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ABSTRACT

This thesis presents the simplified design of CDM controllers for the two-
inertia system model which is a higher-order plant model by using concept of the
plant model reduction and the Coefficient Diagram Method with the recommended
stability index.

The design and implementation procedures are divided into three steps.
Firstly, the fourth-order model of the two-inertia system is approximated to obtain
the first-order plant models by using three methods based on polynomial
approximations, namely, Padé type approximation method, Routh stability criterion
and Stability equation approach. Secondly, each reduced order CDM controller is
designed for each corresponding first-order plant model obtained from the first step.
Finally, each reduced order CDOM controller is employed to control the speed of the
two-inertia system.

The simulation and experimental results in controlling the speed of the two-
inertia system by usine three reduced order CDOM controllers show that the
performances of the control systems are quite similar without torsional resonance
and steady-state error but with small overshoot. Furthermore, the reduced order
CDM controller can reject the input disturbance effect as well as the load torque

disturbance effect.
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Wunuderrdulssanfiduizniseenuuuiauauuulamueud dsluuniles
namiandnnssigadnyeiunudaduuszand Tassadannssurerifunudeen
duusyans femuazeuduiuirendeeans Geuluafivsninvasisunuderduseans
g‘uLL‘umnmgwmmﬁ%‘uwuﬁqﬁwé’uﬂizﬁwé Beulvmadensinssell uasunudsrndulsedns
Feazodusluiadiaton 2.1 dwiumsandudunszuiuns Femsussnaaunswyuniy
Tuinendwusaduilashiauaiiiss 3 35 As BmsUsznauuunia inusiafiosnmeas
uavaunsiadesnw Javzeduneludedey 2.2

2.1 unudedrdulszans

Aan3191389u3 WU (Prof. Shunji Manabe) W iALBNSERNLUURIAIUANIIY
unudeinduysyans feldunudeinduussand (Coefficient diagram) Wuaissiiatums
ponuuuimuay iluAsnlivsransamuaranunsoeenuuumimuaulildaussouzves
spuumUANALIRBINTS lumsesnuuummusuiledldndnmeneiivadn Tagi

1. SEUUIQALVUAIEANNTNUIY

2. aumswanuadnsuslasmmuANEnseeantuulaniaufiy

3. wnulamnduysyavsgninntilumsesnuuusinuey

4. GeuluafissnmyesiSunudnduusyansezaguulsulunnumaifisives
anmon (Lipatov)

5. A590IaNg TN MM TE Y BMHUNIA TN AN
UNIFIUTBUAAADS (Kessler)

o 9

ﬁﬁwgﬂﬂmuﬂaqmmﬂgﬂ bUU

V-3 ' l{
2.1.1 lassafunasguvesdsunudsiduussans
ar | ar A‘ o - 3
lassafannsguredisunudsdiduyssdnsdmivisuudunafisaeiinmiien
(Single-Input-Single-Output: SISO) UsEnBUMBAIAIUANKULEADL warnIzuIums &y
wamsluguil 2.1
o = ¢ - = v
ATEUIUMSTRTEUUBUNMAD I WG Tuguin 2.1 Uszneume  4,(s) way

B,(s) ?iaag'l.ugﬂ mqumﬁmam‘luaumﬁﬁ (2.1) uay (2.2)

A, (5)= Pt +p st 4+ py (2.1)

B, ()=q,s" +qp 5™ +...+q, (2.2)



fasuniu

fRUANdRA ATSUIUNTS
: D(s)

»C(s)

P o et Y £ @ - a « =
UM 2.1 TassadhanesguvedisusudenduysvansdmiussuuBunaidsiowinmie

WasMIMUANWULEREY Usznausie 4 (s), B,(s) uag B,(s) Weglugunpuuuanisiay
aun1si (2.3), (2.4) uag (2.5) MuaRUAIL

A )=t +1 5%+ 4 (2.3)
B.(s)=k,;s* +k, s .1k, (2.9)
B,(s)=k, (2.5)

Taodl A<k uay m<k dwiu B,(s) duduwiRaweivosszuuaivay Faweviiili
m
B,(s) NAWAU £, zviilinasevausswesvuvbifidineafiu usitianaidu (Rise time)

nanavausIwaITruumuANlifisdawaafianugegia  (Steady-state error) e,
g1 wazdy B,(s) deanwviriudiawvesiiidudislouresdiiaiuan B.(s) A
HaReUauodA LAY wik92R I uTETeras uanlesnnsruumunuiiifeidudelou
wosamunn 2 Haidu fafufegnidendn ssuvassssduiuiad (Two-degree-of-freedom:
200F) Tnglasaasrevassyuy 200F Hu datunllunismununszuaunssng q asiili
sEUUAIUANTIUSEAVEA N (099N IrUL 2D0F awnsnfanudygadiidafitiunuas
annseirdadvinavesdyausunin Dis) Adanluszuuld

2.1.2 tsauaranuduiusneadindians
wLIALANEINlATIEBNAEIuTeYITuNuR A sE vt lugun 2.1 egl
= oemy & @ =l
finsHawmesazanunsonandlansaunisi (2.6)

P(s)= A.(s)4,(s) + B.(s)B,(s)

n
=a,s"+a, " ... +as+a, = Za,-s' (2.6)
pary



Wedt ay,4a,,....a, ﬁaé‘fu1Jssﬁw‘é'umwnumqmﬁ’nwmwmswma’ﬂm (Closed-loop system)
FuduuseandmanilseUsznaufenisfivesvensruiunsiinsvaudnasnsfines
maqﬁamur-qnﬁé’ahjmwm %am‘swﬁLma%ﬂaaﬁ'smnﬂuﬁazqnaanuuuﬁ'm%%'umuﬁqm
Fuseans faesldnanstely

FEnnsepnuuuimuauieIunuiimduyssdnd  ssdlunseenuuuainssuy
muawszuy  Taewisdiweiitldlunseonuuudemuny  sxuszneudiedinsseil
atesnm y, Fesndudifmuaaissnweesszuy wasAAInANYS T Faazlu
FfuaRIIS T ARBUAYDITBSEUY AsTiinasianaates i sduiuslnense
fuwvuinudneae dumdiiaadesnw (Stabitity timit) 7, ssdudiuenmunamuse
mMswasuulas dwiumnudiiuinnsadismansvosrinsseiiadiosnw y, Audusednd
voammuNANAnYE ansauandldfiaunsd 2.7) masfnaauya ¢ Auduussang
yosnyuINAuEnvME uanIsaunsT (2.8) wasdddaiadesnm 5 Audiessedl

= v s d v -4
l@fusnIN ¥, azkanlasaaunisi (2.9) Aal

2

¥y = — (2.7)
08
r ZfL (2.8)
a
. i 1
i = H = | ) Kol (2»9)
Y Yia

P W o & ' o = i as

Taef i=1,.,n—1 neanuduiusvosrnsstliafiosnm , luaunisn (2.7) wazainsh

AJ b o - =E L .

Landuys 7 Tuaun1sh (2.8) awninBeudulsedvs o, TamnUILANENENE P(s) M
aumsaoluil

i1
YiaY2 N =1 Yiej

‘d ) “r - A 1 1 d 8 Qr A
dounuAduussdns o, wiasradluaumsn (2.6) slamuuamudnwue P(s) neglu
WONUBIA a,, T WAy ¥, AL

n i-1
P(s)=aq, Z[H—}—J(n)' ++1 (2.11)

=2\ =1 Li-j

Feauns P(s) Washaniglumsesnuuuimaiunuiisisunudirmdulsyans soly
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Tumsfinsanadssnmdmivitunuddulssavatu  arlddoulumnmeiiios
duFuiatiosnmessdnimen (Lipatov’s sufficient condition for stability) lee@wman
na1n11 BldlunisesivaeuatiosnnueITEuLRg 4 1y FSveasigesing (Routh-
Hurwitz) Sumanzdmiutheninsanaiesnmesessuududu 3 wdedusu 4 ubiioame
samsiuninsuuafssnmesszuududiuge @ Awwenldlauedn szuududy 9
WITReTIUI # f veulAARESN TWYIN3e (Exact stability region) anansaeyunuli
aglugUiBedoudiil » 13 uivoulvmLEiBsAMFRinewe (Sufficient stability region) aatdu
dugervasaumadssaminiads daiu szudle @ eniliedssamuiidouls
s minaiiesagliiduiimelafinu fomeiindnihdeuluaiosnmusainmen
L‘TJuL‘iaulﬂﬁ%uag:ﬁ'ummwmﬁm

WNBesdeuddesnimrsnimi-eeiing Geulviafissnmueaszuududiu 3 uans

o

fatl
a)ay > azay (2.12)
Faannsodoulumenesissseiiadiesninie
ran >1 (2.13)
uavidauluadosnmuassEuuSusy 4 uanaiil
a, > (a;/ay)a, +(ay/a)a, (2.14)
¥2¥3 > 1 (2.15)

9INANNTH (2.9) (2.13) uas (2.15) annseaguilavluadiesnmdmiussuusudu 3 was 4

¥
o <

Teigvadl
¥, >y, @WMTUNAURe i=2~n-2 (2.16)

dmfussuududy 5 uazdufuiigeiuly Fwmenldausdoulawaifissdmiumud
wdpsnmuazalifiadosamessszuulivatssuuuy nqeifivnzautunsesnuuuia
AuAuMESWHUdsE A nanliin

ssuveriiafiosnwiredlewyundesdudu 4 yoyavesssuuiliadesnwiednn
e 112 wazssuuaslifiadosnmidedewyungesdudu 3 ungavasszuulid
L@dusnw

sy Reulmmaiisaitenisnaigeuriliadosnmussseuuuanddel



a, >1.12[a—’ia,-,r2 4 it a,-_z] (2.17)

i+1 i-1

y, > 112y, dwiunng Awes i=2~n-2 (2.18)
wardavlvnaifisaiensisasunilifiaiosnmusssruuuansldei

4,14, < a,,0; | (2.19)

¥on¥ S1 EMIVUNAYN i=1~n-2 (2.20)
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waaaildfwusdesssiiaiiesnm y, vn g arfidwvindu 2 \eann1seoadaian
uazAvAutemansuaussiiintulussuuAUALTisanuUURIEgULULTeY ITAE (ntegral
Time Absolute Error) fiaan AaRsI1384LI 8WUE wudl Msivuam1assyilladesnw
7 Wity 2.5 avhlinaneuaussiiagitu nanfe nansvauashifiivafuuase
Praduiiinanas fnfu Aesseiitadosnim y, wespiunesisunuiermdnseans Ae

Yol =TV =Yy =2, =25 (2.21)

1 as =4 ' g ) ., A W
wazAAWMaNYs 7 FedimndUIUAT AN ¢ dil
t, =257 ~37 (2.22)

NaunISR (2.11) ssiuimwnnuauanwe P(s)  18U3EnaumgAnim,
auya ¢ wazAassvllatiesnw g, fafu JUTBIHARBUALDITEITULIEgNTMUARIY
Ansseiliafiosnn y, uasAIISITBWANDUALBIISQNAIMUARIEAAIINIAANYA T i
AnALTRYBIGULUUINAT L TBSISUHUA A A sE RS anangoagUldal

1. dwmiuszuuriin 1 (Type 1 system) arliifiinnaiu uasszuurila 2 (Type 2
system) RedlmMnaAuUszann 40 Wesidus

2. mMatmuatiaatiusemanevaueessyuy  awrsaseniuuliainnts
AMMUARIAIRIANANYA

3. gﬁéqa‘zjmNama'uaumm’aé’mqpmﬁ‘?’uﬁ’u‘lmmi:uUmuquﬁaaﬂuwﬁ'mﬁ%‘uwuﬁa
Fd sy ﬂz‘hﬁuagﬁ’ué’uﬁwaawmuqmﬁnvmx'ﬂmszuu uaiaz‘i‘fuaq'ﬁumsﬁwuﬂm
assviliaiosnw y, uazAnAwaaNYa ©



o ] oo w t; = ar o ' v oW ]
4. fumistsalwansususezieiudiudunss uasiumisveslnandudugzey
aelu 49.5 931 9INuAUIIAULABNENII@IUNIIVUN (Damping ratio) ¢ uINAT 0.65
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b d %

-3 2 g | 1

0
e e
VouAUR1eY (1]

UR 2.2 swnisvesina

2.1.5 eulvnsidendessvilisfiosnm

nsi@enamssiafusnanmsgy  udsulvusiulunasaenuuuiiaiuny

Weliszuumuauiiadiosmmlazinanevauswnusesins srdlsin dnsseiadiosnm

i aunsouudsuldFeissyumuaiaussousauiionts ulunisuiuwdeussiesey
meldidouludi

¥, > 1.5;/,.. (2.23)

nmMsdenA1nssviliadosnn 7, ntaann IeisEuuAIUANIAINAIMUGDNTS
= - 3 - = @ =l
Wasuwamisdiweivaansruiuns  wavanleulvanuneiiesdmiviadesamlag
- o v - o w oo ' - v a
dnmen sruvsrliiatiesnm dassviliafesnmyndadidnannndt 1.5 dalasunisiigadlu
MmAdevesdwmen [11] uazdnssviliatiosnmiiAannnia 4 vasm evilvisnuesszuu
Wudnusauimun dniulasundasidend y, agsewing 1.5 6 4

2.1.6 unuRAduUszANS
w1 < s - -I1 o - o -
wnudsrduyssansifunissdionldlunmsesenuuummuay  Jwzilunissdioven
ANTIOULVDITEUUAIVANNGAD L@TETNIN LIA1UDINANDUAUBY WALAIUAMUYBITEUY
a i “<a { e td I."f 1 J
Tuunudaiduuszdnsazuanutunaasnivin nsmuuIsuanrnduyssansvamu
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P(s)=0255" +5* +25° + 25 + 5+ 0.2 (2.24)
Fulsvand «, VDINVUMANANEUE P(s) anunseuouldaad
a,=[0.2512210.2] (2.25)

v

AL OSYDY WNUEIANEUUSEANS wanalandil

¥i=[22225] (2.26)
T=35 (2.27)
7, =[0.510.9 0.5] (2.28)

& Q.:‘ o + ar 4 d. L € ar = A‘ 1 ol = 1 ° .
AU UHURIANELUSEEAND FUTENRUMBATENUIZAND o, AIATITULEIEININ », ANINA

a . i Y v o o -l & -
@iesn My, wazdimdnanauya ¢ wasdladegun 2.3 dmsuzunl 24 duuansis

Y

d ! <t =l J 2l
NANTENUIBM SIUABULUASIRIATITULADE THIN 7 haEmMmmInandule ¢

2y Ay
a, > > Saii

]
[

0.1 e 1
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5 1 ER 1 0
Pis)=Yas' /
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d a ) ar =] ﬂ‘
UM 2.3 wnummaudsvdns
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a, larger *, more stable

/ ’ smaller 7, less stable \\

s
=

-
12
.

¢

() Ll@afusnmeeessuy

a, larger 7 slower response

: N B
of AN

smaller 7 faster response

(v) HanavaLeIYRITEUY
< -l \ ol o ' as
JUH 2.4 manseynuYaINSUABULUARMIATITUADESATN ¥, LazAABNIAANYS T

MNUA 2.4 () wamsliiudn duduldemesduasdvs g, dmmildannasvhld
ssuumuaniadiosnmannty Tneezasadasiuiasseiliadiosam y, Ailawnn Tuma
nduiu fudulAe g, arulanisessyilissuumuauiiatesnmidssas lnsaannaasiu
f1 7, AiAWEY UaTIINgUT 2.4 @) uandliiuin Wevaeidulf g, Waslinsdreann
Furmsinaauyn ¢ WA EIAUARAREUALBIBITEUUMUANTEITY

2.2 A1aRIUAY
o a ° yvod v vt o o
nmsandudugninunldifietivanlassaineinsruiunislifisuadnas lngdang
AUANYUSIAUTBINTZUIUNITUY 9 A58ATUAULEINTZUIUNITAILNITUSEUINAENNTS
:’I = 1 aod a o o : -] =l - L 4’
wiutiuiiaguate s dwsuluinetinusianiwauaiiios 3 35 Al

2.2.1 A3USTUMULUUNIA
[J Y] LY el v o) etv
WUUTIADITBINTEUIUNTBUAUZY M(s) MIREgReuANaninsnuanslanall
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i1
PILET

M(s)=cy+os+cys® +. = (2.29)

n+l

Z bH S:‘—l

i=1

-] ar s é d L @t d : 74
UASLUUTIBISUAUM R(s) TDALUUTIRBITBINTEUIUNTOUAUGY M(s) Rgnussanasig
FBnsUszanusiionie wandlassaunisaalul

r
' i-1
S
=1

R(s)=c'y+cy s+cy s’ +. = (2.30)

r+l

Z b',-_bl Si—l
=1

v & v o J

Wt ¢y=c,, ¢\ =c, wazlaoMill ¢, =¢, W i=12,..2r -1 ndaulviazlaannis
3 1 ) < o ' ° v ow 4w X

$1wau 2r aumsihinsuandwou 2- hluguuusiassdudiui feil

ay = bycy

a, = bycy + by
a,q=byc,+bec,, +...b. ¢y

0=byc, +bc,, +!..b, jc, +¢4

0="byc,, | +bicy,y +...b,5¢, +€,, (2.31)

= Lo 3

satiuagladusedvsfauveuuitaodunualagn 9NN ISUATNNIS » YAVAY uay

£ o Y °

ledilsEAvERIAaNINNITULAANMS F AL uazAMMIAEIUSEANETeINIINTENY
YNINMET cg,045..., 5, WOGISL [8]

=% (2.32)
€ b,
1 - a4
¢, =—1|a, -—ijc,‘j We i>0 (2.33)
bO J=1
a,=0 dlo i>n-1 (2.34)

[ g J ' a o P [T a )
Yarvaeisiae Meludmuiaiialisnisussunanuunia vialwanansaussuny
wuuaaInszuIumMseaulatlanis (On-line model approximation procedure) uasgima
ar Q:’ ) 1 A ar .74
AMAN WA UL TIATUALANLLOLFITINSHUIUNTTIgNARSURY
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daiduresizine uwwudasduiuidldecldiaiiosan  Swdhuuudiasives
nszuumssudugiiafiosnmesulne (Asymptotically stable system)

2.2.2 Townnelisdiesniwvans v
Winausiiadesnmvsusmigniauelagdndu (Hutton) uagwssuaud (Friedland) [9]
o o U ar A 1 I o ar a dv
lngimuaglresnuuinasswsmnssuiunmsdudugaiiiatiosniwagralidrin fadl

n-1
_ by +b,s+..+b,s : (2.35)

M(s) =
aq+apS+..+a,s

dwmivszuudunmiieneidnades sedvualidanduaisleu M(s) wuudrassves
UMM ITURUER nszeluguseamsilinss o waz g fsll

M(s) = B /() + Bofi() [2(8) + oo + B, [1(5) 12(5)-.. £, (5) (2.36)

P ) < < o as &
dla g Wudweh laefi i=1,2,...,n  waziomitendu £(s) fell

1

fils)= ; (2.37)
Qs+ 1
ai+]s 25 .
1
an_lS + o
a,s
P> ar ‘ & ¢ o qv o ¢ 1
e i=2,3,....n dwiunatuinuna Falguvunwey —
1 +as s

&

ABUUIEATS o, WAL B amIaAIALARINAITN D UasaIIe N anuaisiugad

A15e D
Ay Gy iz Ay -0 iy
a
@ = 1
2
a, 0a,0...
Qyy Ay Ay ...
a
_ 9
a2 —
ax
a, 0ay, 0
anl anl
anl
a, =
an2
anZ
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lng#
. [ <
;=i (j sduuu)

Tk (2.38)
. [ 1
4 ;= Aoy ey~ Coilayny  (J WUIIUIUA)

e i=23,..,n

PNUAMBINBIAVALUATN D annsoinainee N dilassadnsieluil

"IN N
by, by by by ... by,
b
B = —-
ay)
a; 0 (27 0 .
by byy byy by ... b2(n-—1)
b
B, =2
an
ay 0ay 0...
bnl
bnl
)Bn Y b,,z
anZ
Tned
., & e =
bi,j = b(r'—l)(j+l) (j WuanuIuR)
wa (2.39)

. e o 1
by = biayyeny — BtBuaey - (F URWING)

We i=23,..,n

mstmuald o, SAnduuinetnaies asdssiulditssuuBunadenednadend
w@busnmezdulne Sueansen (Astrom) IHauedanediufiivszansawlunsruaaum
wiwed o, wazwisiiwes g [12] lnevuuudassiignansuduainnsnszay o - 8
18 woriduuuudraedivdadios » weswiniu Quaunsii 2.36) 5 7 wew) Sssuuiud
iafissnmerdulnaudy  uwuudessiignusanuiesiafesnwesulvedaslneinenm
Wl a,a,,...,a, Taenrdesuiifidluuan

et uuuimmﬁgnaﬂé’uﬁu M. (s) sudiengiil

M, (s) = Bipi(5) + By (8} Dy (5) + ...+ B, pi(5) Py (5)...p,(5) (2.40)
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Toelv

pi(s)= i (2.41)
s+

ai+ls +

1
a,_ s+—
a,s

o i s o ad o a
JoRvaisinuiafiusnns TN LauDAD
o = & o o o 1
1. WUUIEDYIQNUITNINUULEIAELANYININDY
ad A @ e o | ' a 1 a o o
2. FBastiludsmhlignrsusrunmaivamdsnn luarutusadiefivun
nampUANDIWAN Uiy uduTadvassruuiy

I= J: g2 (t)ar (2.42)

o a ] l & a -
lne?l g(r) \Wuawarsunduves M(s) wasdalivguiuuusuda [13] Aezamrsolem
[ e s L. o [ i qr ;
WUUTNADIBUAU & ﬂaawamauaumwmmumaammwm@uwaé loinadl

I, =F % Ey+ . +E i #2150 (2.43)

< 1 [J [
LWALAGEIVNBANYDY £, Qﬂﬂ']‘WLlﬂL‘U‘u

2
E, N\ (2.44)

' 2a,

d a ﬂ‘: - s ) ar

Wa i=1,2,...; MUY INWIRES o, war B vzlananeuausInauRedyYIN
- o LJ A -

duvad (7,) vesuuiaasiignangy Ao

I<I =1 (fei=12..7) (2.45)

3, Wlos=0 fu AduUszdnd - wsNUeIBYNIILEDST (Taylor) W89 M(s) waz
M, (s) dauvidu
FomsseTwediinisiife liawisadluldrussuuiiiadesamuuuliiosdulne
(Non-asymptotically stable systems)
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2.2.3 Faun1sadesniw
o o @ ﬁJd - -~ v
n1sUszIkuudIasIvenTEUIun1ssudugiiiiiatesamesdulve Tl
o @ @ 6 o o« “ Lica, o - o 2
wuudapsausudnsiadesmwazdilnalas it saunsiatiosnin A wuaiv [10]

Ms)=Ex() (2.46)
Fi(s)

al YY) s v W - -

o Fy(s) umwpnuewduiu m waz F,(s) \Jumpuudnduiu » loefl m<n o
L ur a ! t.‘

Wen Fy(s) wag Fp(s) Wudvesduduguazd sadeulmilaitu

F(s)= Fye(s) + Fyy(5) (2.47)
Fpe(s) + Fp,(8)
] -
Wanunuey fa
Fy(s)= Zb,si (2.48)
=024
FN()(S) = z b’sf (249)
=135
LAWY INEIY PB
Fp(s)= Y as' (2.50)
i=0,2,4
Fp($)= Y a5 (2.51)

i=1,3,5

&l < 5 = ) o \
aunsn (2.48) 09 aunIsn (2.51) 15817 ANMTEDYINTNYBINVULABLAS N INAIY
- - o o o
NV Fy, WAY Fp,, AB 7 WATSINYEY Fy, Uaz Fp, Ao p, dwiussuuill
<t - & A‘L ' 8 o ' v v I as
wiigsnmazulnauaziluszuuinanlisign aunsinandusuannssueniuiivsenay

%
w

Tonail

Fi(s)= ]ﬂI(s2 +23,) (2.52)
i=1

Fro(s) = sf[ (s* + py,) (2.53)

i=1

1431

Fp(s)= ﬁ(s2 +27)) (2.54)
i=t



fifnosyanaie nzeemndimAnIzily 7

n,
Fo(s)=s[] " + P}) (2.55)
i=1
-
Tne#
. o % o ' \ ] & o <
m=m/2 Wa m Wuanug m=(m-1/2 W9 m WUINIUA
o ) ' | o o
a'=n/2 e n dudnnug n=m-1/2 de n Juswud
uaz
2 2 2 2 2 2
Prn, <Pn, <Dy, Pp, < Pp, < Pp, -+
Zy <z <Zp ... zp <zp <Zh ...

MSEUBLLTLUIAAR AU UANAUYEY 2, uay p, ATVUIAEN uazariieAT 2
way p, Meweivg uismsansuduvesaunsiadiosam dandu Jsamnsovinyuiu
ﬁgﬂaﬂé’uﬁwm Fy(s) Wag F,(s) ua::ﬁw‘hlejmwmnuiﬂaaaﬁgnaﬂé’uﬁum

Tunsiiesildransuaussaniuzagiveanuuitassfivssanamiiauiiiu
namBUALDUAN JzFaniidaussnauanuamsias L@ wnuilynuTiausuusl
udr Tedvedisiie (n) aunsadnwiaisnmssuusaesfiandusuld uas (1) annso
msnnmaaaunmaﬁasmw’lﬁ&w

ToR55¢ 19904354 L{‘Ju'sﬁmswwaqﬂumiwmsmmnﬂmmmﬂmanmﬁamiwaq
5 (Routh array method) T,ﬂemu.uui]1aaw1maumuawummmanasmwL-uaIﬂsaam
samaAuduS (Correlation)  sewiniuuudasudunasuuuiiassiignandusuasgy
gl

nsaRsuRUIT 3 wuuiingunudty IeteRuastadedeasuldimnsned 2.1

P v o v a ol o o
A5 2.1 Y9ALarYDLALYDIITNITANDUAU

ol ar al 2 o b '
38n15anduny W0f Jods
- Mbuvdrasdususladne - WULS18899UAUAIYDIUUY
- wUudraeduaun1diag | PIABBINTELIUNTTUAUES
N1sUTTLN - = et o - vt
Audnvusaniustinjuas | Mlatesnmesduing a1akil
WUUNLA o o -
anuLayiYaIuUTIaes | tadusnm
YDINTLUIUMTIUAU
. - - WUUT@peduAURSeRed - Biausaldiuwuuinanswes
NUNERETAN . . v v M oim
) \atigsnwey nsrudIunIsEuRugenlall
2945 5 Y
LERUSAMN
s - MwuUIaawusuiade - ATEUWUS SEMINIULUUTaBY
. - @D ETAINYDIRUUINADY | SUAUAILAZLULIIABIYDY
VADETNIN o i .
dudiusligade nszULMIBuiuggmely

123109



unii 3
P
SUUABIAIULRDY

suuassmdes vieszuasuna iussuuiiuiiisunissiinassegnaiu
uaziFouriagaiutusasmarsnlagefugunsaiduiauiy luunisznanddasaiienes
sTUVARIAMIERY LWUuSIaBIeRdnmanivesrUUABIA @Dy warn s ines
wudiasmeadnmanivassruvanimuden feeeiinudiAysenisesnuuuimmuny
vesszuy Taevhluszuvassarudesiduszuuiinuszautigymuidesanisleuuudnisin
(Torsional resonance) Suin niwaireideuniseiimmiangu (Stiffness) yildwauin
msdamdefiusidadsinumar_nrsdafagasinanivilinsmulusumiada (Angular
position) INAAUULANFNAURTDALL NG uazﬁwuwdu%muﬁtﬁﬂ%uuzuqzﬁm’mé’uﬂ'uéﬁ'u
mnuiTnnssukasw I Tiveitaesuy | lupmtiummtasyi liisguvenistn
Wuanssiuinng SslussuuBinaiitiansiiuavaundeuaay (Kinetic energy) 2zvinli
yunreen1sdadaingndu wazsenusngnisaiiiatuiin wslewuudnisin
Usingmiafifioraneliinnwidsmeudnsidousslasadwmanavasssuuaunuld
UaNYINTENATHANTENURBNSAIUANAT IS VB TV URAE ﬁ'aﬂ"um‘saanuwﬁiﬂwﬂuﬁ
wanzauie i mihiiauaumuiuaznsanslsuwlusnsiaintulussuuassm
Revdalimuiddaiduagiebs

-
3.1 lassEdevesssuuaInlieY
- a0 - o P a T v
syyuABIAIIAsEALI AN UNDBBNLULRMUANlLAEN TS TETAsIaE Mg
mumwuamﬁagﬂ'ﬁ 3.1

FTFTTITTTITTISTTTTITITETTIITITITITITISTS.

ot v -
gthn 3.1 lASea M Ime A NYBIsTULasIMLIdee [14]

uazlassainssuvanimudesilsluesufiRnisuanilddeguil 3.2 Ussnaudeouaines 2
W Filaimihidusty dudndvioihmiiidunse ueweinasadeuseiudie
maremuardnsnseulanmesdmiviaruiisevvewaned fweawmeinliiluiduawes
(DC motor) vu1a 80W fimunaussiulwihnszuanss 127 Wnszua 104 Faduusweives
USEM #1715 i Taies (SAWAMURA DENKI KOGYO CO., LTD) ju SS40E8 lumis
naassinnusiseureamesfeiulannesuiialsnn3 (Rotary encodeniiva OMRON
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U E6C2-CWZ6C fivuaussulniinszuanse 5247 linsvualwih 80mda (srwaziden
vosgunsaiflsluineiinusiiazuanduniauuon n)

- a LY - oase
JUN 3.2 sruvaesrnu@stluviesljuans

o a -
3.2 L“JUQ'IﬁaQﬂqﬂﬁmﬂﬂ']ﬂﬂ{ﬂa*liz\]uaaqﬂ"nﬂlaaﬂ

o < J « 1
WUUIABINIANREIERSUasEUVARR TRsla InHanTuanelouressyuvany

- : d o w
AULRRY G‘(,(s)=9'—'5iz wathlusanuuuiinuAl 31NlATIAT NN IINIENTNTBITEUY

a

a < 3 Y - - a
aaammmau’lugﬂw 3.1 aNTOLAMILULTIASIMN INATINYRITY UUADIATILIRDY 9995V
- = 1] " - o -
firmevaeussunuazmavauludua 4 YassruvdamIMIRes AIgUN 3.3

d 3 1] 1 ar L
U 3.3 wudassnsabislmseniinihsedunewmeinsy

J @ o= o a
loen e, Ao usauduwAuBWBIHITY (Armature input voltage)
R, fAB AuAUMUDTiIRDIveBWaIRITY (Armature resistance)
- - « « Ty
L, A8 Anuwmisne1suieeivewsmeiiidu (Armature inductance)

o

Ao NTLUADNTIDSVDINBADIAIYU (Armature current)

—~

e, D uNRudUNdUTBWBIWEIRITU (Back electromotive force)
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K, #odnsiusesdudoundurasuainesiitu (Back electromotive  force
constant)

», Ao ANUSTHBwLvewBmeiFItu (Angular velocity)

K, f8mmafiusidavesawmesidu (Torque constant)

T, Ao usdlnvowawmaisiitu (Torque)

J. e luudamuidesvewewesiitu (Moment of inertia)

6, Fo muminduurswiawmeithidu (Angular position)

K, #a aanuwdediavanwan (Torsional stiffness of drive shaft)

T, fe uselnvowewmaddinise

J, e lmasrmudesvewamesinse

g, fp fumindupeemeithaise

w, f aruFudauuswanaifiinge

7, @@ wsslasuniu (Disturbance torque)

‘A [ 3 AU : 1 I 1 s ﬂ‘; -]
MapuANAIIEY @, vewaweiiimhnduwandsenaiustiunissiu nseviy
< @ o < LY - ¢ o Py
Tilasnswdsuusudunn e, Mleuliiuuowesinfnszuanss Falunaweiduviin
1 A o o v or LY o q va
wimananas  Wednoussuduwe e, Wiiuuawmesifuussiulifinssuanss seidliiie
& w - = < o
nszualvi i, Juluasasiiiiesgui 3.3 uazidisldngueresvenisournsivinarld
di, (1)

e,(D=Ri (D+L, N (3] (3.1)

Tt e, (1) Aausaudoundurasuames aanimiveterswvasiulsiaesvyusianuduy
] d. o 1 o = d o fus e L
wswmdndudsanuivinans tiiaan swienhussdulniludieiungues
(3 as a [ LV} at =) g &
wisued  lesussudoundurewewasanludadiuivanuiydausal

e, () = K, o, (1) (3.2)

L L <y (3 ' = LY & s 1 o L4 &
n'mwflmauuswaawamﬂummw LLNUWUENN'BJLME]‘S’*JSLﬂﬂﬁﬂﬂ’luﬂUﬂiﬁuﬁﬂﬁmtﬂai i(n)
v &

AFUNITU

T,(0=K,i ) (3.3)

uasussln 7,() veansvasduiudiunadisewinsuniadauvewewmeididy 6, ()
o ) - a h 7 1 J
wagsumisBuemaweiFiniy 6, () fauniinaluil

T,()=K,6,t)-6,1) (3.4)
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deRrsannsindouiiiupusmemesidu wuiwsidaveaeimeifdundwitumnand
firmansedufuusedaramamesiinisruasusedailasnusadeaniu  Taswuinves
wsalngrivesmomaifaduasuustiumalinndanndey J, wazmmnsaiupeeine’
Fdudaumsi (3.5)

do, (t
T,O-T.O-T, (1) =J, o, @ (3.5)
dar
< < | v o E &£
lagh 7, Aeussdaidounvuzmsgydsdullounanusadoaviunas £, Aeduusyans
= < s catb o 1 8 Y1) L=y < ¢ Xoe L %4 a1
Jarsawiatuveweweiddiien  duu Tuineniwusifassnald 7, way f, den
) ar d v 1 o R
wiriugudimeliiesenismuuuasmuadiamans 3mnauns (3.5) wla

y _, do,(t)
I.0H-T,0)=J, — (3.6)

d el d ‘J = L 1 el A o/ ) )
diefinsannmsirdouidaureweweidinisy  wuiunlaivewmedmaisedeinuman
riifienanssinuduusidonmssuniu laesunaveswsidagnivewemeimaissazulstu
A ' - A a’ A
pulumuRAMuE J, WarAuisaiaremamaimnIsEReaunsi (3.7)

do, (1)

LO-T,0=J,— (3.7
flauUasatanw (Laplace transform) aans#t (3.1) uag (3.2) udaeld

E, ()= R, (s)+ L sl (s)+ E,(s) (3.8)

Ey(s)=K,0,(s) (3.9)

s = a '
AWINUNU E, (5) MMaunIsn (3.9) asluaumsn (3.8) annsaminszuansunass 1, (s)
Tanail

E,(s)-K,0,(s)
Ls+R,

1,(s)= (3.10)

-l P - @ ' 1
douvasaUarwaunisn (3.3) uady srldnsevasinuawmasansaunsaalui

T.(s)=K,L(s) (3.11)
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o d o P <y € o
11 1(s) Tuaunsi (3.10) uwnuasluaumsi (3.11) aglduselnvasuamasondy

T,(s)= L—f’"—(Ea () - K,@,(s)) (3.12)

+R

a a

amudiapreneweiiitu o, wwldnmsuwaaawaunsh (3.6)
wavdagulva dalu

0, (5) =31;(Tm(s)—rs(s)) (3.13)

o L) as = ) £ & & as
Twieuferiy disulasavawaunsi (3.7) awnsemanududauveswseeisnise
w, (s) a3l

0, === (1,(5)-T,(s)) (3.14)

5

A - & a) hed g e o
WaeeinaAutinfwuveusmeindunasdinissazudsdunudnsinig
< 14 [t 4 1 L 5 o [ o ar [ t
Wasuuashumisdaplumiionneia) fau shuniadauvewaweisduladiumus
= o a2 1 4 .J al o o
\FaremewesHINERENseBUIEMBAaAENNTN (3.15) uay (3.16) mudey

8, (s)= %(wm(s)) (3.15)

eL(s)=§(mL(s)) (3.16)

diovhaunsi (3.4) vudasavane arldusintewemasinsedaunisi (3.17)
T,(s)= K, (6,()-6,(5)) (3.17)

° Y o W a
wasuue Wi eweiftu 4,(s) uarn1se 6,(s) uaunmsn (3.15) uaz (3.16)
ar v F 1 = .0 - q’j s A‘
alamuduiudszninussla 7, (s) fupnudadaprsmsinoinasdi

1.(8) =22 (0,(5) - 0,(5)) (5.18)

s
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YRy o o ar - )
PMNANNFURUSARIRMERS DIt UUTIaDINa TRUaIT B ULARIAT A BT 196 Y

mmiﬂLtammmETuﬁ’uéssijme%aL%azgwamamas‘ﬁaﬁu w,(s) fuusesiuluin
P Y [ a 'Y o

E,(s) "aulifivuaweslanaufonlnazunsussuvasirnuilessizui 3.4

E_ (s)

T, (s) 1 @ (s)
- ; N J.s
T(s)

K, Tm(i)é
LaS+ Ra +

K

€

=l -
UM 3.4 vdenlnezunsUYRITUUABIAIINIDEY

o = o’ ! A v
Waliusalanissumu 7, =0 sxaansansnduaislauvesszuvaasnuney G,(s) e

feaunsi (3.19)

n,s* +n,

E,(s)

P
oeN  py=—n"s

-_— Km Ke KA‘

o JmJL La

Urpm/¥ ] (3.19)
S+ d,s +dyst+dys +dy P

— KsRa(Jm +JL)

Jm JL La

g KLalUp+J,)+ K, K J,
? JmJLLa
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= « d‘ 1 o
WIS WBIVEITTUVADIANULADY AWNTONTIUANISTRDS R, L, K, woy K,

laanaddn (Data sheet) m’mumuﬁm‘lumﬂwmn A dmndined J, wag J, e

AeAinana Saannsoaguamisifimednnavasssuuasnisidasldfanisieil 3.1
sariuAmauddeunat K, dwemldannsiinadiaesluilSouiieuiunanisnaasy

InelilinalndlAeeiuannian

= ] o ] o
ATMN 3.1 mwﬁmmas'ma‘] YDITLUUABIAITAULRBE

W1TMeT A1
AMUATUNTUDSWIRD S WaWmesYU: R, [ 025 Q
prunilaniensaeeivewsweitadu L, [ 010 mH
malussiufounduresawesiiu: K, | 358 ¥ /kpm
maslussinaawmeimiu: K, 330 N-cm/A

i & <t
ATANRYIPNYBINAAY: K|

14.00 N-m/rad

luwudmnutesvawawmaifity: J,

0.9 kg-cm’

- & o
Tuudanuidorvewainadiinise: J,

1.0 kg-cm®

1 =t [-3 - w ; A' +*¥ ar v -
ANSMIANATLLT AR INAY K, smfiunisaall Susuannteudggiueadawuy
I‘: ") J V¥ ar :‘ v o e v -
qutulahn 4.65V ’lwnuszuuaaqmmmau'luwaqﬂgumm's InnansuausInlavasssuy
ammmmasmsﬂ‘n 35 (Lauamuu) u,a~w'umamauauaamﬂmﬁ‘lﬂuumﬂLﬂ'zjuuwmsm

Fu A leelunised 3.1 uwnuadluauns? (3.19) wasfvusAEuY

K, memamiudisasmansvaueniladslusunsuuunudu (MATLAB) 9nmiudaiu
A1 K, unseviamansvauanale (dudd) Indifsstunansuaussiildainnisnaassinn

=l (. = -
#iagn wuAAULEIFBINAIYeSTULARINIIREY K, =14 N.m/rad
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16

T I I I I i 1 1 L]
: : : : E : : : :
e = TSI SN R SR SR S S
‘_E\ 1.2-. ----- ; . L} 1}
g, - : : : : : -
) ; : ! : y : :
o 1l Jommmme e e e T e e bemmee bemmen .
p . L] L] 1] L] L] .
L 1 ' ' ' ' ' '
£ s R
© O0BHyg-§+------ L T Sovases fowamen fesacan EE— R SR
& ' : ' : ] ; 3
@ : : : ] : : -
= : 2 H : ] : :
vy O0Bff--erpeeeees I — S s R
3 ’ : : . : : :
. ¥ " ] N ] [ '
e : : s : : : .
€ 04 ¢ ANV I/ 1P N\ et ouse
: ¢ . 4 —- :
0.2 ff:---ana . L 3 e | S nuneaes [
L] 1 4 I
; : : 397809
0 " 1 L 1 [=| | |
0 01 0.2 0.3 D4 D5 swlinl A S'8w, 09 1

< ° ' & W
JUN 3.5 Hanisymassuaznan1sYIasInansuanenilavasszuussdyg1ntutule
e |
dlo K, <14 Nmtrad

o e - - @ o -t a4 vw
mammm‘numaﬂum'rﬂm 3.1 SUMAIR UL TIRITD AN N dalaannis

v o - -1

naasunuasluanms (3.19) wldeidua elouvessyuuanninuase G, (s) Ml

3.67x10%? +5.13x10’
st +2.5%x10%s% £1.45%10°s? £7.39x10% s + 1.98x10°

G,(s)= [krpm/V'] (3.20)
WUIITUUARIALARY G,(s) Twaralindmau 4 & ogfl s=-36.75,~2441.8,
~10.7 + j45.75,-10.7 — j45.75 wazdlsrula 2 i aqﬁ s=+j37.39,- j37.39

J v € o 1 d a 4 Ed L] @ '
dislavandusrelouluaumsi (3.20) udr Tuundalussnantimsiheidudielou
v W ) v o s - o v o
iluandudulishasneisnsiinanliluunil 2 sanhimsesnuuusmunsliiussuuaes
-
AINURBY



uni 4
N1399NLUUAIATUAY

Inerinusuniasnanidasaieszuunuasitidduaus sunaunseenuuy
fpmuauegslasBusuiirindnssavs  wasaBansesnuuuiimuauetieinelngds
unudaFndussansdmivssutansrnudos WahlumuaumSweweirsszuvans
auidesliilanussousauseans

4.1 TaseadavesszuunIunuiningue
Tassaannspiusesssuumuenlaosunud @ ssansilaiiausluuni 2 Ty

3UT 2.1 amnsauiulasaaslmidieiiesionisdnlalédiagudl 4.1 Uszneude 2 dou fe

AUTDINTEUIUNTTTRDINIAIUAN G, (5) WazdmuvasnmUANdfiBuiusznaused

AIUAY G,(s) WasnWsnawmes G, (s)

fasuniu

D(s)

ARUANTADY NILUIUNIS

G,(s) »C(s)

< % a W Ld o Y '
JUR 4.1 Tpsaaswesszuumuguine Bunudsrduussansiuiulassainslmi

- a =
Tﬂﬂnizmumswﬁmmsmuqu G,(s) aunsauswINaunIIm (2.1) uae (2.2) Ty

B,(s) _ g, 8" +q, 8"+t qp

T - 4.1
Ap(s) DS DS et py

G,(s)=

d - - 3 a ”II o o 1 o Ai' (.73 1

Weswninedinudatulifeanismiafifanainfido uragfiivesssuunIuANse
Fygraudnduuiuiule Induauslviiiniugy G.(s) agluzuduiinia (ntegral form) &
[ a -l vt oa o 1t = ¢ o L7
Juszuudin 1 (Type 1 system) iiveliimfanatananuzagffiriugud Taadwualie
I, =0 Wldlssiduaelouvesnmuay G, (s) Wy

CB(s)  kyst+k st vtk

= = (4.2)
A sst L s+ )

G.(s)
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wasniiawes G, (s) wiludusaunisi 4.3)

Ba(s) _ kO
B.(s) kst kst otk

Gr(s)= (4.3)

=

louh A<k was m<k
Twiveniinusatuiisauauatehelagifunudariduysednsarusenauiedn
ot = jondt s - LY. - LY

AuAN G,(s) waz WiRawesd G, (s) Fseanuuumenuifafefumaunulagisunud

' o &£ o poal < do o o & = Y

Aduszansily walliasndeanisinwmszuuamuaunduduanas AuTesnuuud
jred ol < ~ ° < @ e ~

MU G.(s) uasnitiames G, (s) nuuudiassuanssuiunmsiignanduduas G,(s)

< v ° P v & v = v
LW'EﬂﬁIﬂiﬂﬂs'N‘UﬂQLL‘U'U"U"IﬁﬂQﬂTSUQUﬂqiN‘UuqﬂaﬂﬁQ muu%s'Lﬂmﬂ’mﬂu‘nmm’maﬂmmU
5 Q o 1 I o ar 1 ar -, -{4 1 3
nludahdnuguedisielaedsunuderrduyszaninlasinnisesnuuusiaiugy
a v v e d o s
nszuumsRuildlansusy G,(s) asaaieresssuumuauiitnausaansauanaleifg

UM 4.2

f9sunau
D(s)
oF -3 ot o
AIRUANTRIDUARDUAY ASZUIUNTS
+
U(s)
y G,(s) -+ (s5)

d =5 e ) gd o
UM 4.2 TssairevesszuumumilaeiBunudsrduyssansninaue

4.2 SumsunTBBNLUUAIATUALTRLENARSURY
%y’umaum'saanuvuﬁ’aﬂwquﬁ\iﬂtauaﬁﬁaff
Sunoud 1 andusunTTUIUMIBUAUES G, (s) audunvudassdusundeilisals
G,(s) FaaUnITh (4.0)

G, (s)=—T_ (4.6)
s+ Do

:‘l : [-] ar al d' - 1 ) o~ d
tumauli 2 Mnuuuhastduduniiibifidlsvesnszuiums G, ) Tuaumsi @.4)

¥ ar 1 ] act o 1 e Ld L d U
arlammuauegisielae Bunudiindulssdntiuszneudeiimuny



28

G.(s)=—2 (4.5)
R
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Incremental Rotary Encoder H E6C2-C ‘

Industrial Strength Encoder Meets
World-Class Standards

8 Drip-proof construction

® Shaft withstands heavy loads. 5 kgf
radially, 3 kgf thrust (axially)

8 Short circuit protection

| Space-saving. A-slant cable protrusion
for ease of mounting

Specifications

@ @’
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e by ey
wiibamrcl vy it

C€

B RATINGS/CHARACTERISTICS

Electrical
hem ECC2-OWISC EEC2-CWZIE C2-CNZ X E8C2-CWISE
Fower suoply votage | % 1o 24 vDC (2 cwadle 21072 VOC (allowabie 5vCCa5% 12vDC "M% 1022 VOO
range 47543 7. VDC, |range 4 T 132 VDG *1E%
Currer: consampton | 80 mA& max 20 A max 180 m& g, 100 ma max

iS2e Ncte “.)

FRescl.ton 10, 23,30, 20, £D, £0.1CD 230, 80C. 28040, 50C, €03 1.000 1.2€2. 7,500, 100, 2CD. 360,200 %00,
1.80C. 2000 FR 1 LI TOOPR

Oout phases A B a0d Zireversib 2! ARBBZT & B, and Z ireversice)

Cutout configurater | NP open collectar Yo tage ouput (PRI Ling drver iSee Nowe 2.0 | PP oper colecter
cutout oxpLt) cutout

Cutout capachty Anghed votage: QuipLt cesistance: 2 kEY | AMZALE Igan: 2 mA manc
20 VDC max rRSi0 43 voltage: Quiost sarem Resicus voliage
lgre: 25 MA max, 0.4 v mas. Hghlevel (i <20 mA Td 'V max
15 volags ‘ging, =C ™A mas | Low vl iigh 20 mA Vg 38 mA max )
0.4 max Ditou vohage
g e 38 mA max.) Vo2 5V mna

Vs 05V max,

Max resporss 100 kikz £0 k-2

fec Jency

iSee Nowe 3

Frase dfererce or | BD 25 osetween A ancd 8 [1/4T213T)

output

Rise and falltirwes of |1 s max T ps max 91 s max, 1 s may

Lo 1eeryel Ut voltage S 4 | (able lepgth 2w cabalength 2m icanie 'ength: 2
lcad res stance 1 kil ‘s 10 A max Ior =20 mA: s SMA max)
gab 2 length I m: Is: 20 mA}

Insulaton resistance

100 MG mm. (at500 VDC ! batween camry pars ano cass

Die sctr o stergth

£00 VAC 5C€0 Kz for 1 mir Detwesn cary pars ard 2ase

Hore: 1

A~ nrush carem: of aporox 8 Adlows ot aporex 02 mis g afier the E3CI-C suedor.

2 The ine driver auput of e EBC2-C 5 Used for cata tar s+ 835:9n circutry conforming o R5-421A ard srsures long-distarce

trarscvssion over twisted-par cable, Win quaiy scavalent to AMIE

S31

2 The maximur elecrica response ravolutor 5 Cetermined by the resolator anc maximum response Teauency as follows:
Maximum electrcal response frequency (P = Mar Mum resocnse frequencyrescivtor » €0
This means that the EEC2-C Retay Ercoder wil not operate € ectrical'y if ks revo uticn excesds the maxmum € ectrical
respOrse revoution.
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E6C2-C

E6C2-C

B MECHANICAL

he— |ssczcwzae [EscaCnZix |E2c-cwzse
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a. Waunsuilduquanuizrszuusasmuiden

#include <stdio.h>
#include <conio.h>
#include <math.h>
#include <bios.h>
#include <dos.h>

#define DISTURB 2500
#define CH1 1

#define ADR1  0x280
#define ADR2  0x281

#defineCH 0

#define DAADR 0x0300
#define da_deta 0.00244141

#define cls()

printf("x1B[2J")

/* Counter ch.1 address */
/* Counter ch.2 address */

/¥ DA ch.1 I/O adress */
/* da_deta=10.0/4096.0 */

#define locate(xy)  printf"™\x1b[%d;%dH",y+1,x+1)

#define VCT Ox0b /* Interrupt vector IR3 */
#define IMR 0x21
#define MASK 0x08 /* Interrupt mask IR3 */
#define NN 2000 /* Number of collected data */

char s[20];

int itn;

unsigned int  di,dh,dd1,dd2,uv;

double cnt_read(unsigned int);

double ywm[NNLywl{[NN],un[NNLy;

double cntnew,cntold,cnt;

FILE *fp_1;

FILE *p_2,

int inter=0;

float cUip,Uip,Vip_delay,e;

float RC=0.02,wmn,wmn_delay,cwmn;

double spt,wm,wt,errorv,T,r;
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double
double
double
double
double

volt,voltl,ref,ref0,refl,sp,spm;
cntnewl,cntoldl,entl,cnt10;
cntnewZ cntold2,cent2,cnt20,CL;
xd1,xd2,uf ufd,td;
rf,rf0,ei,ei0,e0,v0;

void interrupt far insub(void)

{

inter=1;

outp(0x20,0x20);

void main{void)

{

void (interrupt

/* Initialize Timer with Sampling Frequency = 8Mhz/dd1*dd2 */

dd1=80; dd2=

far *savevectXvoid),

100;

outp(DAADR+14,0x36);

outp(DAADR+8
outp(DAADR+8

,dd1 & 0x00ff);
(dd1 >> 8) & 0x00ff);

outp(DAADR+14,0x74),
outp(DAADR+10,dd2 & 0x00ff);
outp{DAADR+10,(dd2 >> 8) & 0x00ff);

outp(DAADR+6

,0x01);

/* Enable and Set Interrupt */
savevect=_dos getvect(VCT);
_dos_setvect(VCT,insub);

outp((IMR),inp(IMR) &~ MASK);

/* Initiat Variables */

i=0;

tn=NN;
Uip_delay=0;
wmn_delay=0;

/* Initial Variab

les */
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sp=dd1*dd2/8e6;
spm=sp*1000;

//y10=0.0; y20=0.0;

ref0=0.0;

refl1=2.5;

xd1=0.0; xd2=0.0;

e0=0.0; ei0=0.0; €i=0.0; rf0=0.0; v0=0.0;

/*Controller Parameters®/
T=0.001;

/* Initialize Counter */
outp(ADR1+4,0x8c);
outp(ADR2+4,0x8c);
cntold2=cnt_read(ADR1);
cntold1=cnt read(ADR2);

white(i<tn)
{ iftkbhit() 1=0) break;
if(i<1000) r=1.2; /* Step time at 1000th sampling */

ifl(i>=1000)&(i<2000)) r=1.2;
if((i>=2000)&(i<3000)) r=1.2;
if((i>=3000)&i<4000)) r=1.2,
if(i>=4000) r=1.2;
if(inter==1)
{
cntnew2=cnt_read(ADR1);
cnt2=cntnew2-cntold2;
cntold2=cntnew?Z;

cntnewl=cnt_read(ADR2);
cntl=cntnewl-cntold?:
cntoldl=cntnewl;
wm=-0.015*cnt1; /* unit in x1000 rpm */
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iftv<0)

else iflv>10)
v=10;

else

v=0;

V=V

unlil=v;

wil=0.015*cent2; /* unit in x1000 rpm */

y=wm;
ywm([il=wm; /*speed in rad/s *104.7198 */
ywl[i]=wl;

rf=r;

e=rf-y,

v=0.0206824*e+0.0206824*e0+v0;

/* tm[i]=1*0.001;//convert millisecond to second */

uv=v/da_deta;
dl=uv&0xff:
dh=(uv>>8)&0x0f;

outp(DAADR+2,CH*4+1);
outp(DAADR+0,dL);
outp(DAADR+1,dh);

outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);

rfO=rf; e0=e; ei0=ei; VO=v;
inter=0;

i++;

)
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/* DISABLE AND RESET INTERRUPT */
outp((IMR),inp(IMR) | MASK);
_dos_setvect(VCT,savevect),
outp(DAADR+6,0x00);

/¥ OUT 0 V. TO DA CH.1*/
outp(DAADR+2,CH*d+1);
outp(DAADR+0,0x00),
outp(DAADR+1,0x00);

outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);

/*0OUT 0V. TO DA CH.2*/
outp(DAADR+2,1*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);

outp(DAADR+2,1*4+3);
outp(DAADR+0,0x00);

/* WRITE DATA TO FILE */

fp_1=fopen("l1.txt","w");

i=0;

while(i<tn)

{ fprintf(fp_1,"9%f %f 9%6A\n",ywmiil,ywi[il,un(il);
i++;  }

fclose(fp_1);

printf("\n  Final Speed %f (x1000rpm)) = ",wm);

double cnt_read(unsigned int adr)
{
double cnter;
unsigned char lbyt, mbyt, hbyt;



outp(adr + 2, 0x10);

while{(inp(adr + 2) & 0x08) ==0) ;

byt = inpladr + 0) ;

mbyt = inpladr + 0) ;

hbyt = inp(adr + 0) ;

cnter= (double)hbyt*65536.0+(double)mbyt*256.0+(double)lbyt;
return(cnter);
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Simplified Design of CDM Controllers for
Speed Control of Two-Inertia Systems
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Abstract— In this paper, the simplified design of CDM
controllers for a higher-order plant by using concepts of
the plant model order reduction and Coefficient Diagram
Method with the recommended stability index s
presented. First, the lower-order plant models of a higher-
order plant are obtained by using the Padé type
approximation method, Routh stability criterion and
stability equation approach. Then the lower-order CDM
controllers are designed for the lower-order plant models.
Finally, each fower-order CDM controller is employed to
contrel the original higher-order plant. The effectiveness
of the controllers designed by the proposed method are
verified by simulations and experiments.

Keywords— Coefficient Diagram Method, model order
reduction, two-inertia system, speed control, resonance
suppression,

I. INTRODUCTION

The industrial processes, such as the crude oil
refining process and the eleciricity generation process
are generally complex. Thus, it is necessary to employ
the control system so that the desired productivity is
obtained. Although several techniques for control
systems have been developed rapidly but PID-family
controllers are still used broadly due to their simplicity
and their sufficiency in process control. It is reported
lately that more than 90% of the industrial controllers
employed nowadays are PI controllers. However, in
order to obtain acceptable responses, the parameters of
the controllers must be tuned appropriately according to
the process characteristics and required system
performances. Ziegler-Nichols’ tuning formula [1] is the
most popular method which is designed to exhibit
quarterly decayed overshoot characteristic in the step
response. Therefore fine tuning is needed for the
practical use to reduce the overshoot in the closed-loop
response.

In 1998, a new design method called Coefficient
Diagram Method (CDM) [2] has been proposed. CDM
is an algebraic design algorithm utilizing polynomial
form. In CDM, the closed-loop characteristic
polynomial is designed based on stability index y; and
equivalent time constant r , which are used to determine
stability and speed of closed-loop response respectively.
Hence, the unknown parameters of controllers resulting
for over-damped responses can be obtained accordingly

[3]-[4]. However, it is quite time consuming to calculate
controller parameters, especially for a higher-order
plant.

In this paper, the simplified design of controllers for
higher-order plant using CDM with the recommmended
stability index p; is presented. By the Padé type
approximation method [5]-[6], Routh stability criterion
(RSC) [5], [7] and stability equation approach [5], [8],
the higher-order plant models is reduced to be lower-
order plant models. After that, CDM is used to design
the lower-order CDM controllers based on the lower-
order plant models. Finally, the controllers designed for
the lower-order plant models are employed to controll
the original higher-order plant. In order to demonstrate
the effectiveness of the proposed method, simulated and
experimental results in controlling the speed of the two-
inertia system are shown.

I1. COEFFICIENT DIAGRAM METHOD

The concept of CDM and the rearranged CDM
control system structure are described respectively in
this section.

The CDM control system structure is shown in Fig. 1.

CDM controller ') Plant
= SN B J \memmmmemmm T !
Ris) + 1 g ] 1 ' C(x)
""J. B,(s) A v aa HE {5, ()4

! p 170 it

h !

i 1

I i

! Bc(s)':

! ]

1

Fig. | CDM control system structure

The transfer function of the plant in the polynomial
form for each block is
-1

Ap(s)=pksk +Ppass +o+po, (1a)
Bp(s)=gps™ g5 4ot gg, (ib)
and the CDM controller polynomials are

A =st v 5P ey, (2a)
Bo(s)=kys* 4k g5t 44k, (2b)
B,(s)=kp. (2c)
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Hence, the characteristic polynomial of the closed-loop
system can be given as

P(s)= A.(5)4,(5)+ Bo(5)B () = é""s" 3)

Note that it still has unknown controller parameters to
be solved. Based on CDM concept, the performance
specifications known as the stability index y,,
equivalent time constant 7 and stability limit y, are
defined by

2
a
¥ =—, 4)
Aj4a4)
.. (5)
ap
. 1 1
Yi = +——, In=ry=® (6)
?’m Yi-1

where i=1..,n—1. The equivalent time constant r is

generally selected according to the specified settling
time ¢, as ¢, =2.5r and the standard stability index is

recommended to be

Im1=-=13=r2=2, HF25. (7)
From (4)-(5), the coefficient a, can be written by
i 1 i £ 1
a; = ayr | ————=7 | =ao7 | H——1}. (8)
Vi3 Y7y

Consequently, the CDM characteristic polynomial
employed for designing the parameters of a controller is

R o

i=2 ‘,r-l)f‘I A

Hence when the mathematical model of the plant is
known, the parameters of the controller can be obtained
by equating the characteristic polynomial in (3) to the
one in (9) with the known stability index y, and/or the
equivalent time constant 7.

For simplicity in design, the original CDM control
system structure shown in Fig. | is rearranged as in Fig.

CDM controller Plant Gp(s)

g

Fig. 2 Rearranged CDM control system structure

The transfer function of the controller G.(s) and the
pre-filter G, (s) of the rearranged control system
shown in Fig. 2 are
LAD)

G.(s)=
(s) 1.60)

(10)

270

and

B,(s)

GH-(S)= BE(S) .

(1

I1I. TWO-INERTIA SYSTEM
The two-inertia system model is shown in Fig. 3 and
its block diagram is shown in Fig. 4. Using the
parameters shown in Table I, its transfer function can be
obtained as [9].
3.67x10%s% +5.13x107
s* +25x10% s> +1.45x10% s +7.39x10%s + 1.98x10®
(12)
It is seen that the two-inertia system is a fourth-order

system and the corresponding opened-loop poles and
ZEeros are at s =-36.75,—-2441.8,-10.7 + j45.75,-10.7- j45.75

and s=+,3739,—/37.39 respectively.

Gpls)=

(i) K J;

Fig. 3 Model of two-inertia system

TR S8 1 1] @uls)

Usth| |
K| ¥
Bl ) AN
5 A
Lok Ko T3 ¥ N i D)
j T Las+ R oy
K.
Fig. 4 Block diagram of two-inertia system
TABLE |
PARAMETERS OF TWO-INERTIA SYSTEM
Amnature Resistance: R, 025 Q
Armature Inductance: L, 0.10 mH
Back EMF Constant: K, 3.85 v/krpm
Motor Torque Constant: K 330 N-cm/ A
Drive Shaft Torsional Stiffness: K 14.00 N -m/rad
Moment of Motor Inertia: J/,,, 0.90 kg-cm>
Moment of Load: J, 1.00 kg-em?

If the desired speed is at 1.2 krpm, the associated
command voltage can be computed from the transfer
function of the two-inertia system in (12) to be 4.63
volts. The corresponding simulated and actual opened-
loop speed responses are shown in Fig. 5 and Fig. 6
respectively. It is seen that the unsatisfied torsional
resonance occurs.
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Fig. 5 Simulated step response of two-inertia system
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Fig. 6 Experimental step response of two-inestia system

IV.CONTROLLER DESIGN AND SYSTEM RESPONSES

In this section, the €DM controllers are firstly
designed for the original higher-order plant and the
reduced lower-order plant models. All controllers are
then employed to control the motor speed of the original
higher-order plant model and the actual two-inertia
system. Step responses are investigated and reported to
verify the effectiveness of the controllers:

A. CDM Controller Design

Since the original higher-order plant model of the
two-inertia system is a fourth-order system, the
controller is selected to be a third-order system.
Furthermore, the controller is defined to be the integral
form or the type 1 system in order to obtain zero steady-
state error and almost zero overshoot when the standard
stability index values are used [2]. Thus, the transfer
functions of CDM controller consisting of the controller
G.(s) and the pre-filter G, (s) are chosen as in the

following forms,

B.(s) _kss® +kys” + kys+kg

G.(8)= 13
A‘.(S) 5(1352 +128+Ir|) ( )
B,(s) ko
G, r(5)= = . 14
o B‘.(S) *353+k252+k15+k0 ( )
where
A (8)=5(3s? +lys + 1) = 35> + 1,s? +1;s, (15)
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Bc(s)=k3s3+k252 +k13+k0, (16)
B,(s)= k. (17)
Therefore, the closed-loop characteristic polynomial of

the control system is a seventh-order system. From the

CDM concept, the standard stability index
Ye=-—=y3=ry=2and y =25 (18)

are employed. Then the CDM controller consisting of
the controller and the pre-filter can be obtained as

109.21s% +492.21s% + 48.04x 1075+ 6.51x10°

Ge(s)= 19
s(s? -1.52x10% 5 +1.25x10%) 19
and
(]

109215> + 4922152 +48.04x10°5 +6.51x10°
Note that the controller G.(s) in (19) is unstable.

Furthermore, the derivation of the controller parameters
are complicated and quite time consuming.

B. Lower-order CDM Controller Design

Recently, there are several methods used to find the
reduced order plant model of the higher-order plant. In
this paper, the Padé type approximation method, Routh
stability  criterion (RSC) and _ stability equations
approach are employed to find the lower-order plant
models of the two-inertia system. The first-order plant
models with no zero obtained from three methods are
shown in Table I1. Note that, in this paper, the controller
obtained from the lower-order plant model is called as a
lower-order CDM controller.

TABLEI
LOWER-ORDER PLANT MODEL AND CONTROLLER
T T arirall /e
Padé éf'f’(’)zzﬁ?_;_:'jﬁ ~cp(s)=4l.3648
RSC 6‘,,(;):% Gpl(s) = 4"1543

From the CDM approach, the lower-order CDM
controller consisting of the controller G,(s) and the pre-

filter Gy (s) for the first-order plant models are sufficed
to be chosen as

G =2, @1
5

Gp()=22-y, (22)
ko

where

Zc(s) =5, (23)

B.(s) = ko, (24)
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B(s)=kq. 25

Note that, the pre-filter shown in (22) is equal to one.

From the controller structure, the closed-loop system
is therefore a second-order system so that only the
standard stability index

is employed in the characteristic polynomial. The
corresponding CDM controller can now be simply
designed for each first-order plant model and the three
corresponding lower-order controllers are obtained as
listed in Table II.

In the next sub-section, the speed responses of the
two-inertia system using CDM controller and the
proposed lower-order CDM controllers are investigated
by the simulations.

C. Simulation Results

In this sub-section, the designed CDM controller and
lower-order CDM controtlers are utilized to control the
original higher-order plant model of the two-inertia
system by the simulations with MATLAB program. The
reference speed of the two-inertia system is set to 1.2
krpm.

First, the CDM controller is employed to control
speed of the two-inertia system model and the
corresponding step response is shown in Fig. 7. It is
seen that the response can converge to the desired
reference speed at 1.2 krpm without overshoot but the
unsatisfied torsional resonance cannot be eliminated
completely.
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Fig. 7 Simulated closed-loop step response using the CDM controller

Next, the proposed lower-order CDM controllers in
Table II are employed to control motor speed of the
original two-inertia system. The step responses are
shown in Fig. 8-10. The system performance can be
summarized in term of equivalent time constant r, rise
time t,(10-90%), settling time ¢, (+2%) and maximum

percent overshoot M, in Table IIL. It is seen that three

step responses are similar and can eradicate the
unsatisfied torsional resonance completely.
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Fig. 9 Simulated closed-loop step response using éc,(s)
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Fig. 10 Simulated closed-loop step response using écs (s}

TABLE lII

SYSTEM PERFORMANCE (SIMULATION}
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Controller 4 ' ‘s Mp
) ) (s) (%)

G, (s) 0.0815 [ 0.15 0.19 0
Gep(s) 00933 | 0.17 0.32 2.26
G (5) 0.0933 | 017 0.32 2.26
G, (5) 00932 | 017 0.32 2.28
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D. Experimental Results

To demonstrate that the designed controllers can be
used in the reality, the controllers are implemented to
control the two-inertia system experimentally in the
laboratory as shown in Fig. 11.

Fig. 11 Experimental two-inertia system

In the case of the CDM controller in (19), the
controller itself is unstable. Therefore it should not be
used in the experiment because it might damage the
system. Thus, only the lower-order CDM controllers are
implemented. The experimental results are shown in
Fig. 12-14 and the system performances are summarized
in Table IV. It is seen that three responses are nearly
identical and converge to the reference speed at 1.2
krpm. However, notice that the motor does not rotate
immediately due to the coulomb friction. Therefore the
motor starts to rotate once the command input voltage is
grater than 2.2 volts at 0.044 sec. Moreover this
coulomb friction also causes higher overshoots in the
experimental responses than in the simulated responses.

V. CONCLUSION

The simplified design of CDM controllers for the
speed control of the two-inertia system by using the
concepts of model order reduction and CDM has been
proposed in this paper. The proposed method simplifies
the design calculation and the CDM recommended
stability index wvalues can be wused without any
adjustment. The resulting lower-order CDM controller
is much simpler for actual implementation than the
CDM controller designed from the original higher-order
plant model. From the simulations and experiments, the
lower-order CDM controllers are verified to be
sufficient in controlling the speed of the two-inertia
system so that the torsional resonance can be suppressed
and the responses can track the desired speed quickly
with less than 20% overshoot.
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Fig. 12 Experimental closed-loop step response using G, (s)
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Fig. 13 Experimental closed-loop step response using G, (5)
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Fig. 14 Experimental closed-loop step response using G, (5)

TABLEIV
SYSTEM PERFORMANCE (EXPERIMENT)
Controller r s My
~ © | o | ©
ep(S) 0.13 0.30 17.5
Ger(5) 013 | 030 17.5
G (5) 0.13 0.30 17.5
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