maasnsdyud wmuuz Tdiuaued msdmualimassyil
o H & U 1 o Al = r 4 ' " o
[dusneaf 1 Fafe , MTAwNAY 2.5 nazmasseilimBesnmdafimide Ilin iy 2
= o b 1y 1A ' d,‘ 5
seiinam IwanovausavesszyunIunu Lifinuiy (overshoot) HAZYNNINIY (rise
1 =t 'd. v A g y'
time) fiManas uazGonasssiiadernmndinuduinasguinemsesnuuuAINILANHN

v =t = A ar ' ;
MATTFIAREsNMIINTTIMYDI CDM Fauaaslddsae 1l
Yo ==Yy =V,=2uaz y, =2.5 (3.33)

wazmaassqus g Sldimualdmnsinmmya ¢ Alanwduiusiy

¥29132 19191 (settling time) Al
t=25r~3% (3.34)

vINauMIn (3.17) snudimpugaidnuaz P(s) asdsznoudisiindinm

Ed
auya 7 uazmAII¥mfeIn y, ANiu 3159U0IHARUAUBIVBITEUUAILANITYN
° ¥ = o - ° 1 o
fmuadioiiassyilia@osnm 7, 1azANNE IV IHARDUTUBINYNMMUARILAINIAD

é ey o 4
paauya ¢ Fmuautinvesgluumnasgiuves CoM ansaagl1adeil

(1)  @msuszuuwiia 1 (type 1) 9 luliamuiu uazszuusiia 2 (type 2) 9
Wanuszana 40 nlesisud

) msf‘hﬂuﬂﬂhmmﬁummnaﬁm‘uﬁuawaqszuumm]nmminaammn'lﬁ'
INMIMUUANIAINTUYD 7

(3) gﬂi'wumwmauﬁummmawms:uumuf]uﬁﬂammuﬁ'wﬁ CDM %
hiduegiususuvesszuy uAvzANBgRUMIMMuamAassiadosnm
¥, HAZAIAIAAUYD 7

@  dwmislnavesszuusududnridoaduiudunss  uazdwmisTnavos
sruusudugzegniolu 49.5 0IfN 9INUNUITIAIUAY (negative real axis)
TauTiA1v098A318IUNITNUN (damping ratio) ¢ IR 0.65 Asnaaslu

;ﬂﬁ 3.5
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| *
\ .
"

A 3rd 49.5 deg
O 4t "

® 5th ®
..13
-—=ll/7
/ B
’ _3j
-3 -2 = | 0 1

511 3.5 A Tnavess LU UAAIN

3.3.5 oulymsenmassyilladusnn

Taoialuuds Arassyiadesnmmnasgueesis coM wiluiteulusuduiden
° U 5 = ' =1
fmuanou  weoliszuumunuiindosnmuazkanouauesnuiiaeanms  adlsnay
Y o = ' - 4 4 ) e
doonuuvannsodsunffeumassyilafosamil el ldszuunuquitliaussousaiy

A o ::
aoamsnulates lvdsaunish (3.35)
7, >1.57, (3.35)

) Y - ' = a ¢ - Y
windeams Iszuumuquiinnunamuaonisuldounlasmsiimes alsdonld

' P - & = o w = = v
massyiladosnm y, Iaunn uazanidou lufivamodmiviadesnmuosanmen nan
" o = 1 1 4 = - o
1 szuvezladosmmdassyiiidosnmyadmiinnnnnd 15 FldRguni i luauide
vosdwmen  uaztasssiidesnmnndadisannonin 4 udesihinnvesszuuily

bl »
fnnueTsauninua dniulanlndsuidenmiassyiiaosnm y, egsenane 15094
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Unn 4

N1399NUUUAINILAN

4.1 nann

¥ ¥ 1 1 ¥
Tuunil sresuiedsiuaouniseanuuuAINILAN lauTANEAILANMIIHIBIUY
uazm3snyuates MY auRaNd M uszUUa U NMUgaNUUID Taeldngug
ﬂ; Q o o - 4 1 v 9 - @ a dy
WugwdmsumsesnuuuaInruguai lanann udr luuni 3 Anuquleviatiazgn
1] 1 o dl ; 1 s dl
wiseamiluaesdiu nazilszneudiemnIugunsnIsiuve AN UgANNgNoBNILIY
o o o =4 1 o A o
TaverdondnnsnIunuwdsau tazdinuguados e amanugdusuiiudiniugu
o o a g s a Jdw o
o IflounduaniuziFudu Tasiiniveuuainddasiverotlounduaniug (sate
¥ " e ¢ Ul
feedback gain matrix) ¥84AIAIUAUIIgNOONULAIBNANNMIVBITBUNUAIAdS AN
o o a 4 H J o 1
MINNUVBIAINIVAL TFUTARDAILAUNITIMIBIVUIAZNIT S NHUADETNINYBIN AN
[ d’ o Ag V-i o o » . W Y
qautvzgnimuaiulaglfitoulunisadng (switching condition) Tasaadrevesszuu

AIVAUBUND T NN UGAUVUTOUAAIAIZUT 4.1

Reference
Position

| Stabilizing |

| Controller } I

Switch

Inverted Pendulum
on Cart System

| Swing-up
| Controller |

==

[ Switching |
Condition

JUM 4.1 Tasaadeveszuumuguaunos nmugauuusn

4.2 MIVBNULLAINIVANMIHILIVHVYB AN AN UGN

o

@ i J A ol o
W?ﬂ?ﬂf}uﬂ’ﬁl"auquuﬂﬂﬂll'ﬂQlwuﬂaﬂ %zgﬂﬂﬂﬂlluvﬁ@ﬂ“aﬂﬂ'ﬁﬂ'J‘Uf]lfwaﬁﬂ'\u
9y s v - A4 4 o A q 9 = '
awd ldnaniudrluunii 3 Tasmugunismaouiivesdisasiuielmunsomisama
4 ' »
mugauvulvireandoiuszdundinuidesns uazninnanmsaiugunasauiiseild
Tdaumsvoangmsniugy z, @MIUAINIVANNMIIHIBITUID M UNUGTUA WAL
- - 4 4 o
3.3) luaumsveangnisaiungy u, sfidyiudns x, Fuihuwoadulniduraly

aunsh (3.9) waziludyanududwesszoznamsinaoui x ¥oaRII0I1e MIfmua
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¥
A o

doygudeds x, 1uﬁ'nytuzumwqﬂszmﬁaﬁamuvm‘lﬁﬁasnswmmsmﬂﬁauﬁ'lﬂuaz
ﬂﬁ'uc‘*rwszwa“lﬁuviamuqﬁuﬁﬁﬂﬂg‘ﬁuﬁ'ﬁnﬂqgnm"’imﬁﬁuiﬂnﬁnmu'wﬁﬁuqaa'm%
Tnddmmisgacugavy Taviinounagavesdyanudass x, szgnimualaoiingenen
doulvvomdanunaswveamdinusmitazndsnudndvoamanugdn Aowniinod
a Amaumsi (3.10)

NNAVNTVOINGMIAIAY %,  AUNsVOIdYYIWINDY  x, HAZAUNITVEY
wisiined @ wiimsiimesinnudmihilm fo o, £ ¢, war ¢ Faemsam
n'1ms1i3mos’ma'ﬁ"ﬁﬁ'mnmsamﬁﬂamgnmnms'ﬁmmiznumm]nmsm’iuqifummuﬁa

ugdy TaverdoTisunsunoufinges MATLAB 32w T1sunsy Simulink

4.3 MIVRNHVUFIAIURMADHT MNVBITZUUBUNIBI NNUGINVUSO

Fnuguiades nmvesszuudunesnimugduuusaidludniuguaeils
L - & \ - o o
HounduanunFudu Fsweuuaindsaswoeilounduaniuzezdesgnoanuuni
— o Y o o o~y L J -y A( H A
mngey Tudneriinusatvil dimdnmsveddtunudsmdulszansn ldnan Tudalu

P " a do [ o = = v ;
unn 3 mmm‘ummﬁinﬁon'iwmuﬂauﬂauﬁn1uzmuswa:muﬂﬂa1ﬂu

43.1 Tassaavesszuumunuiveshileundvamusiadu .

A a a o o P u’:‘

ifiea9InszuLe3 wesBunes nmugaNLso 1 lunsAnuuaznaseniy Muszuy
e 1!;1 a g = a a ¥ o o = ' ¥
far iidhuFadu vazus adsamuadanaiuszni19@2503 190051 Feowdwalims
AAUITDETMMUBITTUBUNBS NIMURANLUs AR IAANAIA TUMIAIUAUAMNIIVDIAI

1 ¥ »
so5fianznda 1 dafu lumsaruqudumisvesdsnse 39 ldmuduiinsined
= © & o ] o o 3 o o ° ' o A
(integrator) $unilaA I ludruniferdoaiueIANAYEIR N UIVDIAITOTN NI
o w 1 a = o -lv [ ' a’e 3 a s = o«
fdamAanaananzaiail ludnsuzyuililiwaindioidns C vosszuudunod
nmugduuusodauaasluaumsi 2.18) nasuglifuwaind H=[1 0 0 0] Taseadrn

o o = o P
yosszuumunues hileunduamundadunansdagui 4.2
nnTnssadnvesszuumuguses hiloundudomsFaduiiuaadgi - 42 wadn

szHIn (1) uaz y, (¢) uanaldwail
§()=r()-x() @)

A -~ L3 " - L
we  r(f) no ANMUID1909909AIDI N
-

»(f) fio 10WnAvDIRMNIWeIAITIN
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s . U(t nverted Pendulum| yl(t)
LON- A A i hiou e B
U

-

r T

x(1)

31t 4.2 Tnseadevesszuumunuaes ilounduamuzFudu

o : - - o ar -
Fuiu naumsligidonz (2.12) wazlassadszuunugurei hiloundurauzid

@y srausaMouaunsigliaoiuzuasaumseIAAveIsEULIAUAGY  (augmented

system) Hﬁ'ﬁf
x,(¢)=Ax,(t)+Bu(t)+Fr(t) 4.2)
y(t)=Hx,(2) 43)

il A,:[_‘; g] B,:[lg], Fsz[‘::l, H,=[H 0]

x(1)

naz X. =

CLe)

Ai = o o = b4 4; o ::
diofsnsanlassadnvesszuumugues hilounduamuzdudunuaadgin 42 ng

»
msagudmiszuunRaa uiaas 1ddall

u(t)=-Kx(t)+k&()=-[K k] %) (4.4)

&(1)

A - o o '
io  K=[k k - k] duwsindsaswoelloundumoms waz & ilum
SA31EIWOUNNIA (integral gain) 198 7 ADOUAVITVUABUNMITUAUNTY

VNN (4.4) Tunsoidsungmsnuuuesszuuna iy 1dlmidlu

u(t) =-Kx, (t) (4.5)
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A - o o o
e K, =[K -k |iluwainddasvnedounduanms  ndsmnunungmsniunu
@5) aslugumaligianmzvesszuduaiy @2) udr ewldszuuilounduaae

¥
o =

(state feedback system) Y033z ULUAUATU TRellaumstTgiamuzaail
x,(1)=(A,~BXK,)x,(t)+Fr(t) (4.6)

nnszuuFadudaaasluaumsi (2.12) Higvoauaind A uazaing B

a1n3nnuau 14 (controllable) taz

A
rank =n+l
H 0

udr  svamnsooenuuudnuguldszuuflounduanuzvesszuunduniy  (4.6) 3
dusnmuaziiaussouzmudeans1d  TaudmMuAnNze  (eigenvalue) VDANATNT
A, -BK, wvosszuuiloundumoiue Farunzasilvzgnimuadaoaingdnsiven
Hounduaome K uazddnsweeduinga k, szoonuuudeds coM daldnanld
Turade 3.3 vosumii 3

Tumsesnuuuwa3nddasvoedounduaeiy K uazAdasiweeduiinga k,
&35 oM szlasszuundaau ey lugdimiyganaunsoniuguld (controllable
canonical form) fou faifu iol¥ x, (1) = Tz(r) wasszvuusudy @2) s1dszuy

uaaasufeglugluiuuiydganounsonuguy1d Fail
z(t)=A,z(t)+Bu(t)+F, r(t) @.7)

o  A_=T'AT, B,=T'B, unz F_=T'F, uaziowaindmsnla

(transformation matrix) T=MW Tas M Ao waSnanawniunguld (controllability

mari) M=[B, | AB, |-+ | A’B, ] uas
(o, o, e A
o, O, 1 0
W=l i s
o, 1 - 0 0
1 0 0 0
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n

:: & g o L 3
aumsn (4.2) Fuansaumsnuanyuy lddse Tl

P,(s)=|sI-A,|=5"" +0,5"+-+ 05 +0, (4.8)
uaziiiermua
u(t) =-K. .z (t) (4.9)

@ s

fongnimuguuesszuunsuaduiieglugluuuliyganaunsonuguld dufu szuy

{Iaunﬁ'uﬁmuzumszuuuﬁiuﬁuﬁaq"'luzﬂuuuﬁtgngnﬁ'mmmmuqu'lﬁ'ﬁa
z(t)=(A,-B, K, )z(t)+F,r(t) (4.10)

A - o o ’ = 1
e K =[8, 6, -+ 8,,] o wainddasweeiloundvanuzvesszuvuduaiui

oglugiumiggfaniannseniuguld nazlinnuduiuiiy K el

K _=KT (4.11)

S 5

NNAUMIN (4.10) WwUENEUzYeIszUUoundUAn Mz YOITULUANAGY

Hoglugthnnniyganausaniuqguld fio

P,(s)=|s1-(A.-B,K,)

— " +(o.”+5n+l)s"+...+(0'1+§2)S+(O'0+51)

(4.12)

¥
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o =\
43.2 M30ONIVLAINIVAMADYININAIY CDM
td
m3oenuuuAIMIguIEDssnm Iaseondnnisves CDM 1w ez ldmyu
@ — o - A a do o o
AudnuzudAIRITuMsi  (4.12)  enwaingonsveetlounduaoiuy K voein

<1 : o n:
auau Iaslivunsuasil



29

(1 11m11muﬂmﬁ'nymwmsznmmﬂmmiznvuﬁanﬁ?ﬂﬂu‘h’iﬂumsﬁ (4.8) 109z
wimdnlszinsvemyumguinyazvesszndla  0,,0,,...,0, 10ZN
wadndmsudas T wovahlldmwainddasves K vesianiunu

2) fmuamnanii t, uazmAssyHiadoInm ¥, oM IR UEN ALY
Twiin P, (s) Taelawmsit (3.19) dlefivsanszuususdy n+1 oxldwyuy
f]mﬁnumz'nﬂmmszuuﬁauﬂﬁuﬂmu:ﬂmizuvudam?ui’;agj’luzﬂuuuﬁmty"ﬁ

fownsonugu1dlugy
P(s)=s"+pus" +--+ ps+ (4.13)

i o o 4 o«
T, py,e. it A0 dulszdnivesmpumguansuznilavesszuy
Hounduanruzvssszvunaaasuiogluzlmnnigganawsoniugu 1dn 145y
MIDBNILUNAD

(3) WvudulszAnvesaums (4.12) fuaunsh @.13) szl

0, + 06, = 4
o, +6, =1
O-n+6n+l=ﬂn

¥V d’ A - e o [
uazuﬁﬂnmwuuuumemmmnﬂmmwmm’]aunauamu: Kx VYDITSUULUA

w3uieglugduuuiydanannsoniugyld dniu

Kscz[al 52 5n+|]

(4.14)
=[t-0, | -0, |- | u,-0,]

nanuduiusnuaasluaunsn @11 mIfdwaSnddasveoiloundy

anmz K vesnnuquatssnmmih ldniuqussuunduaiu 4.2) Asil

Ks =[/"0 — 0 l H — O, I i ﬂn—"O'"]T—l (4.15)
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oo 1151058 MATLAB A4l

syms ththd xxd FtMmlgc;

A=M+m;

B=-1*m*1*cos(th);
C=Ft-(c*xd)-(m*1*sin(th)*thdA2);
D=-1*cos(th);

E=l;

F=g*sin(th);

del=(A*E)-(B*D);
fnl=((C*E)-(B*F))/del; % x double dot
fn2=((A*F)-(C*D))/del,; % theta double dot

a31=diff(fnl,x);
a32=diff(fn1,th);
a33=diff(fnl,xd);
a34=diff(fn1,thd);
ac31=subs(a3l,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac32=subs(a32,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac33=subs(a33,'x,th,xd,thd,Ft',[J0 0 0 0 0]);
ac34=subs(a34,'x,th,xd,thd,Ft',[0 0 0 0 0]);
a41=diff(fn2,x);
a42=diff(fn2,th);
a43=diff(fn2,xd);
ad44=diff(fn2,thd);
ac41=subs(a41,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac42=subs(a42,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac43=subs(a43,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac44=subs(a44,'x,th,xd,thd,Ft',[0 0 0 0 0]);
Ac=[0 0 1 O

0O 0 0 1;

ac31 ac32 ac33 ac34;

ac4] ac42 ac43 ac44]

b31=diff(fn1,Ft);

b41=diff(fn2,Ft);
be31=subs(b31,'x,th,xd,thd,Ft',[0 0 0 0 O]);
be41=subs(b41,'x,th,xd,thd,Ft',[0 0 0 0 0));
Bc=[0; 0; bc31; bedl]

Ce=fl 0 0 0;0 1 O O]

Dc=zeros(4,1)



57

v2Tlsunsuvmmsifimesveadiniugu

Ty5uATuM NS ITINB I UDIRINILANMUHANNITMIAILRUNANTUIAZAINIVAY

" ¥
wosIaflounduaausioonuuudis CDM Waun Taserdo T1sunsy MATLAB Adil

% —--- parameters ----—-- %

M=0.642;

m=0.123;

1=0.25; % Don't forget to change in omnp
g=9.81; % Don't forget to change in omnp
c=0.195; % 0.165 0.195 2.14

% —meeme energy controller ------ %

c0=0.9;

si=1.2;

‘wn=sqrt(g/1);

oma=wn/c0;

fl=o0ma~n2;

f2=2*si*oma,

[ME,P]=bode(f1,[1 f2 f1],wn); % gain&phase lag of f1/(sA2+£2*s+f1A2)
gwn=ME;

pwn=-P*pi/180;

% e linearization ------ %
syms th thd x xd Ft;

A=M+m;

B=-1*m*1*cos(th);
C=Ft-(c*xd)-(m*1*sin(th)*thdA2);
D=-1*cos(th);

E=l;

F=g*sin(th);

del=(A*E)-(B*D);
fnl=((C*E)-(B*F))/del;
fn2=((A*F)-(C*D))/del;

Ac=zeros(4);

Ac(1,3)=1; Ac(2,4)=1;

a31=diff(fnl,x);

a32=diff(fn1,th);

a33=diff(fn1,xd);

a34=diff(fn1,thd);
ac31=subs(a31,'x,th,xd,thd,Ft',[J0 0 0 0 O]);
ac32=subs(a32,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac33=subs(a33,'x,th,xd,thd,Ft',[0 0 0 0 O)]);
ac34=subs(a34,'x,th,xd,thd,Ft',[0 0 0 0 0]);
Ac(3,1)=double(ac31);
Ac(3,2)=double(ac32);
Ac(3,3)=double(ac33);
Ac(3,4)=double(ac34);

a41=diff(fn2,x);



a42=diff(fn2,th);

a43=diff(fn2,xd);

a44=diff(fn2,thd);
ac41=subs(a41,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac42=subs(a42,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac43=subs(a43,'x,th,xd,thd,Ft',[0 0 0 0 0]);
ac44=subs(a44,'x,th,xd,thd,Ft',[0 0 0 0 O]);
Ac(4,1)=double(ac41);
Ac(4,2)=double(ac4?);
Ac(4,3)=double(ac43);
Ac(4,4)=double(ac44);

Ac;

Be(1,1)=0; Bc(2,1)=0;

b31=diff(fn1,Ft);

b41=diff(fn2,Ft);
be31=subs(b31,"x,th,xd,thd,Ft',[0 0 0 0 0]);
bec41=subs(b41,'x,th,xd,thd,Ft',[0 0 0 0 0]);
Bc(3,1)=double(bc31);
Bc(4,1)=double(bc41);

Bc;

Cc=zeros(4);
Cc(1,3)=1;
Cc;

Dc=zeros(4,1);

% ------ linear plant model ------ %
AA=Ac;

BB=Bc;

CC=[1 00 0};

DD=Dc;

% ----—-- linear plant model with servo ------ %

Asv=[AA zeros(4,1);
-CC zeros(1,1)];
Bsv=[BB; 0];

% ------ servo state feedback controller design by cdm

g1=2.67; %2.66833908; %2.5;
g2=1.91; %1.90612611; %2;
g23=1.63; %1.63232646, %2;
g4=>5.39; %5.38544161; %2;
gf=2;

tau=1.1; %1.09587451;

dO=(gf*g4A2*g3A3*g2A4*g1A5)/tauls;
d1=d0*tau;

d2=(d1*tau)/gl;
d3=(d1*taur2)/(g2*glAr2), .
d4=(d1*taur3)/(g3*g2A2*glA3);
d5=(d1*taurd)/(gd*g3A2*g2A3*glr4),
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P_cdm=[d5 d4 d3 d2 d1 dOJ;
R_cdm=roots(P_cdm);

Qc=[Bsv Asv*Bsv AsvA2*Bsv AsvA3*Bsv AsvA4*Bsvl;

P_a=poly(Asv);
a0=P_a(6);al =P_a(5);a2=P_a(4);a3=P_a(3);a4=P_a(2);a5=P_a(1);

Mm=[al a2 a3 a4 1,
a2za3ad 1 0;
a3ad 1 0 O;
a4 100 0;
100 0 0]

T=Qc*Mm;

Tinv=inv(T);
Ata=Tinv*Asv*T;
Bta=Tinv*Bsv;
Kz=place(Ata,Bta,R_cdm);
Kwsv=Kz*Tinv;
K=Kwsv(1:4)
Ksv=-Kwsv(5)
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#include <stdio.h> // for enoder
#include <bios.h> // for enoder
#include <conio.h> // for enoder
#include <stdlib.h> // for D/A
#include <string.h> // for D/A
#include <time.h> // for D/A
#include <dos.h> // for D/A
#include <process.h> // for D/A
#include <math.h> // for D/A
#include "DA.H" // for D/A

#include "GETBAR.H" // for enoder

void interrupt (*oldIrg3)(void);
void interrupt countToggle(void);

#define drive_port 0x378 // Number of drive port

#define file_out "c:\\data.m" // open file (name is data.m)
#define cls(l); { short i; for(i=l; i<25; i++) lineclr(i); } // for D/A
#define Locate(x,y) printf("\x1b[%d;%dH", (y)+1, (x)+1) // for D/A
#define lineclr(l) printf("\x1b[s\x1b[%d;1H\x1b[0K\x1b[u", 1+1) // for D/A
#define range DA_10V // for D/A
#define IRQ3 0x0B /* IRQ3 address */



PCI_CONFIG PciData; // for enoder
DASMPLCHREQ SmplChReq[2]; // for D/A
DABOARDSPEC BoardSpec; // for D/A
HANDLE OpenBoard(void); // for D/A
void INITIAL_DTOA(void); // for D/A
void CLOSE_DTOA(void); // for D/A

//

/!

int hexout = 2047;
float volt = 0.0;
WORD DaData[1];
int swith = 1;

int key = 0;

int key_1 = 0;
long count = 0;
float time_r = 0.0;
HANDLE hDevice;

------------------------ parameters for friction compensation

float f_hat = 0.0;
float fs2 = 0.13 ;
float fc2 = 0.097 ;
float fs1 =0.19;
float fcl = 0.136;

parameters of encoder
int adr0,adr1,bus_info = 0.0;

int 1Byte = 0.0;

int mByte = 0.0;

int hByte = 0.0;

long dwCounterl = 0.0;

long dwCounter2 = 0.0;

long dwCounter3 = 0.0;

int direction_1 = 0.0;

int direction_2 = 0.0;

----------------------------------- parameters of controller
float distance = 0.00;
float step_time = 0.001;
float eer = 0.00;
float eer_old = 0.00;
float x = 0.00;
float x_old = 0.00;
float x_dot = 0.00;
float th_1_old = 0.00;
float th_1 = 0.00;
float th_1_dot = 0.00;
float ui_old = 0.00;
float ui = 0.00;
float u = 0.00;

60

----- controller gains
float ke_1 =-57; //-180.6169;
float ke_2 = 71.4041; //147.4436;
float ke_3 = -26.9412; //-64.5080;
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float ke_4 = 12.7521; //26.7693;
float ksv = 52.1483; //240.8225;

float setpoint = 0.0;

float m = 0.123;
float 1 = 0.25;
float g = 9.81;
float k = 100.00;
float e = 0.00;
float wt = 0;
float M = 0.642;
float wnp = 0;
float frt = 0;
float a = 0;

float V=0;
float rd = 0;
float u0 =0;
float epl = 0.1;
float ep2 = 0.25;
float a0 = 0.12; // Parameter alpha0 is set to 0.12 and 0.07.
float b0 = 0.3;

e

bt st Function void main()

int main(void)
{
[/ —mmmmmeemeennanee open file -----—----smemmmmammmemeoocoeaan
FILE *data_fout;
“clrscr();
data_fout = fopen(file_out,"wt+");
fprintf(data_fout,"sm = [\n");

Jf e Initial D/A Card (PCI-3345A) --------============-
INITIAL_DTOA();

hDevice = OpenBoard();

DaGetDevicelnfo(hDevice, &BoardSpec);
SmplChReq[0].ulChNo = 1;

SmplChReq[0].ulRange = range;

Y Initial Encoder Card (PCI-6201E)
PmGetConflgRegEx(l 0x1147, 6201, 0x1147, 0x0011,&bus_info, &PciData);
adrO=PciData. BaseAddresses{O]&Oxfffc,
adrl=PciData.BaseAddresses[1]&0xfffc;

outp(adr0+0x08,0x06); // set timer for encoder 1

outp(adr0+0x09,0x06); // set timer for encoder 2
outp(adr0+0x0A,0x06); // set timer for encoder 3
outp(adr0+0x0d,0x01); // reset counter
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// *** Show measured data only when the keyboard is not hit. *** 4
while( 'kbhit())

[/ ==emeemnnees read data of encoder_2 (th_1) -------=-===-=-
outp(adr0+0x0c,0xAA);
1Byte=inp(adr0+0x01);
mByte=inp(adr0+0x01);
hByte=inp(adr0+0x01);
dwCounter2= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);

[ s read data of encoder_1 (distance) ---------------
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounterl= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);

Jf memm——r modify data of encoder_2 (th_1) --------------
if ( dwCounter2 > Ox7fffff )
{ i
direction_1 = 2;
dwCounter2 = Oxffffff - dwCounter?2;
}

else

{
direction_1 =1;
}

while ( dwCounter2 > 8000 )

{
dwCounter2 = dwCounter2 - 8000;

}
if ( direction_1 == 2)
{
dwCounter2 = 8000 - dwCounter?z;

}

dwCounter2 = dwCounter2 - 4000,
th_1 = dwCounter2*0.045; // 1 pulse = 0.045 degree

if(th.1<0)

{th_1 =360 +th_1;}
th_1 =th_1*0.0175; // convert from degree to radian
if (abs(th_1)>100)

{ th_1=th_1_old; }

e modify data of encoder_1 (Distance) —---------------
if ( dwCounterl > Ox7fffff )
{
dwCounterl = Oxffffff - dwCounterl;
}
else
{

dwCounterl = dwCounterl*-1;
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}
distance = dwCounter1*0.0000083437;

R————————————

printf(" distance : %061X ", dwCounter1l);
printf(" : %3.41f ", distance);
printf(" th_1 : %3.41f \n", th_1);

}

// *** When the keyboard is hit, start the control program. *** //
if (th.1<0)
{th.1=th_1*-1;}
th_1_old = th_1;
x_old = distance;

oldIrg3 = getvect(IRQ3); /* save the old interrupt vector */
setvect(IRQ3, countToggle); /* install the new interrupt handler */
outportb(0x21, ( inportb(0x21) & OxF7)); /* Unmask (Enable) IRQ3 */

label:

if (key_.1=1)
{ goto out_5; }

if (key==0)
{ goto out_3; }

while( key == 1)

[/ wmmmmmeemenan modify data of encoder_2 (th_1) --------------
if ( dwCounter2 > Ox7fffff )
{ :
direction_1 = 2;
dwCounter2 = Oxffffff - dwCounter2;
}

else

{

direction_1 = 1,

}
while ( dwCounter2 > 8000 )

{
dwCounter2 = dwCounter2 - 8000 ;
}
if ( direction_1 ==2)
{

dwCounter2 = 8000 - dwCounter?2;

}
dwCounter2 = dwCounter2 - 4000;

th_1 = dwCounter2*0.045; // 1 pulse = 0.045 degree
if(th.1<0)

{th_1 =360+ th_1;}
th l=th]*0.0175; // convert from degree to radian

if (abs(th_1-th_1_old)>7)



//

//
//

{ th_1=th_1_old; }
--------------- modify data of encoder_1 (Distance) ---------------
if (dwCounterl > Ox7fffff )

dwCounterl = Oxffffff - dwCounterl,
}

else

{

dwCounterl = dwCounterl*-1;
}
distance = dwCounter1*0.0000083437,
X = distance;
if (abs(x-x_old)>0.1)
{ x=x_old; }

th_1_dot = ( th_1 - th_1_old )/step_time;
x_dot = ( x - x_old )/step_time;

/!

wt = wt+step_time;
wnp = 6.2642/(10*abs(th_1-3.14159)*abs(th_1-3.14159)+1);
frt = wnp*wt;
V = (0.5*m*1*I*th_1_dot*th_1_dot)+(m*g*1*(cos(th_1)-1));
If (abs(V-0) >= b0)
{

if (V> 0)

{a=a0;}

else { a =-1%*a0; }

}

else
a = a0*V/bo0;

}

rd = (a/0.4612)*sin(frt-3.14159+1.4831),

u0 = (M+m*sin(th_1)*sin(th_1))*(48.4444*(rd-x)-16.7045*x_dot)
+2.14*x_dot+m*1*sin(th_1)*th_1_dot*th_1_dot-
m*g*cos(th_1)*sin(th_1);

u = 100*u0;

--------------- compensate friction ---------------
if (x_dot == 0)
{ if(u>=0)
f_hat = fsl;
else
f_hat = -fs2;
}

else
{ if (x_dot> 0)
f_hat = fcl;
if (x_dot < 0)
f_hat = -fc2;
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volt =u + f_hat ;

[/ e modify output commad voltage ---------------
volt = volt*1.00;
if (volt > 10)
volt = 10;
if (volt < -10)
volt = -10;
[/ -ememmmmenaan send out commad voltage ---------------
hexout=((volt+10)/20)*4095;
DaData[0] = hexout;
DaOutputDA( hDevice, 1, & mplChReq[0], &DaData[0] );

[ - check the switching condition ---------------

If ( ((th_1>=0)&&(th_1<=0.56)&&(th_1_dot>=-3)&&(th_1_dot<=0)) ||
((th_1>=-0.56)&&(th_1<=0)&&(th_1_dot>=0)&&(th_1_dot<=3)) ||
((th_1>=0.56)&&(th_1<=0.8)&&(th_1_dot<=-4.5)) ||
((th_1>=-0.8)&&(th_1<=-0.56)&&(th_1_dot>=4.5)) )

key_1=1;
key = 0;

if (th_1 > 3.14159)

th_1 =3.14159 - th_1;

th_1_old = 3.14159 - th_1_old;

printf("SWITCHED th_1 = %3.41f \n", th_1);
}

step_timel=step_time;
goto out_2;

}

eer_old = eer;
x_old = x;
th_1_old = th_1;

J i peemimmens write data (time_r, distance, th_1, volt) to the file ------------- -
fprintf(data_fout,"%4.4f %4.4f %4.4f %4.4f % \n",time_r,x,th_1,volt);
time_r = time_r + step_time;

if (key_1 ==0)
{ goto out_3; }

[ == read data of encoder_2 (th_1) —--------------
outp(adr0+0x0c,0xAA);
IByte=inp(adrO0+0x01);
mByte=inp(adr0+0x01);
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hByte=inp(adr0+0x01);
dwCounter2= IByte+(( long)mByte << 8)+(( long)hByte<<16);

[/ —remre———s read data of encoder_1 (distance) ---------------

outp(adr0+0x0c,0xAA);

1Byte=inp(adr0+0x00);

mByte=inp(adr0+0x00);

hByte=inp(adr0+0x00);

dwCounterl= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);

[/ = modify data of encoder_2 (th_1) -----------—--

Fau
th_1_old = th_1;

if ( dwCounter2 > Ox7fffff )

{

direction_1 = 2;

dwCounter2 = Oxffffff - dwCounter?2;
}

else

{

direction_1 = 1;

}
while ( dwCounter2 > 8000 )
{

}
if ( direction_1 ==2)
{

}

dwCounter?2 = dwCounter2 - 4000;

th_1 = dwCounter2*0.045; // 1 pulse = 0.045 degree

th_1 =th_1 * 0.0175; // convert from degree to radian

dwCounter2 = dwCounter2 - 8000;

dwCounter2 = 8000 - dwCounter2;

--------------- modify data of encoder_1 (Distance) ---------------
if (dwCounterl > Ox7fffff )
{

}

else

{

}
distance = dwCounter1*0.0000083437;

dwCounterl = Oxffffff - dwCounterl;

dwCounterl = dwCounterl*-1;

x_old = distance;

out_5 :

while( key == 1)

{

--------------- modify data of encoder_2 (th_1) ---------------
if ( dwCounter2 > Ox7fffff )
{
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direction_1 = 2;
dwCounter?2 = 0xffffff - dwCounter2;
}

else

{
direction_1 = 1;

}
while ( dwCounter2 > 8000 )

{
dwCounter2 = dwCounter?2 - 8000;

}
if ( direction_1 == 2)
{

}
dwCounter2 = dwCounter2 - 4000;

th_1 = dwCounter2*0.045; // 1 pulse = 0.045 degree
th_1 =th_1 * 0.0175; // convert from degree to radian
if (abs(th_1-th_1_old)>7)

{ th_1=th_1_old; } g

dwCounter2 = 8000 - dwCounter2;

--------------- modify data of encoder_1 (Distance) ---------------
if ( dwCounterl > Ox7fffff )
{

}

else

{

}
distance = dwCounter1*0.0000083437;

x = distance;
if (abs(x-x_old)>0.1)
{ x=x_old; }

dwCounterl = Oxffffff - dwCounterl;

dwCounterl = dwCounterl*-1;

--------------- stabilizing controller

eer = setpoint - X;

x_dot = ( x - x_old )/step_time;

th_1_dot = ( th_1 - th_1_old )/step_time;

ui = ui_old + ( eer_old + eer )*step_time/2;

u= -(ke_1*x + ke_2*th_1 + ke_3*x_dot + ke_4*th_1_dot) - ksv*ui;

[ —eeeemmemeen compensate friction ---------------

if (x_dot == 0)
{ if(u>=0)

f_hat = fs1;

else

f_hat = -fs2;
}
else
{ if (x_dot> 0)

f_hat = fcl;

if (x_dot < 0)



f_hat = -fc2;
volt =u + f_hat;

/[ —mmmmmmeenn- keep data for the next loop ---------------
ui_old = ui;
eer_old = eer;
x_old = x;
th_1_old = th_1;

L e modify command voltage ---------------
volt = volt*0.38;
if (volt > 10)

volt = 10;
if (volt < -10)
volt = -10;

[/ =emmmmemeeee send out command voltage ---------------

hexout=((volt+10)/20)*4095;
DaData[0] = hexout;
DaOutputDA( hDevice, 1, & mplChReq[0], &DaData[0] );

[/ -memmmeemmeen write data (time_r, distance, th_1, volt) to the file ---------------
fprintf(data_fout,"%4.4f %4.4f %4.4f %4.4f % \n",time_r,x,th_1,volt);
time_r = time_r + step_time;

if ( count <= Oxffffff)
{
count = count + 1;
goto label;
}
else
{
setvect(IRQ3, oldIrq3);
outportb(0x21, (inportb(0x21) | 0x08) ); // disable IRQ3

fprintf(data_fout,"J;\n"); // end of file with "J;"
outp(drive_port,0);

DaClose(hDevice);
CLOSE_DTOAJ();
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void interrupt countToggle(void)

{
disable();

[ —ememememnnn read data of encoder_3 (not used) ---------------
outp(adr0+0x0c,0xAA);
IByte=inp(adr0+0x02);
mByte=inp(adr0+0x02);
hByte=inp(adr0+0x02);
dwCounter3= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);

[/ —mmmmmeemeeae read data of encoder_2 (th_1) ------=--------
outp(adr0+0x0c,0xAA);
1Byte=inp(adr0+0x01);
mByte=inp(adr0+0x01);
hByte=inp(adr0+0x01);
dwCounter2= IByte+(( long)mByte << 8)+(( long)hByte<<16);

[/ e read data of encoder_1 (distance) ---------------
outp(adr0+0x0c,0xAA);
1Byte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounterl= 1Byte+(( long)mByte << 8)+(( long)hByte<<16);
T e e e

key=1;
outportb(0x20, 0x20); // send EOI signal
enable(); -

[/~ 4
HANDLE OpenBoard(void)

{

HANDLE hDevice;

hDevice = DaOpen(3345, 0x0001, 0);
return hDevice;

}

//
void CLOSE_DTOA(void)
{
char *pString;
pString = "/R";
spawnl(P_WAIT,"dadrvi.exe",pString, NULL);
}
e //
void INITIAL_DTOA(void)
{
char *pString;
pString = "/B=1"
spawnl(P_WAIT,"dadrvi.exe",pString, NULL);
}
i //

//
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Abstract— In this paper, an implementation of swinging-up
and stabilizing controllers for an inverted pendulum on cart is
presented. The energy control concept is employed to swing the
inverted pendulum up to arcund the upright position within the
assigned switching condition. After that, the stabilizing
controller is then switched to stabilize the inverted pendulum at
the upright position. The stabilizing controller is a linear servo
state feedback controller designed by Coefficient Diagram
Method. The experimental results show that the designed
controllers can be mutually operated with acceptable efficiency.

1. INTRODUCTION

Control of the inverted pendulum on cart is a classical
problem in control theory. The structure of inverted pendulum
on cart composes of a cant and pendulum where the pendulum
is hinged in series to the cart via a pivot and only the cart is
actuated. The motion of the pendulum has to be controlled by
moving the cart back and forth within a limited travel of cart.
Although the inverted pendulum on cart is easy to be
described, it is not easy to be controlled given its mherent
instability and nonlinear characteristics. It is also a more
challenging task to autonomously move the pendulum to
upright position from its pendent position and 1o keep it there.

In control area, there have been many studies on the
inverted pendulum on cart. For instance, the method using a
PD controller for swinging up the pendulum is described in
[1] which controls the can’s position to pre-assigned values
obtained by observation, and the method using the energy
control is explained in [2] in which the limitation of the cart
travels is mot considered. In this paper the controller is
designed based on Energy Control Method [3] to swing up the
pendulum from its pendant position 1o around the position
within a limited travel of the cart without pre-assigned cart’s
position and Coefficient Diagam Method (CDM) [4] to
stabilize the pendulum in the upright position while
maintaining the cart at a certain position.

1I.  MATHEMATICAL MODEL

The inverted pendulum on cart to be controlled is shown in
Fig. |. where @ is the pendulum’s angle (rad), x is the cart’s
position (m), M is the mass of the cant (kg), m is the mass of

978-1-4244-2336-1/08/$25.00 © 2008 |EEE

the pendulum (kg), / is the distance from tuming center to
center of mass of the pendulum (m), L is the length of the
pendulum (m), ¢ is the cart’s friction coefficient (kg/s) and
F is the force applied to the cart (N).

The mathematical model of inverted pendulum on cart can
be derived using Lagrange’s equation. First, determine the
kinetic energy 7 and potential energy E of the system’s
components in terms of generalized coordinates ¢ .Then,

apply the Lagrange’s equation

)80

where Lagrangian L=T-E, @ is generalized forces nol
taken into account in T and E.
For the inverted pendulum on cart, we select g as

g =[x.6]". Then, the system dynamic can be described by Eqs.
(2)~(3).
(M +m)i—(mi cosﬂ)§ = u—ci-ml@*sin@ (2)
—cos@i+16 = gsind 3)

U -

Fig. 1 Invented pendulum on cart.

The parameters of inverted on cart in the laboratory
are listed in Table 1.

Table 1 Parameter values of inverted pendulum on cart
Mikg) | m(kg) 1(m) ¢ (kg/s)
0.642 0.123 0.25 2.14




Ill. DESIGN METHOD

The overall control system structure of the inverted
pendulum on cart is shown in Fig. 2.

Fig. 2 Structure of the proposed contro] system.

In this paper, the controller design for the inverted
pendulum on cart is separated into two parts. The first part is
the swing-up controller design and the second part is the
stabilizing controller design.

A Swing-up Controfler by Energy Control Method

The total mechanical energy ¥ of the pendulum and its time
derivative are as follows.

Ve %m’é’ +mgl(1 +cos 0) ()

¥ = mlcos % (5)

From Eg. (5), the value of ¥ depends on changing the sign
of ¥ and Gcos 8. The purpose of energy control method is to
consiruct a servo system having a si idal reference input,
which is obtained from (€,6), and geverate ¥ satisfying the
sign condition in order to control ¥ to a prescribed value.
Apply « into Eq. (2) in order lo construct a servo system as

u=(M +msin’ O){ £ (r, - x)- fo3} + i+ mi’ sin®
~mg cos @sin &

(6)

where r4is the reference input of the servo system for x and f,
and £ are given by

L=, =20 Q=a,/c, =g/l M
then the transfer function from 740 x is represented by

n!
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o (1)=—"—si 1)-z+¢(®@,)). (%)
(1 g(q)“"(’” ¢(@.))

The parameter a determines the amplitude and sign of 74
and is given by

_Jasea(y-v)ir[r-¥,|2 4 &
"'{a.(V—r.)/b. iy -¥,<h, -

where ag > 0 and by > 0 are the design parameters and Fy is
the mechanical energy at upright position (¥4 = 0). And
parameter ap is chosen smaller than the desired cart’s travel.
According to Eq. (10), the amplitude of parameter a is
decreased as J approaches V. The parameter by is a number
that determines the time when the amplitude of pammeter a is
decreased.

B. Stabilizing Controller by Coefficient Diagram Method

In order to stabilize the inverted pendulum at the upright
position, the servo state feedback is employed and its design
is based on CDM concept.

CDM concept
In CDM, the monic characteristic polynomial is given in
the following form

P(s)= ;l:-l:’:"‘ “z':[ﬁL](m)‘}+ ts+ 1] (n

" =2\ ja Yoy

=s"+a, s+ +as+a,
where 7, is the stability index and r is the equivalent time

constant.
The choice of stability index y, due to the control design_

specifications must satisfy the following inequality
r>15y (12)
where 7/ is the stability limit and is defined as

r..-(lf."._-]*‘{lfr...)- (13)

where i=l~n-1, p,=y,=o . In general, the stabilily
index known as standard stability index is recommended as

) rrme ®  rae=.=r=r,=2 md y,=25. (14)
] The equivalent time constant r nommally can be chosen
where £ and ¢ are the design parameters. Let g(e) and from settling time specification as
#(@) be the gain and phase lag of G(je@). The reference
input ryis assigned as r-'z—_;l’ﬁ. (15)
2008 International Symposium on C. 18 and information Technologies (ISCIT 2008) 505




Servo state feedback design
Linearizing Eqs. (2)~(3) around the equilibrium point
[x.6.1.6]=[0.0.0.0] and substituting the parameter values as

in Table 1, the linearized siale-space model of the inverted
pendulum on cart can be obtaned as

i(r)= Ax(r)+Bu(r) (16)
y(1)=Cx(r)
wherex(n)=[x & ¥ 4] is the state variable and

0 0 i G 0 10

A 0 0 0 1 B 0 omd C LU |
“lo 1880 -3333 of ~ |15s8 “lo o
0 46758 -13.333 0 6231 00
20

»0)

Fig. 3 Servo state feedback system.

In order to design of servo state feedback in Fig. 3, the
servo state feedback gain K, =[K i k] will be described
first. Since only the cart’s position x is used, the output matrix
C of Eq. (16) is then reduced oM =[1 0 0 0]. Let £(r)
be the augmented state variable for the can’s position output,

the servo system is then expressed as
%, (0 =Ax,(0)+B,u(t)+Fri) (7
¥ =H,x (1) (18)

where ¥(r) is the controlled output cart’s position y(1) ,
#(r) is the cart’s position reference signal and

A B
ol nefE et o
-H 0 0
0 x(1)
F, -[I].xl[f)-[ﬂn].
If the pair A and B, is completely controllable, the servo

system in Eq. (17) can be transformed into the controllable
form by the appropriate linear transformation x,(f) = Ta({r) as

(51
)= A z(N+B )+ F.r(r) (19

where A_=T'A,T, B,=T'B, and F,=T'F,.
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The state feedback control law u(r) is assigned as
ult)=-K.z(1)=-K,x,(1) (20)

whenK_=[8 & - &,]is the servo state feedback gain
for the system in the Eq. (19) and K, = K, T™ is the servo
state feedback gain for the original system in Eq. (17).

The corresponding characteristic polynomial of the closed-
loop system will become

P(s)=[-(A,~BX|=[-(A,-BK)| an

=5"4 {a._. + 5.)3’" - +{d’i + Jz)l + (0. + 5,}

where g, i=1~n are the coefficients of the open-loop
characteristic polynomial of the system in Eq. (17).

The design procedure for assigning the servo state feedback
gain matrix K, by CDM can be summarized as follows

1. Find the open-loop characteristic polynomial of system
in Eq.(17) as

P (s)=|=A,|=5"+0, 5"+t o540, 22)
and find the transformation matrix T .

2. Choose the equivalent time constant 7 and the stability
index 7, and derive the desired monic CDM characteristic

polynomial as in Eq. (11).
3. Calculate the servo state feedback gain by

K, =[(ao"7|) (,-0,) - (a....“a'._g}]"r' (23)

C.  Switching Condition

In order to switch the control law applying to the inverted
pendulum on can from energy control to state feedback
control, the pendulum’s angle and angular velocity should be
at suitable levels. Although the pendulum’s angle is closed 1o
the upright position but if the angular velocity of the
pendulum is unsuitable, the controller cannot stabilize the
pendulum at the upright position. Therefore, in switching
condition both pendulum’s angle and pendulum’s angular
velocity must be considered together. Then, the following
conditions are used as a criterion for switching:

(0565056 & -3<8<0) or
(-056s0<0&0<d<3) or

(056<0<08&H<—45) o
(-08<6<-056& 8245)

Switching Condition

so thal the swiltching is done smoothly.
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1V. EXPERIMENTAL RESULTS

In order to conduct the experiments, the controller is firstly
designed based on the methods described in section 111 For
swing-up control, the design parameters for swing-up
controller are selected as £ =12, ¢ =09, b,=0.3 while
the parameter a, = 0.15 and 4, = 0.07 will be employed to
observe its effect on the cant’s travel length. For stabilizing
control, the servo state feedback gain K, is designed based
on CDM when choosing r=1.1 second with the stability
index 7,=267, =191, 7,=1.63, and y,=539 with
@, =2.82x10°. This yields K, =[K:k,] with k =51.52 and
K=[-56.67 7107 -26.80 12.70].

In the experiment, the cart traveled within £0.30 m and
took 5 seconds to approach the upright position when g, =
0.15 as shown in Fig. 4, and traveled within £0.15 m and took
10 seconds to approach the upright position when ay = 0.07 as
shown in Fig. 5. As can be seen from both experimental
results, the swing-up controller is able to control the cart to
travel within an assigned cart’s travel length. However, in a
smaller cart’s travel length, the control takes more times than
in a bigger cart’s travel length before the pendulum
approaches the upright position. From both experimental
results, the controller can swing the pendulum up to around
the upright position while the cart travels within limited
traveling length according to the values of ap and can stabilize
the pendulum at the upright position.

(a) Cart’s position
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(b) Pendulum’s angle
Fig. 4 Responses when parameter a, = 0.15.
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(b) Pendulum’s angle

Fig. 5 Responses when parameter a, = 0.07.

V. CONCLUSIONS

The controller designed by energy control method and
CDM for swinging up and stabilizing the inverted pendulum
on cart has been proposed. The experimental results show that
the controller is able to swing up the pendulum within the
limitation of the cart travels and to stabilize the pendulum in a
short period of time. The proposed controller is effective and
yields the desired system performance despite its simplicity in
design.
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