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ABSTRACT

This thesis presents controllers design by characteristic ratio assignment method (CRA)
for an overhead crane system. The controllers of the overhead crane system consist of I-PD, PD
and I-P controllers, which are used to control the position of trolley, load-swing angle and rope
length respectively. Three controllers are designed independently and then operated
simultaneously to control the system.

The experimental results show that the proposed controllers can control the trolley
position, load-swing angle reduction and rope length as designed and speed of the step response
can be increased by using a factor k from the concept of CRA. Moreover, the controllers can
control the system efficiently when the mass of load is changed, reduce the effect of disturbance
entering to the system, as well as the trolley position and the rope length can also track the

changed reference input.
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ar 1 e ‘i o s 1
MAINUNUMUBINAINUIAY K, 9I0aumsh (2.5) nazwdsnudng P 1naumsi (2.8)

asluaunisn 2.9) 3214

L=%Mt2+%m(iﬁ, +y2)+mgl cosd (2.10)
Taofl %2+ 92 =% + 2461 cos@+ 25 sin @+ 021 +1*  Fniu aumsansiedvesszuy
NS AT HEAD
| 1 2 ; - L e
L= —2~Mx2 +—2~m(12 +1* + 01" +2%61 cos @ + 2% sin 0) + mgl cos O 2.11)

AUMINMITATBUNYDIDOUIADS-0INT 199 (Euler-Lagrange equation of motion) L&l asld
b4
Al
d|( oL

oL

E

= o o o w & A 4
Taon QO fAeusana lnnsednuszun (general force of system) FIANMIMIIAAOUNTIL
dnldlumsmupniassvesssuunsumilofsue
A A — o o - v & do av o
HBINAUNITNITIANOUNVDIDDOIADS -2 INT 1V TANUTURNUTAUANAN2 11
) . - T o o A 4

(generalizes coordinates) 1a0¥ ¢ =[x,6,/] Auu AuMIMSIAABUNVOITDIATY AUMIMS

i d
UATAVBINTTY LAZAUNTVDIANVIITONAA dzudal 1daas 1lil

A4 d(oL) oL .
AUMIMIAADUNVYDITUATY X —] =— |=—=F -b x
dt\ox) ox

F,-b,x=(M +m))'c'+ml(t‘;coslﬁ’—()2 sin9)+ml"sin6'+2mf9cost9 (2.13)
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) d(oL) oL
AUMITMIUNNVDINGE 6 - =0

di\o6) o6
0=10 +26I + X cosf + gsin O (2.14)
AUNTUVDIN NV AFONAD /: %[2—‘;‘] - % =F bl
F, — bl = mi +misin @ — mlO* —mg cos @ (2.15)

Taod b, Aeduiszaniusudvamusavvesszuunsindouiivessansuy uaz b, o
dulsz@nius udoamusauvesszIUMsMILUANNEIFENTAY MNHANINATBINY
Mnada M WA (electrical time constant) veaweines i 1Fluszuunsumilofsuziia
100N 1171A9AIAUTINA (mechanical time constant) Y8953 VUNA InBguIN dnfu Sahirhen
asiannme ihweswemes luszuumsndeuiinfinsaniemaumsmendasmaad
VDITZUY

ifloenn F, lugunsmandouiivossansu 2.13) Aeussitldlunmsdundouse

¥
N5U HazinNUFURUT N ATAMaAs ATl
F=KT =KD, (2.16)

Taoi K, Aefnsiivemeivesssuumandeuiivessomsu 7, feussiiauemeivesszuy
m3ndeuRivessoinsy (Hdu-was) D, (duty cycle) o muwaiitlouliunassdunszue
(current driver) ioTuinAouuomei Tasesiimaas 0 — +100ladiiud (usadinveunined
wiinnuduwus laoassdu D, Ao &0, Tawiny 100 wesigudiliuemestusia
quge  uozdundosnoves D, ifhuanesilisomsundoui lldhamh - Suafeamne
o1 D, ifvavszildsomsundouiildhandy war K, Aemnsfiveanssiildlums
mt”i‘auﬁmm'smﬂsuc“ﬁwzﬁumjﬁnmmﬁwmmﬁa{ K, uazdnsImIaamavessioniu
yosszuUTUIRABUIIIATY tazilounum F, snaumsi (2.16) asluaumsi 2.13) w14

0 ' t
AUMIMINADUNVDITIATUAIL

K,D,~b,%=(M +m)i+ml(6cos0—6"sin@)+mi sin@+2mifcos®  (2.17)
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dmiv F luaumsvosnnuouyenads (2.14) Asusanldlunisanguanuon

=) A = ar ar ~ o
l%ﬂﬂﬂ'fN WQUﬂ?TNﬁU‘WNf‘l‘l’lﬂﬂﬂlﬂﬁ'lﬁﬁﬁ(ﬂﬂﬁuﬂ'lﬁ
F=K,T =KV, (2.18)

4 ¥ 1 4 = 3 =
Taoh K, AoAAInuemosvesssuumsmunuaunidendas 7, Aemussavomes
YOIITVUNIMAUANNIIFONAAY ¥, Aoussaudunanileuliudrsesdunizuamive
o A ot & - - o ' 1 o
Tundeunewmein ¥ lumsniuguanueriFenadslavezlinmssduegsznin 24 Taad
=1 o = S = o - a & .; "
99 24 Taad uwaz K, Aesmnsnveansanldlunsmuguanuerafenads dwesiiuegiu
Mnsivewomes K,, 1azoAsINsNAYeARoIveIszIIMIMILNANNIITNAAY LAz
unum F, 9naunsi (2.18) asluaumsi (2.15) seih i ldaumsvesnnuenaudenada

ar

¥
Tnaiaail

K.V, —b] = mi + mxsin@ —ml6® — mg cosf (2.19)

A ar 4 ﬂ‘ \J
HJﬂ%ﬂzﬂﬁﬂﬂ'ﬁﬂ'ﬁlﬂﬁﬂuﬂ'ﬂﬂ@‘imﬂ‘i‘Ll (2.17) TUMINMSTUNNVBINIGTE (2.14) uaz

¥
o =

AUMIVBIANULIATONAAL (2.19) Tniez 1dAsil

~ K.D, —b,,“.u'r—ml(@icosg—é.’2 sinG)—mfsint?—2ml'9.c059

_ 2.20
* M+m 20
b —xcosﬁ—-2131—85m9 (2.21)
i K,V —b;.‘i —mxsin@ +ml6® + mg cos @ (2.22)

m

wawnnldaunsves ¥,6 uaz Iudr Samilanduves £(&) Tavumua 6 vinaumsi

(2.21) uazunum I vinaumsn (2.22) asluaunisn (2.20) 114

[ K,D,~b,%-KY,sin0+bjsing |
M

f&@= (2.23)

aolimileddu £(4) Taounuar ¥ naunis (2.20) asluaumsi 2.21) 1218
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~20i - gsin0 _ (K,D,~b, %~ KV,sin0+bjisin6)

] v cos@ (2.24)

f@)=
4o . s < = ¥
wazvansu £ Taounum ¥ naumsin (2.20) asluaumsi (2.22) 114

KV, —bj+mil6* +mgcosO

fh=

. (2.25)
(K,D,~b,i—KV,sin0+bisin6)

_ = sin@

nminhaumsi 2.23) aumsh 2.24) wezaunsi 2.25) uihldeglugiFududieds
ﬁmuuevl (Lyapunov’s linearization method) [6] Taoldaums

= [z) X+ [z] u+ f,,, (x,u) (2.26)
ox (x=0,u=0) (x=0,u=0)

q' =; LA i} @ n’l = & P
o £,,, WNUAIUMOUYDY X Uz u NOUAVTINTT ANTY annsaliouauMsMIsIAdoUn
o o o v o (g
vossmasuTaeldfendu £(¥) aumimsunisvesmseIaoldfensu £(6) uazaumsves
anuoriFendaslaoldfandu () Taowesuniieszvunsumilefsvzegluaning

t
1A (equilibrium point) HAAIAIL

i =(af(_jé) 1+38 I ) (2.27)

I, , SE) VJ
ox o060 ol

+ [ I I
(e=o,i=o) aDi 0 V.

(0-0)

B ( YO, O, A0 ,;, o0 ,-]
0x 00 o0 ol

(9=0,6=0,=0) (2.28)

+(@f(é') D'+af(é),,']
oD, v,

(9=0)

o (af(i') L ADy T, TD ,]L
aox o6 o6 ol o

6=0,6=0,i=0)

(2.29)

+[af(f) p+ZD KJ
oD, v,

(6=0)
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¥ 9 ¥ ¥
daziouATUMINITUNAY 92 1ATUMIMSINADUNTDITOIATY  AUMIMISHNIVDINSTE

] 4
uﬁ&’ﬂﬁﬂTi‘llfNﬂ’J'llltl'l'll%ﬂﬂﬁﬂ\iﬂlﬂﬂﬂﬂﬂﬁl‘]ﬂﬁ’?ﬂ (linear equation) Al

A 4 . b, . K
TAUNITNMITAAOUNVDITANTY X = i+—=LD, (2.30)
M M
1 by b - K
AUNMIMIUNNYDINGTE G="ny; 8g_ " D, (2.31)
M I M
-~ s e b! - i
AUNITVDIANUIATDNAA | =—=]+—VF, (2.32)
m m

3 P 4 o ar v
nntuudasardarsvesaunish (2.30) (2.31) uaz (2.32)en1WaN¥un10 1oy (transfer
] A o 4 Yag Lo A A
function) ¥9I5ZVUAT UM HBATHE 992 IadaNFus 18 TouveIsz UM IIAROUNUDITDIATY
a o o 1 X a
(BUNA A duty cycle D;(s) nasomuafedmivessomsy X (s)) nazilonnisanlvso

xﬂ. a; o d.. o _ ar ar = Q{ =4 dz d‘.
swnasunAeAUE M uarduilseansusuFvanusuesszuumsinaounves
-9 - 18 bm ' &
somsulinitieonn Seaunsalszina Iao hifanaves -2 luaumsmsuniavesnse e
Mi
ar 1 1 a 'S 4
TailendunioTouvasmsuniaveanse (Buna fe duty cycle D, (s) HAIBINNARDYUUNI

o " a = )
¥0301352 O(s)) nazlanduaroTouvesnnuoruFenads Bunaie ussdu ¥ (s)uay

o -~ =1 = o @ a d’
IDINMHANDANNYNIVBAFDINTAY L(5) ) MUAIAVAIY

X(s) K
G :
=)= ) " s(Ms+5,) S
_O(s) K,s
O =D 5) " Mis +h5 + Mgs T bz e
TR - (235)

Vi(s) s(ms+b,)

193N AINFUO8 TOUVDITLUUMSINADUNYBISAIASY  NITUNIVDINSGS  uag
¥ 4 Yy
ANUOIAFBNAAIAIAUNTN (2.33) (2.34) t1ag (2.35) HUUAMUBATZIINAU ALY 91150
¥ ¥
PONUULAINIUAN I-PD PD uaz I-P winiladdudioTouisawilldeddase udmves

= o { dar v a’:’ a’: o
Wiswei K,, b,, K, uay b, negluilansuniolouvesszuumnsumiofsyenamuiiub
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Tidm wazezeusomldninkamisnaaesssuuialla (openloop system) ¥BITZTUVAS
IADOUNYDIIDIATUNALIZVUMIAIVANANNO ATFONTA

» » » »

MInaaeuszUVINTAv0ITTUUMSINABURYDITDIATUIINENIA K, uaz b, 1iu

o 3 ar a — " 4 Y or ¢ A
annsom 18 Tasfloudygrudunyansi D, amialdiduisesdunszuavesuoinoiie
Y - £'d A 14. & o 44. : = s o o
dJundousonsuliimaoun Fiezldnanouausedszili 2.5 imiusamanuduiuima

=Y ar o ar ’ 4 H
ANAMAAS YDIHAABYAUBIIZUUMA NuisndumsTouvesmsinaeunvessomnsuly

AUMIN (2.33)

ITUENMN X
A

<«—x_ (1Fun39)

-

0 %T_'“—J 1901 1

310 2.5 waneuausailietfloudygmdunansi

Taofmuald D, (s) luaumsi 2.33) Wuduwanuuducstep input) Hvwamiiy D, a4

K 1
i m s :
(s) s(Ms+b,) s ' 23e)

v 2
naaniunszne X(s) 'l

KD |1 1 T.?
X(s)=""T"L| —-T —+—= 2.37
(s) b [sz Ts Tus+1:| @37

4 M : v 4
Taoi T, e waziouasan)arwrnsiu (inverse Laplace)yaaaumii (2.37) udave 1@
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x= K;;D" [t-T, +Te"™ ] (2.38)

A 4 i y P & " w o
Taoh 120 e ¢ AenailFlumsindeunvessansuin hlndmetiua (infinity) 9214

» " v 3
AUMIMIINADUNVDITOINTY X, NADIULDYA (steady state) Ad1

T (2.39)

=4 ' a > o ey 3
au1dh aumsh 2.39) vniluaumsiduass Taodunsmiuaasgueauidvesaumsil
{ a y ' ' o
Ao duiszlugii 25 wazvinaumsi (237) dedaves 7, uwazamwes M Nezamnson)
¥ a o a 4 ¥ " a ¥ a
AMYDINIT MRS b, 14 ez naumsn (2.39) Wedmues b, Mouwa D, uazmanuiu
9y ¥ =] ' = 4 ¥ o = o v
ouduilszudn Aeunsommwesmsidimes K, 18 ludhwesdvadu  msmisves
a o a n’: o
Wisimes K, uaz b, vesszuumsmuguANuoFenaaniy nawnson ldenms
= w = i 1 -2
naaeuszuIuaveInsaIuguANueIFonads Tasvzdlouussduduna ¥, asiinmils
Y as ar A o oS = £ 1 4 Y . L ~
Tirussstunszuaieduuomesnldlunmsdanse sz ldnanoudussndionugln 2.5
o o’: ' = o £ yz 1 o
aaiu lumsmawesmsiiines K, waz b emnsaldiuasumiiousumsm

' a P A A o ARy v Yy 9 L
ﬂ’lW'l‘i'IllLﬂ‘ﬂ‘i‘llﬂQES‘U‘Uﬂﬁlﬂﬁﬂuﬂﬂﬂi‘iﬂlﬂiuﬂﬂﬂ'lﬂﬂﬁ'l‘ﬂ’luﬁ’ﬂu‘lnﬂﬁu
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IBMHUADAT T IUAUAN LY

'nqyﬁmiaaﬂuunﬁamnqu"lﬁszunﬂmqnﬁﬁmmu:muﬁaaﬂﬁifu TawiaTluda
vutseeniily 3 nguindng  nanfe NOUEMINIUANAMILLNTY (classical control
theory) MNOBYMSAIAUUDVMILINI (moder control theory) uazngumsniugu Iavly
YU (polynomial) Wialuinensaidon nquifiveda  Fetwitmsmuguany
A1) 19U SEMIABUAUBINIIAINE (frequency response method) 1tz 3 Tafawed51n (root-
locus method) Fa9zl¥uszuuiieglugilvesilardumolon mawihuniesilondwlums
PONUUUIEVUMAY  uadmIn Inanazd Tsvessyuuiamsvindiamy sz ldliewse
AIUAY (uncontrollable) ag liansoduna (unobservable) woAmsaluesszuyld dmsy
At angquimsnruguuuuaie v i 350159191 (pole placement method) 1Az 35S
AIURUIMINETAA (optimal control) HavzldiuszuuiioglugivenlSgiican (state space
representation) gﬂamuﬂ?qﬁmmﬁ’ wiinnuiviuazmnzaylumsdnnudionios
A miuTidmusdasdiugudnyusrio CRA guiﬂufi'ﬁmsaﬂmmuﬁamnﬂm‘m
wpuuguanyazala  Tasiinsanndidiuvesilandunie Teusilavesssuuaugy
Yuq eliszuunuguiinaneuauesithifidnjufiuiazmAannafinouzegin st

a3 ldnanmsves CRA YSuanusvewanouaussld

% am

3.1 ARUANUANUFIUYBIIE CRA

MAATINGG 0 & AN uazAmg (Y.C. Kim et al) [5] Idinauemsesnuuudiniugy
Y oo 4 o 9 a A = P -
#2073 CRA Fuiundnmisvennuuldszuunrvguildszdnamuaziiaussouzani

»
doams Tumseenuuu@InIuAuAI83T CRA 1T zinsanilandunisTeursllavesszun
o [ - ¥ ¥ @ lﬂ; o

Houndunazwyuinguanvuzistla e ld ldnaneuausstingavulaoldndnnisni
Nyagia laohn

(1) SLUVILYIUNUAWAUMINHUIW

() ansoesnuuUAUNINYUINgREnEuzisn Insad AN IuguINenIA Ve

miimesvesdaniugula

(3) 1@HU5NINVDI CRA 3z0gUNIIOU luanunaIReIvesdnImon  (Lipatov’s

sufficient condition for stability)
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3.2 NYHUARANHUT
Tundnmsvedds CRA winsannnilanduniTounilavesszuutleoundu G(s)

faeumsin (3.1)

a,

G(s)=

n n-1 (3.1)
as’+a s +..tas+a,

Ao 1 da dyd o & b 4 o P
TashdmdauvesiangunioToutine WuwwguaNEAzAFIIZUNUAIY P(s) Asaunsh

(3.2) Aall
P(s)=a,s" + a,,_ls"_] +..+a@s+ay,Va; >0 (3.2)

A AN a a A o a s 9 a0

e ay,a,...a, aedulszinsveanyuuguansus laendulszaniynadlezdosiin
' o & a o AY oy = [4 @ §

HINNNFUY °]N'llizﬂﬂﬂﬁ’lﬂw'!ﬂmﬁﬂ5'UﬂQﬂ'53'lJ'J‘LIfn51’15?1'1!1118“15"IlJlﬂfﬁ‘llENﬁ'Jﬂ’JUfj?Jﬁ

o 19 - L3 ar — ar n’:

U\‘i'llliﬂ'l unz‘ms1nmﬂwmmmnf}umnn1zﬁuﬂun‘izmumiuu‘1%:gnaammuﬁ":ﬂfﬁ

CRA 992 1dnandelal

T oo ' ar J s s n'l
3.3 MoANAIUUENYUZIEZAIAININATEN 11
“acd s 9/ o 5
FEnseenuuudInIuguAl CRA wiiuiimsssnuuuainszuuniuguasilans
= 7a o v oar v o &
2oy msiweinlFlumsesnuuudiniuge wilizneudiomoasidiuguanyue a, ¥
o o d @ @ ﬂ-' é ar o
wiiludhmuamdosnmvesszuy uazmasinanion ) 7 Fwziluddmuannus
] ¥
YOINAABUAUDIVDAIZUY  lasdimmsilimesmariivzlinnudunus Tavassfuwyuy
Auanyuz11a
anuduRuINRsiamaasveIRdATIdIguANYNE @,  uazAInIRInaNiY

" ] v
1 7 naaalddsaunsn (3.3) uaz (3.4) Asil

a
o =— (3.3)
anlar'—l
Y (3.4)
4,

nanuduRuTYesmdaduguanyur e, Tuaumsi (3.3) wazdnsmnanioihl 7

Tuaumsn 3.4) wldmduilsednd a, uaaslddeaumsi 3.5)

73818
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1

i
4, =ayt -2 i-1
ai_t .--az a]

(3.5)

A ar =] n( ar Js‘ St 1!’ L
“H\'M‘ﬂﬂfﬂ.lﬂizﬁ‘ﬂﬁ‘ﬂ‘ﬂ\‘l‘ﬂﬂu'Illflﬂlﬁﬂ‘klﬂlzﬂ.lﬁ’il'lﬂ'lﬁ CRA mmmagﬁlumamm a, T e q;

o A 4 a o o 1
uazmm"l%"lumsaammvmomﬂwmms 'lllmﬂiﬂlﬂl!'l:ﬁll‘llﬂ@ﬁ'lﬂ']ﬂf]ﬂﬂﬂllﬂ

34 msdSuamnimanevauesveszuy

] b
vinyuuguanuzata P(s) luaumsi 3.2) vesszuudloundu G(s)iiu e

amnsoioulieglugaavesdinlseini 1ddaumsii 3.6)
A=[a,, a,, .. q a(,] (3.6)

wazemnsadaaumsi (3.1) Wegluguny nilddaaumsi 3.7)

a,/a
G(s)= : i e (3.7)
P e S S S B S
aﬂ aﬂ al'l

4 @ dar ¥ = U ar a
Wedsumdmvesilandunelovvesaumsn = 3.7 MWoeglugiwmvesduilsz@nh

ARANADINVAUMIN (3.6) ndIz 14

A=1 22 2 2
a a a

n-1 n-1 n-1
A= [l I12 - I]& b,] (3.8)

3 a. : 4 9 o o
Taoh b =——, i=0,1,2,...,n—1 uaziiodsImIUTUAIMTIHANOVAUDIVDITZT VL
a.

i+l

4 ar ar z o - J
mugui ldeenuuuliuds dawsolSuldTaolfurnmes £ daiu gilsavesduilszdnd

Tugi/Imife
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A=[l 16 - [T k"ﬁb,.] (3.9)
i=1

i=n-1 i=0

A (-] L] o r ‘.\' 4 4 o ¥y
vz Iiansdnanionall ¢ vesaumsn (3.4) nlaouldsi

_1fa
T = X (ﬂo) (3.10)

a A v & & ° v ) v o A 1
Taon k Tannnimile Faezimdmnsdnanionall ¢ Sanievasnnaunldsenuuu'ld

ar n’: o ar " s 4 Y v o y
uda aariy AensumeTeuvesszuutleunduielsuaunmes & axiiludail

k"a
G, (s)= 2 (3.11)
. as"+ka, " +.+kas+k'a,
@ A o J o ' ;
uam:"lﬁ'wuumvlmnnymma’ﬂmmi:uu P, (s)iiorSusurniaes k udidsae il
P(s)=a,s" +ka, s"" +..+k" a5 +Kka, (3.12)

A or d'- -] e 4 e
Fuuaumswypuugudnuaziissinnldlumsesnunudmmuguiiiodesmsdiuanusa

Nﬁﬂﬂﬂﬂﬂﬂ@‘ﬂﬂﬂiﬁﬁﬂﬁ‘w%ﬁ CRA

A
3.5 Weu lvadusnnues CRA
] ¥ 1
MSANIUUADOINNVBIZUVRYRBBNNUL TR CRA 11U v 19i%eu luany

woread s uiadosnmuesdwmen [7] uaaslddsaunisasas 111

aa,, >1.4656 dmiunnaves i=12,..,n-2 (3.13)
@, >1.12374a, dmsunnmves i=2,3,..,n-2 (3.14)
« 1 1 4 .
@ =——+—; 0y, &, =D Taon i=1,....n—1 (3.15)
o.

i+1 i-1

Tavh  Aemdadasidunudnyus
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=) T o 1 o J o o ﬂ‘l
3.6 ﬂ1‘§lﬂ'ﬂﬂﬂ‘lﬂﬁi‘lﬁ')“i’]ﬂlﬁﬂ'ﬂmzlmgﬂ'lﬂw'lﬂ?nﬂ'luﬂﬂ':n‘ll
-~ 1 o 1] ar 1 s ar n'l p!‘ c; 9
msienmdandiunudnuuz @, uazmneananionall 7 swiludeulusudu
Tunmseenuuuiimuguine Ifszuumuguatidosnmuaslinanouausinudesms
[ [~ g ar a - " oo 1 LY d’& £y =1
ag19 lsnaw ndsennsedivalasumoandiuguanvusiiive szuuaruguasilai
o 9 9 ' o = 1w [ o 2> [
aussouzawdesmsla  ualunmsilfunReumdandiugudnsae o, W azdes
Yunlaouldegnmolditou lunnuwerissdmsmatosnmsssdnmendai lananuuda
W & g o ° ' w U o o 1
Turiade 3.5 Fanaasinsday lduuzihnmssmuamsanadmgudnyue ¢, nndh a3ld
fisnanh 2 uazlimnsdmanionnll ¢ vidy 1 dudidudulumsesnuuy udee

v 0 v ¥ ¥
aunsonlasumlasausudumaniuie1d ldnansuaussmundsims 14
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¥ by ad ¥ o
NIDNUVUAINIVANAIYID CRA HazNMITINAINIVAN

humilezesinuinsea? WMIAIVAUNAIWANTVOITZTVLIATUINTOATHY 1AZATS
senuuuimuguIRiuszuLiidaws crA #H18nd1 Budaluund 3 iemugumsie
voaszuvinsumitersue Wilaussouzmuiidosnms danuguininnlfzdszneudaods
A0qY 1-PD dmumuguiumisvessamsulfiadoun ldsdumisiidesns AINIAY
PD dmfuaayuunisvesnise osasluvasiiinmsndoutonss uazdniugu -p
dmiumuguanuemvesdenaauiie hiliaszsusudaiauna

MIPENLLAINIANHAIAITAI035 CRA sziniseeniilu 5 daufe Tudauusn
fuiimsoenuuudinaugy 1-PD Wearuguiumisvesiansy ludwfigeaiuiins
PONULUAINIUAN PD INDAAYULNIIVOINTE "luﬁmﬁmmﬂufﬁmsnammuﬁamuqu I-
P ioAIANANEIIVBNFonads Taolu 3 drnfuszeiviomsmmuasisasidiy

"
o e o

v ¥
Auanyuz Msmmuasmadnionill nfeuiesinetavuneuniseenuuudInIugy
[ bl
A5 CRA  dmsudiundezefuisduneumsoonuuuainiugu I-PD Tasmsilsunn
s A @ o o 4 4 y 9 a
uwlnwesd £, wedsansliuanusImanasunvessansu uazludiugamoezesuie
¥ .

FuABUMIBBNUUDAINILAY I-P WedeansiunnumsivesnisaiuguanueiFendas
@ o ¥ o A o w P yn’-'
Awmsdiuauniees x, nazmsaidmuvguiieihaniuguiteenuuy ldiuuniugu
zoussluenl§iiams Taoumlasdygumuguuesiinuguiinszuunadeiisaily

L A 3 2 o 3 — L) - =
szuuna lideies imiu Suhdmmuguimuaigaulasiiuszuuna hideiloaioy

Tilsunsuenauguszuumsumiionsue 1 ldaussouzvesszuunuguadons

4.1 Inssadremsmugunaisainlsvesszuunsunilef sy

Disturbance

PD
_E | Controller

Xt A6

“I | Controller
PD
Controller

! 1
ref- —>0—b{ Controller

= P
"| Controller

o =

v

3 4.1 Tassaduensmuguuaisdalsvesssuumsumiiofsue
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¥ 9
Tumsesnuuudimuguuesssuumpsumilofsuzuannsgii 4.1 1y svesnuuy
¥
ar ar A - o é ar
AINWANNININALTT CRA uazeenuuy TaouendaszaIniu #diniugu 1-PD wwgn
9 o o " A ~ ar
ponuuy lagledandunis Touvesszuumsinaounvessansy (233)  @NAN PD 9290
sonuuuTasldfandusioTouvesszuumsunisveaniss (234) uazdIndugy 1P 9Qn
E

ponuuy Taol¥andudioTouvesszuuniuguanuoaiFenads (2.35) dmsuiuneulu

ar 3 L = w 9 ' cf
NTDDNUUUAINIVANYITIN %3ﬂﬂ1?1ﬂﬂﬂ$lﬂﬂﬂ1ﬂﬂ’J‘llﬂﬂiﬂﬂ'l—l

4.2 MIVVANVVAINIVAN

4.2.1 M32LNUVUMIAILAN I-PD 38735 CRA G IM3UAIUANAMHUIYDITOINIU
= < ¥ ' & P P
37 4.2 naasdelnssainvesszuunuguludiuvesnsindouiuessonsuinen

a3z Taviidanlugu I-PD iudaiunudumiavessonsy

I-PD Controller Plant

Xref(s) +],i _.E&.,

-l

X(s),

———

51 4.2 Tnssadravesszuuniugumsindeuiivessamsuiuondase

dyanumuguYeIdInILgL I-PD Mhmihinugumsindsuivessamniutould

ar

+if
K.
U, pp(s) = T“Ex ()= (K, + K ;5)X(5) (4.1)

o | - ar a a o . . A o LY ) . -
Taon K, 7D 9AT190WOUNNIA (integral gain) K, ADOATIVYWAANIU (proportional gain)
K, f® SATIVOWOYNUT  (derivative gain) AT E, (s)= X o (8) = X (5) Tuaduves

- A a 4§ =
N, (s) = K, (auN15N(2.33)) FANDILVUMIINADUNVDIIO
D.(s) s(Ms+b,)

NITVIMST G, (s) =

ASUAZHAUMINYUINAD

N _(s)=K, waz D,(s)=Ms’+b,s (4.2)
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1a19n 1AdYygUAANYEIRINIUAY I-PD Tuaumsh (4.1) uazaumsnyuInyes
4 tﬂ' c;. o ) " =Y
ssuumsmasunvessomsuluaunsn @.2) uda A1435 CRA senuuumMAIMIT NN Y99
v ¥
dmuge K, K, uaz K, 1aTaolivuneudsde i

1) fmuamidasiduguanyuy @ uazminsdananionallz imngauduszuums

i
3 g . o
indeuivessansy MITldwpnugudnyuznila
g 3 P ¥
2) mwypuunuanyaztavesszuumsmasunvessaniu ¥ luaunisiiszlszneudae
= 4 o = ' - 4 A = 4
W131IA3 V8IAINILANTABINITHIANBI NS AT VOIIZVUNISINTOUNVEITDIATUR
" z s L) ﬂ“ e 3 e s
A aimindaionduilszanivempnuguianvazallaiiditumpnuguanyuzl
$ q’: { 4 =] 1 ) o ar
Panl&lusuaoun 1 uazdioudaunsudnes lémmaiimes K, K, uaz K, voei

AIUAY I-PD

4.2.2 MIBSNBVLAINIVAM PD 42875 CRA d1MIV0AYNINIIVeINSE
Tseadevesszuumuguyuniwesmseinondase Taolidniugu P iluda

b4 ]
munuiuee lddeg 4.3

0 PD Controller; | Plant
s L ;

(8); £, Kyt Vs 1;923; _O(s),
. ols) |

31 4.3 Tassadrvesszuumuguyuinavean sz nuendase

o Gl ar A 1 ‘ﬂ J
AMTUAYYIUAIVANVOIAINILAY  PD  INBAIUANYULNIIVBINIIETINaTL Ty

v v
sTULIATUIMLBAI LAY TAAIauMIS (4.3)
Upp(8) = (K g+ Ky55)Eo(s) (4.3)

Taoh K, fie dastveodadiu K, Ao dastwewoyius uas £,(s) = 0, (s) - O(s) u

Ny(s) _ K,s

D,(s) MIs® + b, Is* + Mgs+b, g
4 &£ da ' > v Aa

(rumsi(2.34)) FanReszuuaUguyUINIveIMsHiuuaal 1adiiAe

AYDIAUNITWHUWYBINTZUIUMT Gy (s) =
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N,(s)=-K,s uaz D,(s)=Mis’ +b,Is’ + Mgs+b,g (4.4)

e lddyamvesdiiniugy PD Tuaumsi (4.3) HagaumsnyuINY0sLUVMS
' o o ' = o o -
undeveamszluaunisi (4.4) Nansommmnimes K , uaz K, 1938n7uuaI033
CRA TaTaslivuneudade 11
1) MmuamdasIdIuguaNEYT @, wazmnwdananion iz imnzauiuszuumsunds
woansz A lAwunudnyuznila
s " e d"d
2) MINYUINAUANEUTAYBIsZUUNMTUNTIVeINIse e luaumsiineziszneudae
' - o o v = o 4 {9
M5 TAD3VBINIAILAUNABINIMIA AT NS AT VOITZUUNMSUNTIVDIMSE AN
c’o = ar = t:’ r d’ o o l:;
nmindsudinlszansvemyuuguanyuzrallatithiiuwpnuguansuzllain 14

n’: = = ' - 4 Y
“lmmmﬂu‘n 1 IWDVIMNITIUADS er Loz Kda VDININIVAN PD

4.2.3 MIVONUVUMIAIVGM I-P 42895 CRA dMIUMIUANANNEIAYENARS
TassadnvesszuumuguanuoFenadinuondas: laslidnugy 1P Am

] o "
winnidudmununiunaaslddegii 4.4

I-P Controller | } Plant
LyG) 4 B K, U, . N L)
= 3 " Ds) |

» Kpi'

51 4.4 TaseadvesszuumuguanueiFenaisiuondese

¥ as

nnlassadnvesdnugy 1P s lddyapaniuge U, ,(s) vesszuunivguanu

oS enafasaaumsi (4.5)
Ku'
U,_p(s)= —;—E;(S)— K, L(s) (4.5)

d' -~ ar L= e -~ o o L
Taon K, a0 sasnvowounnia K x D DATIVOIWAATIU LD E,(s)= L, (s)— L(s) Tu
N,(s) _ K,
D,(s) s(ms+b)
¥ ¥
AVAUANVETAFONAAINY UAUNMINYU WAL

; i 4
AMVBINITVWMS G, (s) = (@uMIN (2.35) FINABIZLUMS
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N,(s)=K, wag Di(s)=ms" +bs (4.6)

Wielddyanuvesdiniugy 1P Tuaumsh (4.5) uagdumswyuINYeIsTUUMS
a ! n’; ' =] 1 a
muguanueiFenadsluauns 4.6) Yuaouae lnflemsmamsiiimes K, uaz K,
o 4 4 w Y
VY9IRINIUAY A7 CRA Faillvuneudade il

1) fmuamoasiduguanyaz o uazmndananiond il r imuzauiuszuums

i
-~ = o o
munuaNueaFenad i lanquwgudnsuzala
o S A a 4 d’d
2) mwyuufuanyuzdavesszyumsausenads Faluaumsiinezlsenovudae
N = o o = N = o
A3 1IAB T YBIRINIVANNABINITHIAAZNIITIABI YDITZUDNTATVAUANGT)
. bl & v
Wonadsnin aimiuioudulszdnsvesnyuuguanyuzadaiidriunyuin

ar q. u’: d. A' " - o o
Audnvuznlanldluduaeun 1 emammnnines K, uaz K, ¥0380709u I-P

4.3 MmIvenuuuMIMUNBRsIM s UANII NAReUAHBIVBIITLY
A o - 4
i ldeenuuuAInIUg I-PD naz I-P Wszuumuguilaussouzauidesmsudn

v

Tunsdindesnsuanusilumsndsuiivessansunaz lunisaiuguarueiFenaas

& o o 4 ad
59 sznsei 18 TaodSuawmmnes & uag & vesszuumugunia deeziivuaeuly

b td
M3PENUIUAINIIAUNITDIRIAD 11T

4.3.1 m3eenuUUAIAILAN I-PD iledeamsdiuninuinaneuauesiinds CRA
ar " = o ar - 9
HAININYIMMIuees K, K, uaz K, ¥030nufu I-PD nlinanouaUDIVY
A a AT 1 A 9 A 9 ) o A a 9
msmasunvessomsu iliamjuiuudl  diedsamsiSuanuiimanaounvessonsuli
] l; o ¥ o t:r
52vuzansoi 1dnsi
o " o aa ' 4 - :‘ [ A -
1) Smuanwnmes k NUAMINNIIMLS tazlifmMmuzauiuszUUMsINAoUNYDIsD
wiu I ldwpuunudnyuzadadsaunsh 3.12)
. " »
2) HINYUINAVANH UL N TVAVDITZTUUNISIATOUNVBITIATY INUUTINAIRUTUMS
@ & 3 - o & ' ] @
milouruiade 4.2.1 iemdmslimes K, K, uaz K, Feezmiuarlmivesds

AUAW [-PD

4.3.2 M3eanuUuMIAILAN I-P iensansiiuninusnaneuauesninis CRA

o o Y

TuiesRenuiiade 431 edesmsdSuanuisivesnansuaueslums

¥
muguanueFendds Mzdeammmniines K, uaz K, v03danungu 1-p Insidail



26

1) fmuasumnnes & iisunonimils uagfimimngausussuumsauguanuem
Fonads Ml ldwpuugudnsazadafaumsi (3.12)

2) nyuRudnyuzTaveszUMsMUgUATINEITenaas MR amA lmives
wisiiwed K, uaz K, vesiinugy pTasduiumsmileuduiide 423 ilefiez

il lumsaauguasll

4.4 MIATMINIVYN

4.4.1 msm]na&’agnpmmquaqﬁ'mmqm1m:ummm'anﬂaaﬁ]mzuunm‘lﬁdmﬁaq
msudasdgyapuaivguanszuunageiiouiluszuunar hisedieueadrada
AR I-PD #AIUAN PD Laziandugy 1P i 1deenuuy Budnfu aunseildnaieis
(8] St
1. M3oUNNTA lasI5HINAA1N0ANDY (backward difference)
2. MIdUNINGA 1AeIsnIwaa131 M (forward difference)
3. M3 Euﬁmmiﬁuﬁ'ﬁww"u{uﬁt'?'m?;uuﬂ1wgﬂ?af5§1uﬁlﬁu§ (trapezoidal integration
or bilinear transformation)
4. minffoufisunanisasuaussdedyaIuBuNadUsIAINIVAY  (impulse-
invariance)
5. MsnfSoUIMBUHANIIABUTUBIARD T YA INTTAUYBIAINIUANY (step- invariance)
6. MinfSoumoudumia Inauas 159090 IAN (matched pole-zero mapping)
oamnmsduiinialagiinnarsannsniuiiisiazainuazhoremsinny
wlasdyananuguanszuunmseiiosiiuszuuna lideries dafu Wimniing

» " ¥ [
9 lAden1d35il Tavaumsminnldlumsmlasdyarunuguiuuanlddsaumsi @.7)

@.7)

Taofi T Ao N 1¥n@9819 (sampling time) Hn1irodhiSud
msulasdyanuniuguuesdinuguriadygadeiios ldiuriiadyyiuly

aoiites lauitBuiinsannaA19na0en aunTaRNIRNADIINIMYBIAINIURY 19N

aunsh 4.7) SwduvenvmadusmmuesiusiFadeou s vealadFumsulasanloes

v
Tasaesavesauls s Daeonin 0 el
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Re(s) <0

Re(i_—l} <0
1z

A v - . w2
10990 7> 0 e uazdunlsiFdouz =o+ jo aniuez1la

Re(ﬂ)d)
o+ jo

¥

& a o a9 A M A o A 1 o
°1N‘l;ﬂm'llmﬁﬂﬂiﬂwl'lm»ﬂﬂ’.mﬂi1‘!5~1°1if)u z ﬂﬂwuﬂﬂ1u1u1\1ﬂﬁNiﬂu 5 ?ﬁﬂuﬂﬂﬂ“‘

o ] 1 ar P o " aooa oy "
ANLHUY 5,0 vouszu z Awaaaluzln 4.5 Tasssmunmsduinsa lasisnnania

h.

aanevasanlasiinugustiadyaudeiioshiimdosnm iludnuguaiiaaiaean

.

HiadosnmIfeue uaguauiansaoaueITIvazIAz AUANTANIABTUDUTIANID

VOIRINIVAUILUANA WA

jo A Im

JEU S CUHN z

() (v)

3N 4.5 vouaadosnmlumsduninsalavitninadsnanes

4.4.2 MmlaadyeNaR VANV IITULAIVANNISINGBUTIVEIINATUIINTZINA
aasailuszuunahineiiea
Ay IUAIVANVBIAINILAY I-PD YDITZUUAIUANMIIAADUNVDITOIATUIAAIAY

1 ¥
314 4.2 11 fAe



28

U,-m(s)=%E,(s)—(KW+K¢s)X(s) @)

-1

Wounum s = asluauns @.8) 1214

K, 1-z"
Ur (@) =1 7 E(2) ~[Kp + Ku ()X (2) 4.9)
T
A " 1
uazoUANMS (4.9) AW nagesdnanz1d

1™

2
]X(z)+ K [—T—J X(z) (4.10)

(]—TZ_I JUJ—PD(Z) =K,.E (2)- K,n [l—z‘l

(4.11)

(]_; : )U,_m(z) _RIEE)- K T|1-a )A;(f )= Ka(1-227+27) X(2)

Uy_pp(2)-2"Up_pp(2) = K, TE(2)- K, (1- 2 )X(z)——%(l—IZz" +27) X(2) (4.12)

U, »p(2)= KKTE(z)—KmX(z)+Kp,z"X(z)—%X(z)

+ 20 X @)=L ()4 27U, 2) (4.13)

o

v
nasnnulasuranniund) s 1ddgauniuguuesdiniugy 1-PD Asil

u;_pp(nT) =K, Te (nT)—- K, x(nT)+ K, x(nT -T)— KT“‘x(nT)

_._2‘?* x(nT-—T)—--%-x(nT =2+ u,_pp,(nT -T) (4.14)

4.4.3 M3noad NN IUANVBISZUUAILANM IAARUINIIVOINIILIINTZVUNM
U A. L 4'
aorieuiuszvunalhineries
in Inssardevesszuunlugumsanyuundsveanszuaafagii 4.3 o2 lddyanm

AIVAUYBIAINIVAN PD UAAIAITUNIIN (4.15)
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Upp(5) = (K g + K1y Ey (5) (4.15)

-1

TurueuaeIfUAUNITD 442 NAIINUNUM 5= aaluaums 4.15) ndnz1d

U,p(2) = KWEa(z)+£—;i(Ea(z)—E9(z)z") (4.16)
uaziiouasuanniiuuds a2 18dyanuaruguvesiinIugy PD fail
up,(nT) = Kpae,,(nT)+K?‘“’-(ea(nT)—ea(nT—T)) (4.17)
4.4.4 nmnlmﬁ’ng;mmuf;mmsz'u‘umuqummm’aﬁanﬁammzuunawimﬂaq
Duszuunarhineries

nnInsadnvesszuumuguaNueFondtig i 4.4 s lddyanuniuguues

@INNY 1-P HAAIAIANUNISN (4.18)

K.
U, o(8)= T” E,(s)- K, L(s) (4.18)

3
UM s = asluauns (4.18) wiownadagilaumsintez1d

U, »(2)=K,TE,(2)- K ,L(2)+ K ,L(2)z"' +U,_p(2)z”" (4.19)
A a 9 ar a [ Gﬂ’
uazioulasusanniund) sz lddyg uniunguuesdIniug I-P Al

u,_p(nT)=K,Te,(nT)- K I(nT)+ K I(nT —=T)+u, ,(nT -T) (4.20)

nsmdanuAIRUYesAInILAY I-PD uaz 1P lunsdfdenisiiunnmsves
NaRPUTUBIRILTE CRA wnszuunmderiouiiuszuuna hiserleiy LA CER T,
AYYIUAIWAUYDIAINIVAY [-PD uag I-P miloufuaumsi (4.14) uag (4.20) Roauam
yoamsiinesuesdInIugy I-PD waz I-P i Idezuandreiu dnfu Saamnselddyane

auguieglugilvesdunisi (4.14) uaz 4.20) unu'l@
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ﬂ‘l‘i‘ﬁ‘lﬁ'i)\‘l!lﬁzﬂ‘lﬁﬂﬂﬁﬂ@‘ig‘ﬂﬂﬂ?‘ﬂﬂﬂ

TuunilaznandansmiladfusoTeuvesszuuasy %wzﬁﬂﬂtjmsaaﬂuuu%
AT MFUIZVVIATUAILIE CRA winhdnuaei leenuuuuda lunadey
PszdaniamlaonisiiassnmisaiuguszuudloTilsunsuneuinnes (MATLAB) )
Funeuluminameudaiine JumeunsNMATEURARBYAUBIVEITTULTA iHiofMun
BUNAVBIITUVAILANNIIADUAVDITNIATY HAZSEUIAILAUATNI IS onaAuT LYY
u %uaauﬁﬂmﬁﬂmmmﬁ'uﬁufilmmiaamm‘uﬁamuqn 1-PD MomsilSuawrlnines
k, Wiisnnnndmila ez lliimadusnsdananionall - Tavhin/dousmsiimesvos
STVUIATH A INHI819899035INTUIAZANINO AT ONAAL nazfinuIgNTinase1alsiy

E ]
HAADUANDIVDITZUY  YUADUNMIUANY IHAYDINSDONILVAINIUAY I-P AdomsilSumm

L4 [ 4 P ] 4 ' = s o v -
unmnes £, Idiisunnnimits Taolin/fouasmmsilimesvesszuunsu dumisdreda
e [N
YOIINATULAZANINAFONAD TUABUNTANY IHAVDINITOONUVVAINIVA I-PD LAZI-P

ar ' o = e 1 A U s
arwmsisunminmes k uaz & lunandvanuiilinasdielsiunansuauessvesszuy

el "
ar =

TuaouAivImaToUANUAINUYEIFIAILNUIETONIIETINeT (M) veesTULIRANS
Wasunas Suseuiinamageumsmsanansznunndssunanluizuy  uazdunou
qaio naceumsAnn Ay Ia81989¥893UUAIANMIINADUTVEITDIATY HAZTZUY
muAuANIETITeNaA R I Fimdanniianumamsiinesnudunoui 1@ndn
wdhedunds snhdnuguitesnuuunaugquszuuasumiledsus lufenl§iams Ty
fifuneunsnansusuRnIfuRUTuReuMs h1asdau T sunsuRouRIAG
dmiuTnssadevesszumasumilofsue mimmindimesvesszuumsnieud
VBITNIATY HAZITVUAIVANANINGI TN AAIVINHAADUAUBITZUVINTA 5IUDINT3
ﬁinsm‘uﬂﬁusmwszunmnquu uaraalumanuan 0. dausiwazidoavesginsalillu
M3nURUsTIUIASLINiTaRTHZIaz2995 7 19 un1snanes uaaslunianuan v. uaz
Tsunsuitldmmuuirnemundamanivesssumasumilefsuy  uazadiednaugy

I-PD PD uag I-P uaadlunianuan .

dar 1 -

5.1 ﬂi‘lﬂf“ﬂ"ﬂiﬁ“ﬂﬂ@ﬁﬂlﬂllﬂ'ﬁul“Naﬂ'i‘l!l?a‘
o o - e o g; g A ]
dmsvszvunsumilefsyz ludesfiansuaadlddegn 50 u Weldaives

) ot o as
‘MS1ulﬁﬂiﬁﬂ1n1iﬂiﬂ1mﬂﬂﬁw uﬁ:’:1§“ﬁﬁﬂ'ﬂﬁuGQ'ng’J'JQigﬂﬂﬂQigu‘UEﬂs HAIHANI
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A ' = 4 A P
'ﬂﬂaﬂqjﬂ-‘lﬂ‘]ﬂﬂu')ﬂ . INDHVINTWITTURDT Kr llﬁzbm VAITSUVUMINADUNVDITNTULDS

a o a v asda =) y
WMAe3 K, uay b, 135zuUMuguanueIFendanisn ldesue 3 luumi 2 uda

1 - [3 g - Vo P
ﬂ'l'""l‘i'llllﬂﬂiﬂﬁﬂﬂﬂ'uﬂ\ﬁS‘U‘Ulﬂﬁiul'ﬂuﬂﬁi‘ﬂzﬁ1ﬂ1iﬂﬁ§ﬂ1ﬁﬂ~3ﬂ15107‘ 5.1

310 5.1 amawszuumsumiiofsuz ludenlfiiams

ﬂ'lfl\!‘ﬁ 5.1 W13 "lﬁlﬂﬂgiﬁlj‘ljlﬂiu!ﬂﬁﬂﬁiﬂz

yimrinuessoinsy M 6.12 kg
vminveanse m 1 kg
AnweTISenads (Rszvziudu) 1 0.8 m
usalviuaaelan g 9.81 m/sec’
MneiilsvesszuuMsIndeuivessanIy K, 0.6281
mAsiils e zUIAIIUATNI TS K, 0.0684
Fulszinianudvanmuvesszuumsindeuiivessomnsu b, 12.24 N sec/m
FudszAnianudvamuvesssuumuguanueaFendas b, 10 N sec/m

w & o S 1 i 4
AIUU NNTAUNIIN (2.33) vz'lé'ﬁaﬂwmﬂiawms:numsmﬁaummimﬂsuﬁa

_ X(s) _ 0.1026

=56 s(s+2)

(5.1)

UATINAUNSN (2.34) WeRaaninnunuFenaas I agnszozuau 0.8 was  wld

dar 1 ' [ .zs’
ﬂ\]ﬂ‘lﬂlﬂ'lﬂiﬂﬂ'ﬂ8‘3'i$1J1Jﬂ’I‘illﬂ']~i1lﬂQﬂ'lﬁ'$ AU
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0.1283
G,o(s) = o —— 2 (5.2)
D/(s) s +2s" +12.26s+24.52
LAZNAUMIN (2.35) 92 1adansume Touvesnnuerudenaasne
L 0.06838
G,(s)= & (5.3)

V(s) s(s+10)

— a " o o " A A
1NANNISN (5.1) 1oz (5.2) wwmunlandunie louvesszuumsnaounvessonsy
3 ¥
HAZIZUUMITUNNVBINTSITUDUNAALINY iesnnniaesszuiinNuduRuEIuAe
A A 4  oaqy a 4 A dy g
Wesamsumadaunzm Idnsznanmsunday laoninsnmsunaaundlon 510 3
J o o~ s A i 1

undaveamszezann  lwhwesdoady  winsamsuntoundloanusies  yuniavea

Aszaziiooainlidne

5.2 MNABIV8RNIAILAN I-PD PD 1oz I-P dnsuszuunsmmiiensys
MIBBNUULMNI IR YoammugudmMiuszumnsumilofsye awmisoanilu 3
doudail AuINABMIDENLUIMN TR VBIRINIAY 1-PD dmiunIugumsadewi
yosnnsy laotmualimoasidiuguanyue o =4 uaz a, =4 uazAmnsdanani
il 7 =4 %t daudamnfiomsesnuuumsiiinesvosdinrugy PD dmiuaayuunie
y0an13z Taodmualimoasidiugudnuuz o, =2.89 uag a, =0.07 uazmasiinm
worialyl 7 =0.86 Sunit dslumseenuuudiniunu PD suszifeneenuuuiiniueidon
I v 0.8 wAs uazdIuganenonsoenuuUmNIsIHMesvesdIn Uy I-P dmiuaIugy
amuemveuFenads Taedmualimdasndungudnvue o, =13.33 uaz @, =0.3 uaz
masdanionall r=2 Fwii medmuamsandiugudnyas  uazdneiananio
ﬁ'o"lﬂﬁgmmf':'lﬁinnms*fnammﬁmuquszumﬁ‘amﬁnﬁmmzﬁn (trial and error) HAZYIN
FunpunseenIIMTADIYBITINIANAITT CRA H10T1noluumd 4 udniu 9218

= o w @ i
WITTUADIVDIAINIUAU I-PD PD uag I-P llﬁﬂ\iﬁﬂﬂ'ﬁ‘l@ﬁ 5.2

i = o as
A3 5.2 W15 1AD3 VOIRINIVAY

AINIVAY a, a, T (sec) K, K, K,
I-PD 4.00 4.00 4.00 38.98 9.74 19.49
PD 2.89 0.07 0.86 40.00 - 10.00
1 1333 0.30 2.00 194.89 97.44 -
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{ ) o o a '
VNANTNA 5.2 MUNAIMLG 1P dmSumuquanueivenaasziii K,
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o ¢
A.l Tﬂmﬂmmuuumuoam»m&nmnﬂﬂonzuummmﬁ'aﬁmz

o
(Tsunsuuuauan)

format short;

M=6.12; y1=1.433; y0=0.535; x1=4.5; x0=2; a=(y1-y0)/(x1-x0); T=0.5; bm=M/T ; D=7,
kr=(a*bm)/D; g=9.81; T1=0.1; m=1; L=0.8; bl=m/T1; y11=0.673; y00=0.126; x11=5; x00=1;
v=20; al=(y11-y00)/(x11-x00); kl=(al *bl)/v;

A=[ 0 1 0o 0 0 0 ;
0 -bmM 0o 0 0 0 ;
0 0 01 0 0 ;
0 bm/(M*L) -g/L 0 0 0 ;
0 0 0 0 0 1 ;
0 0 0 0 0-bl/m J;
B=[ 0 0;
kr/M 0;
0 0;
~kr/(L*M) 0;
0 0;
0 kl/m];
c=[ 1 0 0 0 0 0 ;
00 1 0 0 0 ;
0 0 01 0 ]
D=[ 00 ;
00 ;
00

states={'distance' 'distance_dot' 'theta' 'theta_dot' 'length’' 'length_dot' };
inputs={'u_distance' 'u_length'};
outputs={'out_distance' 'out_theta' 'out_length' };
sys_mimo=ss(A,B,C,D,'statename’ states,...

'inputname’,inputs,...

'outputname’ ,outputs);

tf(sys_mimo)



a.2 Tsunsammniiinedvesdanaugu I-PD PD uas I-P #2835 CRA

Mlsunsunuaudu)

A.2.1 MAUAN I-PD
%Parameter I-PD for Trolley Position%

tau 1=4;
alphal 1=4;
alpha2 1=4;
a3 1=1;
a0 1=(a3_1*alpha2 1*(alphal_1)"2)/tau_1"3);
al 1=(a0 1*tau 1);
a2 1=(a0_I1*(tau_172))/alphal 1;
Psl=[a3 1a2 1al 1a0 1];
Kdl = (a2_1-2)/0.1026;
Kpl =al_1/0.1026;
Kil = a0 _1/0.1026;
sysl =tf{[a0_1],[a3 1a2 1al 1a0 1]);

7.2.2 A2AUAN PD
%Parameter PD for Load swing Angle%

tau 2 =0.32;
alphal 2=3.02;
alpha2 2=10.07;
a3 2=1;
a0_2 = 25.36;
al 2=(a0 2*tau 2);
a2 2=(al_2*a3 2*alpha2 2)"0.5;
Ps2=[a3 2a2 2al 2a0 2];
Kd2 = (2-a2_2)/0.114;
Kp2 =(12.68-al_2)/0.114;
sys2 =tf{[a0_2],[a3_2a2 2al 2a0 2]);



7.2.3 AIAWAU I-P
%Parameter I-P for Hoisting Length%

tau 3 = 2;
alphal_3 = 13.33;
alpha2 3 = 0.3;
a3 3=1;
a0 3 =(a3_1*alpha2 1*(alphal_1)"2)/(tau 173);
al 3 =(a0_l*tau 1);
a2 3=10;
Ps3=[a3 1a2 1al_1a0 1];
Kp3 =al_1/0.06838;
Ki3 = a0_1/0.06838;
Sys3 =tf{[a0 _1],[a3 1a2 1al 1a0 1]);
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a.3 lsunsunlasveyandneariiudagne PWM

(TIsunsun1un Assembly voa'lu TnsnouTnsames AT89C2051)

org 0000h
start: mov a,pl ; from port printer (0x378)
clr p3.0
cjne a,#00h,start
main: mov a,pl
mov r0,a
cjne a,#00h,stop 1 ;stop ifa=00
clr p3.0
ljmp main
stop 1: cjne a,#80h,next 1
clr p3.0
ljmp main
next 1: mov a,r0
anl a,#80h
cjne a,#00h,chk_dir
mov a,r0
cjne a,#7fh,next Ipl
setb p3.0
ljmp main
next lIpl: clr p3.1
mov a,rQ ; backward direction
loop_dir: mov r3,a
cjne a,#7eh,lpl
mov r3,#7eh
mov r4,#02h
Icall pwm_out
ljmp main
Ipl: mov a,#7fh

subb a,r3



loop_dir2:

chk_dir:

next Ip2:

next_lp3:

pwm_out:

delay on:

delay off:

pwm_off:

delay:
dell:
del:

mov r4,a

cjne a,#00h,loop_dir2
clr p3.0

ljmp main

Icall pwm_out
ljmp main

mov a,rQ

cjne a,#80h,next lp2
clr p3.1

ljmp main

cjne a#fth,next 1p3
setb p3.0

ljmp main

setb p3.1

mov a,r0

anl a,#7fh

ljmp loop dir
setb p3.0

djnz r3,delay on
clrp3.0

djnz r4,delay off
ret

mov r3,#01h
mov r4,#7th

Icall pwm_out
ret

mov 16 #fth

mov r5,#fth

djnz r5,del

djnz r6,dell

ret

end

sforward direction
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f.4 Isunsunaugumanhauvssszuuasumilei e
(lsunsunmnd)
* )

Sample program for Interface DA (digital to analog) PCI boards under MS-DOS/PC DOS.
Console application for C language
Copyright 2001 Interface Corporation. All rights reserved.

*/
#include <stdio.h>
#include <time.h>
#iinclude <stdlib.h>
#include <string.h>
#include <conio.h>
#include <dos.h>
#include <bios.h>
#include <process.h>
#include <math.h>
#include "DA.H"
#include "GETBAR.H"
#include "i2c x L.h"
#include "i2c y 1h"
#define drive_port 0x378
#define run_dat "C:\\WIN98\DESKTOP\\P.NOO\\DATAREAL.m"
#define cls(l); { short i; for(i=l; i<25; i++) lineclr(i); }
#define Locate(x,y) printf("\x 1b[%d;%dH", (y)}+1, (x)+1)
#define lineclr(1) printf{("\x 1b[s\x 1b[%d; 1H\x 1b[0K\x 1b[u", +1)
#define range DA 10V

PCI_CONFIG PciData; DASMPLCHREQ SmplChReq[Z]; DABOARDSPEC BoardSpec;
HANDLE OpenBoard(void); void INITIAL DTOA(void); void CLOSE DTOA(void);
/!

// Function void main()

"

int main(void){ HANDLE hDevice;
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// parameter of encoder

unsigned int adr0,adrl,bus_info; unsigned int IByte; unsigned int mByte; unsigned int hByte;
unsigned long dwCounter; int key;

// system variable

float sam_time = 0.05; float ts = 0.00; float run_time = 0.00; int stop_ang_count = 0;

clock tstart,end; int dis=0;

// digital to analog

int ret;int hexout=0; float volt=0.00; WORD DaDatal[1];

/[ variable of rope length

float dif_length = 0.00; float length_old = 0.00; float Kil_length = 0.00; float Kp1_length = 0.00;
float Kd1_length = 0.00; float length_ref=0.00; float length_ft1 = 0.00; float length_ft2 = 0.00;
float length_fi3 = 0.00; float length_ft4 = 0.00; float length ft = 0.00; float length_ft old = 1.00;
float length_Kp1 = 0.00; float length_Kil = 0.00; float length_Kil_old = 0.00; float length Kd1
= 0.00; float con_length = 0.00; float con_length_old = 0.00; float length_err = 0.00;

float length_err_old = 0.00; float length_err_old1 = 0.00; float rope_length = 0.00;

float rope_old = 0.00; float length_ret = 0.00;float move_length = 0.00;float value length = 0.00;
int direction = 0.0; float rope_length_old = 0.00; float con_length_old =0.00;

/[---> variable of distance

float con_float = 0.00; int con = 0; float con_i = 0; float con_i_old = 0; float con_pd = 0;

float con_pos = 0; float con_ang = 0; float vel = 0.C0; float pos = 0.00; float pos_err = 0.00;
float pos_err_old = 0.00; float dif pos_err = 0.00; float dif_pos = 0.00; float pos_ref = 0.00;
float pos_old = 0.00; float con_Kp = 0.00; float con_Ki = 0.00; float con_Kd = 0.00;

float pos_ft = 0.00; float pos_ft1= 0.00; float pos_ft2= 0.00; float pos_ft3= 0.00;

float pos_ft4= 0.00; float pos_ft_old = 0.00; float pos_ft_old1 = 0.00; float pos_err_old1 = 0.00;
float con_pos_old = 0.00; float pos_length = 0.00; float pos_refl= 0.00; float pos_ref2= 0.00;
float pos_ref3= 0.00; float length_refl = 0.00; float length_ref2 = 0.00; float length ref3 = 0.00;
float pos_old = 0.00; float pos_old1 = 0.00; float con_pos1=0.00;

// variable of swing angle
float ang = 0.00; float ang_err = 0.00; float ang_err_old = 0.00; float dif ang err = 0.00;
float ang_ref = 0.00;
/I controller for Position

float Kp_pos = 0; float Ki_pos = 0; float Kd_pos = 0;
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// controller for swing angle
float Kp_ang = 0; float Kd _ang = 0;
/| open file

FILE *run_fin;

clrser();

run_fin = fopen(run_dat,"wt+");

fprintf{run_fin,"source_matrix = [");

// Set initial value of Digital to Analog PCI Card (PCI-3345A)

INITIAL DTOAQ);

hDevice = OpenBoard();
DaGetDevicelnfo(hDevice, &BoardSpec);

SmplChReq[0].ulChNo = 1;

SmplChReq[0].ulRange = range;

// Initial Encoder PCI Card (PCI-6201E)

PciGetConfigRegEx(1, 0x1147, 6201, 0x1147, 0x0011,&bus_info, &PciData);
adr0=PciData.Base Addresses[0]&0xfffc;
//adr1=PciData.Base Addresses]| 1 ]&0xfffc;

/loutp(adr0+0x08,0x06); // forward direction

outp(adr0+0x0d,0x01);

// initial LM629 for read data from encoder (distance and swing angle)

INIT_LM629(); INIT_LM629_y(); SET_PID_FILTER(l, 1, 1, 100);

/l Manual adjust rope length ( <-- for down & > for up )
do

{ ifibioskey(1)!=0)

{ key = bioskey(1);
switch( bioskey(0) )
{  case 0x4b00 :
{ iflvolt < 24)
{volt = volt+1;}
else
{ volt = 24;} } break;
case 0x4d00 :
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{ if{volt > -24)

{volt = volt-1;}

else
{volt=-24;} }
break;
case 0x5000 :
{ volt=0;} // for load 5kg
break;
default : key = 0x011b;
}//end switch key
Hiend if

hexout=((volt+24)/48)*4095;
DaData[0] = hexout;
ret = DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );
outp(adr0+0x0c,2);
IByte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounter= I1Byte+((unsigned long)mByte << 8)+((unsigned long)hByte<<16);
if (dwCounter < Ox7fifff)
{dwCounter = dwCounter;
rope_length=(dwCounter*0.00002826) ; }
else
{dwCounter = Oxffffff - dwCounter ;
rope_length=-(dwCounter*0.00002826) ;} //1 round (8000 pulse) = 5.6 cm
/Irope_length=(dwCounter*0.00000375) ; /1 round (8000 pulse) = 3 cm
ang=READ ANGLE_RADIAL();
if (rope_length > 5)
{ outp(adr0+0x0d,0x01); }
else
{ printf(" \nrope_length: %4.41f\t " rope length );

printf(" volt : %f\t" volt);



96

printf(" ang : %f\t",ang); } } while( key !=0x011b );
volt=0; // volt = 8 for load 5kg
hexout=((volt+24)/48)*4095;
DaData[0] = hexout;
ret = DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );
// Control rope length with PID controller designed by CDM
clrser();
printf("start value of rope length = %f ", rope_length);
printf("\ndistance value of rope length (0.3-0.4)m =");
scanf("%f", &length_ref);
/* length_refl = 0.2; length_ref2 = 0.3; length ref3=0; */
move_length = rope_length + length_ref;
length_ret=rope_length;
/frope_old= rope_length;
printf("\npress anykey for clear port.");
getch();
outp(drive_port,0);
f/—— data input —————/
printf("\nEnter distance :");
scanf("%f", &pos_ref);
pos_refl=1; pos_ref2=1.5; pos_ref3=0;
// alphal=4 alpha2=4 tau =4
Kp_pos = 38.98; Ki_pos =9.746; Kd pos = 19.49;
Kp ang =40; Kd ang = 10;
Kpl length = 194.89; Kil length = 97.44;
printf("\nPress any key to start......");
sound(700);
getch();
nosound();
/1ts=0.00;
run_time = 0.00;

start = clock();
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do
{ end = clock();
ts = (end - start) / CLK_TCK ;
if (ts >= sam_time)
{
ang = READ_ANGLE_RADIAL();
ang_err = ang_ref - ang;
dif ang err = (ang err-ang err old)/ts;
con_ang = (Kp_ang*ang err+(Kd ang*dif ang err);
pos = READ_REAL POS();
pos_old = pos;
pos_oldl = pos_old;
pos_err = (pos_ref - pos);
dif pos = ((pos-pos_old)/ts);
con_i = ((Ki_pos*ts*pos_err);
con_pd = ((Kp_pos*pos)- (Kp_pos*pos_old)+ ((Kd_pos/ts)*pos)
+ ((2Kd_pos/ts)*pos_oldH+ (Kd_pos/ts)*pos_old1);
con_pos = con_i - con_pd + con_posl;
con_float = con_pos - con_ang;
con_posl =con pos ;
// rope length
outp(adr0+0x0c,2);
IByte=inp(adr0+0x00);
mByte=inp(adr0+0x00);
hByte=inp(adr0+0x00);
dwCounter= IByte+((unsigned long)mByte << 8)+((unsigned long)hByte<<16);
if (dwCounter < Ox7{ffff)
{dwCounter = dwCounter;
rope_length=(dwCounter*0.00002826) ; }
else
{dwCounter = 0xffffff - dwCounter ;

rope_length=-(dwCounter*0.00002826) ;} //1 round (8000 pulse) = 5.6 cm



/lrope_length=(dwCounter*0.00000375) ; // rope length start at 23 cm.

// control signal for rope length

length err = (move_length - rope_length);

//dif length = (rope_length-rope old)/ts;
length Kpl = (Kp1_length*rope_length)(Kp1_length*rope_length old);
length_Kil = ((Kil_length*length err*ts)+length Kil old);

con_length = (length_Kil-length Kpl+ con_length old);

con = (int)(con_float);
rope_length old = rope_length;
con_length old = con_length;
pos_length = (pos_ref/ 100)*90;
/* con=con+dis;
if (run_time > 25)
{dis=9;} */
/* if (run_time > 20)
{ pos_ref=pos_refl;
move length = length_refl; }
if (run_time > 40)
{ pos_ref = pos_ref2;
move_length = length_ref2;; }
if (run_time > 60)
{ pos_ref = pos_ref3;
move_length = length_ret; }
if (pos >= pos_length)
{ move _length = length ret; }
if (con >=0)
{ if (con>= 100)
{ con=abs((100)+128);
outp(drive port,con);}
else
{ con=abs(con+128);

outp(drive_port,con)} }
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else

else
{ if ( con <=-100)
{ con=abs(-100);

outp(drive_port,con);}

{ con=abs(con);

outp(drive port,con);}}

if (con length > 24)
{ con_length=24;}
if (con_length < -24)
{ con_length=-24;}

/* if (rope_length > 0.8)

{ rope_length=0.00;}
if (rope_length < 0.00)
{ rope_length=0.00;} */

// send Control signal to Driver motor
volt= con_length;
hexout=((volt+24)/48)*4095;

DaData[0] = hexout;
ret = DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );

{printf("\n");
printf("time = %4.4f",run_time);

printf(" ang = %4.4f" ang);

printf(" pos = %4.4f" ,pos);

/lprintf(" difpos= %4.4f"dif _pos);
printf(" length = %4.4f" rope_length);
/lprintf(" diflength = %4.4f" dif length);
/lprintf(" length = %4.4f" con);

printf(" con_l = %4.4f" con_length);

Mprintf(" 1 = %4.4f" con_i);}

run_time = run_time + ts;

start = end;
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rope_old = rope_length; pos_old = pos; pos_ft_old1 = pos_ft_old; pos_ft old = pos_ft;
pos_err_old1 = pos_err_old; pos_err_old = pos_err; ang_err old = ang_err;
con_pos_old = con_pos; con_length_old = con_length; length_err_old1 = length_err old;
length_err_old = length_err; length_ft_old=length_ft; length_Kil old = length Kil;
con_i_old = con_i; value_length = 0.8 - rope_length;
fprintf{run_fin,"\n"); fprintf{run_fin,"%4.4f\t",run_time); fprintf{run_fin,"%4.41\t" ang);
fprintf{run_fin,"%4.4f\t",pos); /fprintf{run_fin,"%4.4f\t",dif pos); /fprintf{run_fin,"%d\t",con);
fprintf{run_fin,"%4.4f\t",value_length); /fprintf{run_fin,"%4.4f\t" rope_length);
fprintflrun_fin,"%4.41\t",con_float); fprintf{run_fin,"%4.4f\t" volt);
//fprintf{run_fin,"%4.4\t" dif length);}}
while (bioskey(1) == 0); fprintflrun_fin,"\n ];"); fclose(run_fin);
/I clear all data set
hexout=((0+24)/48)*4095;
DaData[0] = hexout;
ret = DaOutputDA( hDevice, 1, &SmplChReq[0], &DaData[0] );
outp(drive_port,0); DaClose(hDevice); CLOSE DTOA(); return(0);}
1!

// Function void OpenBoard(void)
I/

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);}
void INITIAL DTOA(void)
{
char *pString;
pString = "/B=1";
spawnl(P_ WAIT,"dadrvi.exe",pString, NULL);}
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I-PD and PD Controllers Designed by CRA for Overhead Crane System
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Abstract: An overhead crane system controlled by an I-PD controller incorporating with PD controller is presented in
this paper. The characteristic ratio assignment method is employed to design the I-PD controller and the PD controller for
controlling the position of trolley and for controlling the load swing angle of the overhead crane system. respectively.
Using the concept of characteristic ratio assignment method. the speed of the step response can also be increased by using
a design factor k. The simulation results show that the step response can reach to the desired position without overshoot
and with small load swing angle. The slightly change of the step responses when changing the parameters of the overhead
crane system are also shown. The simulation results also show that when the speed of the step response is increased. the
load swing angle is large related to the speed increased while the disturbance effect rejection is fast.

Kevwards: Charactenistic ratio assignment, overhead crane system. I-PD. PD.

1. INTRODUCTION 4 .. .
y-direction Troll
The overhead crane systems are widely used in F ey
—_—X

industrial applications for loading and unloading in the
factory. The control purposes are to transport loads
quickly. safely and accurately. and to reduce load swing
angle. The control schemes previously presented for the
crane system include fuzzy control [1]. adaptive control
[2] and neural network [3]. These methods grve good

performances: however, they are complicated to design (N - S
and implement. i
A new design approach called characteristic ratio i
assignment (CRA) has been recently proposed by Y. C. Fig. 1 Model of overhead crane system.
Kim et al [4]. The generalized time constant and
characteristic ratios are introduced so that a desired The mathemarical model of overhead crane system can
charactenistic polynomial resulting in a desired response be found based on the Euler-Lagrange’s equation of
can be specified. Small or zero overshoot with arbitrary motion expressed as
speed in the step response is expected when CRA
method is used to assign an appropriate controller. If the dféL) éL
speed of the desired response is needed 1o increase, CRA ar g]‘g =0. O

method also mtroduces a factor to improve it.

In this paper. an I-PD controller and a PD controller
designed by CRA method for corporately controlling the
overhead crane system to the desired position with small
load swing angle is presented. The speed of the step
response can also be increased by CRA method with a
design factor k. Reference input tracking, load variation.
rope length variation and disturbance effect rejection 1 1 )
properties of the designed crane control system are KE ==M +=m(i" + 210l cos 6+ FF). @
investigated by simulations and reported in this paper. ; 2

where ¢ is the generalized coordinates. O s the
generalized force of system and L is the Lagrangian.

From Fig. 1. the kinetic energy of the trolley and load
(KE)and the potential energy of load (PE) are evaluated
as

PE =-mgicosé 3)
2. DYNAMIC MODEL OF OVERHEAD

CRANE respectively, where g is the gravitational acceleration.
Tk ioadiand ey pyoan T Hence, the Lagrangian of the crane can be written as
Fig.1. where M is the mass of the trolley. 1! 1s the mass [ =KE-PE
of load. / is the rope length. @is the load swing angle.
A is the position of trolley, F, is the control force of the

=& s Lo 42801004 6 Y+mglcosf.  (4)
trolley. 2 3
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In this case. ¢ = [x B]r and the equations of motion
can be derived as

f =27\
A |-Z o F b )
df\t‘!\') cx
and
diéLy éL
== 0 6
dr\ééJ é6 )

where b, is the viscous damping coefficient of the trolley
motion. Consequently, Eq. (5) and Eq. (6) can be
respectively rewritten as

F,-b, =(M +m)i+mi(@cos@—-8 sinb) %)
and
0=16+3cos@+gsiné. (®)

The control force of the trolley F, . when the electnical
dynamic 1s consider negligible, can be approximated to be

F,=K_T, =KD ©)

where K, and T are the trolley motor constant and
torque respectively. D is duty cycle which is the mput to
current driver of the trolley motor and K 1s a force
constant of motion. By using Lyapunov’s linearization
method, the linear equation of motion m Eq. (7) and
Eq. (8) can be given by

g=n;. X p (10)
M

F

and

b_'{-_Mg__KLD‘ (11)

B M1 Ml

and their transfer functions respectively are

x(s) = K, 12
D(s) s(Ms+b,)
and

D) MIP~MJs ~M+mMgs+~(M-nbg

These tansfer functions are employed to design the
appropniate parameters of controllers for the overhead
crane system by CRA method. Note that the values of
b, and K, are not known and can be found from the

experiment.
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3. CRAMETHOD

Grven a closed-loop transfer function for assigning an
appropnate controller [4]

9

G(s)=— = a4
as"~a _s" +. . +as+a,

where 1ts closed-loop polynomial is expressed as

P(s)=aps" ~a,_ 15"+ _+as+a9,Va, >0. (15)

From Eq. (15). the following characteristic ratios are
defined as

ay a a._
aq = 1 Ay m—=— ., Ay = n=) (I.G)
Gy thas qy-3

and the generalized ume constant corresponding to the
response speed of system with P(s) is defined to be
|

I=— an
aQ

The coefficients a; of P(s) can also be expressed as

a, =agr (18)

i
agl

a; =

fori=2...n (19

3 =l

2 3 =
Qa0 5.0y @

For a set of values of @;'s.7 and a;. the
corresponding polynomial P(s) can be determined. The

sufficient condition for stability of CRA method can be
ensured by the rule of Lipatov and Sokolov [6] as

Ja,a >1.4656.i=12 .n-2 (20)
@, 21.12374a; i=23. . .n-2 1)
- 1
a; = 1 - A, =0y =X . (22)
@ G

By changing the value of the generalized time constant to
be

b 1
1 =L 23)

f
I = i -
\dg

1
k

where & > 1. the speed of step response can be adjusted
without changing the characteristic ratios. Hence. the
closed-loop transfer function in Eq. (14) becomes

k"a,

a;s" ~ka, " < 4k o s+ k"ay

G (s)= 24)



In next section. the I-PD controller and PD controller
designing procedure using the CRA method will be
described respectively.

4. CONTROLLER DESIGN

The structure of overhead crane control system with
I-PD controller for controlling the trolley position and PD
controller for controlling the load swing angle of the crane
is shown in Fig. 2. In the following sub-sections. the
controller design procedure for each controller 1s

Fig. 2 Overhead crane control system.

4.1 I-PD Controller Design
From Fig. 2. the control signal U;_p;(s) of I-PD

controller designed by CRA method for trolley position
control 1s expressed as

K
Uropp(9) = = E, ()= (K, + K;5)X(2) @5)

where E, (5) 15 the error signal of the reference trolley
position .\, (5) and the desired trolley position. K is
the integral gain of the integral controller and K, and

K; are the proportional and derivative gains of the
feedback controller respectively. The designing steps are
then grven as follows:

(1) Assign the appropnate values of the characteristic
1atios &,. @, and the generalized time constant 7 to
find the closed-loop characterisic polynomal
P(s)of Eq.(15).

Find the closed-loop characteristic polynonual from
the closed-loop transfer function which 1s included
the unknown parameters of [-PD controller and
equate it to the closed-loop charactenistic polynomial
obtained from step (1) to find the values of X, . K,

and K.

If response speed improvement is required. the
factor k must be mncreased greater than one and repeat
the design procedure.
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4.2 PD Cantroller Design
The control signal of PD controller for load swing
angle control i Fig. 2 1s

b’PD(‘)=(K) 'KdI)EE(J} (26)

where Eg4(s) is the error signal. K and K are the

proportional and denivative gains of the controller. Then,
the designing steps are given as follows:

(1) Follow step (1) as stated 1 sub-section 4.1.

(2) Find the closed-loop characteristic polynomial from
the closed-loop transfer function which 1s included
the unknown parameters of PD controller and equate
it to the closed-loop charactenistic polynomial
obtained from step (1) to find rthe values
of K and K.

Next section 1s the simulaton results of the position
and load swing angle when all designed controllers are
emploved.

S, SINULATION RESULT

The transfer functions of Eq. (12) and Eq. (13) for the
crane system are first found by using parameter values
shown in Table 1 [5].

Table 1 Parameter of overhead crane system.

Mass of wolley (M) 6.12 kg
Mass of load (m) 1.0 kg
Rope length (/) 08 m
Gravitation acceleration (g) 981 misect
Viscous damping coefficient of 12.32
motion (b, ) N-secim
Force constant of motion (K,) 0.57024

Then. the gains of I-PD and PD controllers are
respectively assigned for factor & =1.0 from the design
procedures stated 1n sub-section 4.1 and 4.2 are
summanzed in Table 2. v

Table 2 Parameters of the controllers whenk =1.0 .

Controller | @ a r K, K; K,
I-PD 40 | 40 | 40 | 3898 | 974 | 19.49
PD 302(009]032| 400 - 10.0
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The control specifications are to control the trolley
moving from Om to 1.0m with small load swing angle.

5.1 System Responses

The results of wolley motion control and the load swing
angle control when the value of the factor &k =1.0 are
firstly investigated as shown in Fig. 3.
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Fig. 3 Crane system responses.

It 1s seen that the crane can move to the desired
position without overshoot and steady-state error. The
load swing angle is also small. The system performances
are summanzed in Table 3.

5.2 System responses with the variation of factor &

In CRA method. the speed of the response can be
adjusted by a factor k. The responses when & in the I-PD
closed-loop transfer function increased from k¥ =1.0to
k =1.8 are also included in Fig. 4.
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Fig. 4 Responses when the factor k 1s varied.

Table 3 I-PD controller parameters and performances.

- : 2 ‘, I,
il B = e (sec) | (sec)
10| 3898 | 974 | 1949 | 64 | 122
13| 6588 | 2141 | 3118 | 49 94
15| 8771 | 3289 | 3898 | 42 82
18| 12631 | 5684 | 5068 | 35 6.6

It can be observed from the figure that the larger value
of the factor & will result the faster response but with
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larger load swing angle. The system performances when
the factor k is vaned of the system are also summarized
in Table 3.

5.3 Effect of load variation

In this subsection. the effect of load mass varied from
0.3 kg w 3.0 kg 15 investigated. The responses of the
trolley position and load swing angle of overhead crane
system are shown m Fig. 5 and it 1s seen that the variation
of load does not significantly affect the system response.
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Time (s2c)

Fig. 5 Responses when load 1s varied.

5.4 Variation of rape length

The results of trolley motion control and the load swing
angle control when the rope length is chenged from 0.7 m
to 0.9 m are shown in Fig. 6. It can be seen that the
response are not different when rope length is varied.
Hence. the variation of rope length does not significantly
affect the system response.
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Fig. 6 Responses when rope length 1s varied.

5.5 Disturbance effect rejection

In this section. the capability of disturbance effect
rejection with different values of factor k 1s mvestigated.
It 15 seen from Fig. 7 that the larger the value of k. the
faster the disturbance rejection of the trolley position can
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be achieved. However, the larger value of the factor k
will cause the larger load swing angle when the
disturbance entening at the trolley position.
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Fig. 7 Disturbance effect rejection capability.

6. CONCLUSIONS

In this paper. the I-PD and PD controllers designed by
using the CRA method for the wolley position and load
swing angle of overhead crane system have been
proposed. The advantage of CRA method for designing
the control system so that the system performances are
satisfied not only in the transient responses but also in the
steady-state responses. have also been confirmed by the
simulation results. In additon, the improvement in
responses’ speed of the trolley position without affecting
the overshoot can be achieved by increasing the value of
the factor k grater than one in I-PD controller design.
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