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ULl Sl dlmall 2 Abenl oy
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Y F=ma (11-2)
0l S
m=mass alneat
a=acceleration il st
force 5 9211

o A ol ] Emilen dl allaill juslic ¢ saiy

M) Mass) itiestt i

T 31 ddladl e Lageadia o))l il ilinll Cayaig

MY
g
0l S
W = weight T
g = gravity s YV st (2=9.8066)

A £, (1) Ahal e 5,550 5580 Uslas ¢ g2y

dy(¢ dv(t
£ ()= Ma(t) =M df§)=M "0 122

Aoyl o V(1) 10l e

Viscous Friction (B) £l ellemia¥l -0

LA £ (1) Dol e A3l 553l Aslas e puas

dy(t)
£ (t)=B—2-~ i
s (D) " (13-2)
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B = viscous friction zAU etV Jalas
y(t) = displacement asll g s Sl ddasdl 3 (3Y)

(K) Linear Spring sl «,5300 -
LA () iyl e 2l 5550 Dslas e pn

e (1) = Ky(t) (14-2)

JEm il ol sl e (1-4) DsLally el o535 00330 Gty 5501 cals (K| o

:&,3:2\ G"u:v (/\4
2
f= Bg -Ky=m d f
dt dt
2 (15-2)
= md f+ B—y+Ky
dt dt
tol i d Gl 23 J5o (15-2) Aslaall DU sl ol pa by
d? .
([m dtzy 1= m[s>Y(s) - sy(0) - y'(0)]
d
/B ;ﬁ] = B[sY(s)- y(0)]
/[Ky]=KY(s)
([f] = F(s)
y(0)=y(0)=0 ol T T ydan (65huad B3I @il e o impds

(ms® +Bs +K)Y(s) = F(s) (16-2)

Lesm s Gl A 31 09 Jall o Asall e 5,550 55511 07 Hlaels Jasmidl A1 (55
t(7-4) Daladls e s Less 7yl o dlissl|
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Y(s) 1
TF. = = (17-2)

o F(s)  ms® +Bs+K

s alladll 1) SBguiall dalazell (y9sang

E(s) Ey(s)

Input 1 Ouput

— _— —
ms? +Bs+ K

Sl Jeailenie allad Jdgaiall dalazll (9-2) =

LY bl 95y Lyl ¥ a9 e conalion Ky w31 Lgdany (a1 5580 O ey Buw Las
OsE=39 Loyl (dy/db) eyl po el B(dy/dt) 598 laas BLiall clies allaill dss o agli
L Ll Lantl @ alaald 3 ydilin s IS Jugamill col ] opoay clisny . Ll Lgi L] L
O Yo 57 a9 (A/d) Jo¥I o Latl (e Yoy S 9 clIbg o (g9bed L5810V @l o) Lis 53

(4-6) 5Ll 2 (e g Less lassag(dV/dt?) S Jus Lad|

1(13-2) Jkke
o=l Al slaml ae (10-2) Jsadly onldl S ilasdl allaill Ll il e¥olal| cass|

alasl 1y
:_> Xl |—> X2
|
| MASS |
0 SPRING |MASS  oprING
— M, OO0 M, OT0000N—
1 K, 1 K

B, FOR MASS M, B, FOR MASS M,

Sl semilenia allay (10-2)Je=s
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s Jad
X iV dasy ) ety J o) Ll Lol dalall
d’x dx
f(t) = M, d 21 +B, dtl + K, (x, —X,)
t

X, a5 dads ] Ll 1oL Ll Latl Al
dx,

+K,(x; —x,)+K,x,

2ol = ondalael g.‘.uM_})U\ Jog=dl el
F(S) = (M152+B1 S +K1)X1(S) _K1X2(S)

X, ()/F(s) Jas=dl 13 e Jgeaml (pfmay X, (5) &y X, (5) e sl

Ay 9ud ! RSO Aelad ¥ ) dribay Y Y ¥

Modeling of Rotational Mechanical Systems

1D y3ad aje (e e 41w (11-2) Jssatly ondl gl pEsilasdl allaitl il yuy
lemtin| 3292 0 Layus angular velocity il de yew 0lyg 330n Hlag SEilenia Josd
Coim il yeEndl ol yonl | 2 Ll el el V1 Jre duleall m Ll (e allaill 125 damper 73
2 Wl Jalas g By ool gmall A1 jonall aje oo Jg ettt 2 milidl ajall g Te)l
gl Aoyl o @ 5 yoldl il o

—
v ) .
R

B,

ligs Sl altay (11-2) 4=
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10l S
J : moment of inertia of the load Jamll S gl aye
f : viscous-friction coefficient ZUl leania ¥ Jalas
o : angular velocity (rad/sec) Sgaadl ol y9ad dagl Il eyl
T : torque applied to the system NUSTTE=S PG ]

e et dslyoud) syl Al 2 0390 053l3 dad @iy 3l | i dlen Ul LelaiS dillyy
U‘Jﬁ‘-’J‘ Jﬁ_a.c.u_\.c. 3)35.1.‘ ‘ajj_a_” ¢ 9za u_\.c. ua.‘:a&;._x_ﬂj d_is_im U\JU_LQJM \73_«4\:’) ‘QLIQ_L“

>T=]a (18-2)
0l S
& rad/sec’=angular acceleration ( ) Aol Aleall

J) Inertia) DI jpadliphe -
‘:,_“:4_“5 TJ(t)gZ‘J )5.441" ﬁ)r. 4 (> U.\.C 3)35.1.‘ ﬁ)"'” Jalaa ujﬁ
do(t) . d2(t)

=J
dt?

T(t) = Ja(t) = ] =~~~

(19-2)

L3l 301 Y1 o B(0) 10 o
velocity friction (B) z)dsi>¥ -o
&,Jtdls. TB(Z‘) sza.lb PN BE ] ‘:).d\ Jalaa B YLET)

do(t
T,(0)=B dﬁ) 202

0l S
B : viscous friction ;U1 (llemia¥l Jales
: angular displacement 0(t)  wsl, ol aal Y|
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(K) Torsional Spring sl -z
T, (1) = KoO(1) 21-2)

spring constant «l,531 cals (K)ol e
Y i (10-4) Jmadly ol alaidl e (8-4) Ualally ol (3585 53 Gl

T-Bw=13%
dt
21=19% B0y PP
dt

10T i i Sled A1V @l T o piy (22-2) Uslaall LU Ligmdl ol by

T(s) = Js + B)ax(s) 23-2)

o I 5 a5ally 7yl o gl de el 5liely Josmd] A1y ol el e

o) 1
T(s) Js+B

(24-2)

A alail] 13,8 Bgaiall dabaiell (55

E(s) Ey(s)
Input 1 Ouput
—> —>
Js+B

Sl9s pEmilenie allad SBguiall bzl (12-2) 4=
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:(13-2) JLl.
134 szttt &1 alaml g (13-2) Jsmally cnll psmslendl allaill Ll el e ¥slall cass|
NN
Olyedl 5gac
SHAFT ixiaa
l PUMP
T, K
HLZH) L e
1 a— F
~ S e e
a_')m
MOTOR

93 EmilEss allay (13-2) Y=

el
Ol @i Algdl Gle 0, J dwadllyy 6, J daddly Ll Lol eV alall Lilissy

T,=s> +K)8, - K6,
0, =K0, + (Js* + Fs + K)b,

LGL et LV il Y -y

3lasg Bauaie L 93uEal] jolie Lle (oo L0905l s L peSo )19 (e LSL yesall Lalad¥I (g
) rolic BN (e Lgsme 155 Juo 55 ld Logyasal] j3los I Lia § et Cdgung dalizes Juo 3
s RC 3,50 ey (14-2) Jemidl 2 Less (c(f) ismng 7/(1) Zagling e(t) szl juns
(I(t) calay c(f) aismay 1(1) dagliag e(t) sgall juuns) Logyisal] jolic Lay)i (e Lysoe 51939
A RLC 5,305 aasy (156-2) Jmall 2 Liss
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:(14-2) JLl.

A1) B gl 5 )51l s sl (5L yeendl allaill b Laatl ¥ alall Cass|

R

. . +

+ vr(t) -
e(t) C V()

S RC 6,515 14-2 Jem il

s Jad

YL 351001 2 gl (3950 s M) (asal wgmll Cginss 515 e Ly
vi(t) + (1) = e(t)
o L SUI Ly dglall 2 50 s agandl 352 0 2330l o ey
vr(t) = Ri(t)
tod 4yl oo agadl 30y il 25U LAl o DM T Leyy
i((1)=Cv' (1)
vr(t) +v(t) =e(t) dsladl ol
RCV' () + v(1) = (1) sl

sles e iylie oy (14-2) Yoo 2012 i 5l RC 3 )51 byl 23y ol g
SVl d e Ll s
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13,500 & Al

slall 250 e (Y Jugand b 35101 Ja5 Uls Gle Jguanll
RCV'(£) + v(t) = e(?)
L(RCV'(t) +v(t)) = L(e(2))

L(v(D)=V(s) 5 L(e(t)=E(s) p==u
Uslall ol @3 g L(V'(1))=SV(S) olocalana¥ osile Lle by
L(RCY' (1) + v(2)) = L(e(?))
RCsV(s)+V(s)=E(s) P | | ==

-

23 a1l Jas A0 95T @ (yag
Vis) 1
E(s) RCs+1

O paie e (goii 58l s el Aolall iy (el pwlic sue g B3Il dasY
Sl s, O allad 5,511 0T Jgata SV doyudl e dabs el Uoalally ccaisstl gag BBUAL aslg

G(s)=

SV iyl e S 2 gl s Jaull Als alie o] clligs dany

:(15-2) Yt
A e il dms ol Lyl LRC 555000 e sl 5L el allaill 2l Ll ¥ slal| ass|

® L
. . NN _g.
+ vr(t)- + vi(t)- l *
e(t) c= v@)

Ss3 RLC 5,505 (15-2) Y=t
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J=d1

LG BMall Cass) ugell (Bgdyss 5ilB e i

vr(t) + vI(t) + v(t) = e(t)

vr(t) = Ri(t)

vty = LD _ 1oy
dt

i((t) = Cv'(t)
Aalall 2. Gangaidlyg
V() + VI(t) + v(1) = e(?)
e Juasn 1(0), V() vr(t) oo
LCv"' (1) + RCv' (¢) + v(1) = e(t)
(9 Lyl (e Bl L Uslas e 35kie o RLC 55100 ol zhgeill ag
1 A3 RLC 5,500 Jas a1
slall 25k e (LY Jugand S ¢330 J&5 U1 Lo Jgunsll
LCv"' (1) + RCv' (¢) + v(1) = e(1)

(L(v(1))=V(s) 5 L(e(t))=E(S) o=
s 1 0y LOV(O)=S2V(S) 5 LV(O)ZSVIS) oo Sl i e oL
PARYPSY

LCv"' (1) + RCV' () + v(1) = e(?)
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|k | F=

LCs?V(s) + RCsV (s)+V(s) = E(s)
[LCs® + RCs + 1]V (s) = E(s)

5 aladl 8y Al (yesaty
V(is) 1

G(s) =
E(s) LCs%+RCs+1
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Types of Industrial Controller dwliall Sleailiglgdl ¢ -¥
23a (a5 Lelgil llia olo s3guma yud delivall 2 cilaganill alukiul sl colss Ly
L A g aamill Ja G Lgarion (Ene cileamill

Two-position (ON-OFF) Controller ¢yacs sll g3 psazall -

Proportional Controller (P-Controller) iulall qssmtl -¥

Integral Controller (I-Controller) ,lolesal qemmitl  -v

Differential Controller (D-Controller) Lol qeanutl -t

PI-Controller Llesall Lol @smmdl -0

PD-Controller _loladl rwlall gssmdl -1

PID-Controller s Laul Lelesill bl qsanill -Y
Ulag alee caay Gl c¥alally dlee dnydad S (o #1533 028 (e £ 95 JEo uyal g S Loy
$lal pamill Joo 55la] Lle cllidny JBguiall datasll guy ] LoVl 4 Lolil Jyg=l

Ay

Two-position (ON-OFF) Controller jpaagll g3 @St .\ -¢ -¥
w12 M asmmill 755 ssan of Gle (16-2) Jsaidly pns 50 Leso gl 10a Jee Gyl aaiady
25 e Loaie Il Jling 5T a5 6T A0 Yy (raio Lagd 5T elae aid) ol (a9

Ul 5550 pied JalEally 3lin of sl dis ol Jol€ally Ln giaa (55 aB b alews

3‘)\_4.:241 . .
P ) CP
S Max — - 28| st
Jaall e==ll | Al ¢
R ¥ s 0l C
-TE — Min M ;
B=C

e sl (63 pEmmill alamiul qeasd allas (16-2)Je s
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SV Yokl @smmill i Jee S 5
M=Max (ke i) for E>0 (25-2)
M=Min (g, iw icd) for E>0 (26-2)
Lastl 5)La) ealss 3] Uls 2 (el s o) elae aiad (3553 M asamill 2,5 o i g
pieiad Gl clandaill usd (reg  Adle Taddl §5Lal cdles 5] Ul 2 (g phw diayd (55279 i e
o1 BI2] e illy dalse aluiminals Oy 2 olll (G5ien 2 pamill 54 cileamill (e g5l laa
ALyl 5,500 o) G (sl e O3 20 oLl (ggtiens o1 9T JB Lelss 400 g0 5,500 i
Ol oLl Jo3s alaso (Ji3 9T =0 (e U gsune (950

-ANE o



AOLL B ol HS Y el
Lgalg5 9 dus Lial| @Saxllf @l GaY ot ¥ @Ko D Al oS Cilkaag OFT - Al pgS (S92

Proportional Controller (P-Controller) guwbilf gsad/ .¥ -¢ -¥
Lasdl 5,La) copcas @il ald e (17-2) Yoo il gne 98 Leso g5l 10a Jae &y ptas taiatg

: N Lt
e==l | Al ¢
M 4d @Sl C

el @il alusiul @sas allss (17-2)J=s

- £ 4 P - -4 D o= Sl

-

pie ol allaill 7y clan S sae 2550 carad O (S Kponba) of a5ty Lewsse Login
lallaiag (431 55k) 1) Uasdl Joudas cubdlatie @Sl K pdasd Ll oo 10 abladdl ) el

o e do i g el S5 O 833l o ) o ¥slallg gl G 2 1Y)

m(t) = Ke(t) (27-2)
M(s) = K,E(s) (28-2)

M(s)

E(s) =K, (29-2)

L] dad cols Bl ralill esamiall 7yl Ja ol 3HLA] oo £33 (18-2) J==all cnwy
oo s Juols b pSamill 755 55LA] dagd ola Mia culsa (a) Uastl5)La] essmndl Jao
A Uastl da 3 2 K essid
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e(t) A m(t) A
J>s S
RESREI{ B
aKp
{a
' > » t
0 >t g
el @Smmill 7 pa g i Byl (18-2) )=

Lleall 3Ll 25585 £l50T Wlling jdmass ga Ll Cuwlill qsasill Joe o 118 (o
Sl LoVl dosainll (UL of caplly Jaad Sdly dosacall olg Il Joad 1 Lgin @il (o g oill 1]
RO (N POP=SN (PS-UUP N FH REN JUP=N { PR-TRPIC =N o REN JOP=N {

I-Controller blsif gsail| ¥ -¢ -¥
s 98 Lo Uasdl 55LaY Jalea didec ol yaly asamill 1ia ald e ¢oill s Jae &iyla aatady
r> 53 ey Laddl i a3 @Sl (e g ol 10a Suag LI e¥slally (19-2) Jm il
(R=C) o T Ja ol gl 731 09 1 il Al 2 les allaill o (o pdy J ¥ Alslall e el

0T 6Ty ol Uasdl s )La] oesad iy

E=R-C=0
gmég = =
K, el ) b pliadl

Slaleaill @smmill alaziul @sosi allas (19-2)J=s
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t
m(t) = KII e(t)dt (30-2)
0

M(s) = K, LE(s)
S

M(s) K
©_5 (31-2)
E(s) s
o Less @ Luls T\)\m@_mw&u\@_}@ﬂ\&wuﬁo@ﬁw\ zo> 2 talie paii & Iale
dal il Ul 2 lalesill qsamill 7559 J50 o A3l s g9 19 (20-2) Y= il 2. (e

()7 uay Uasl o (o7 Lalia 5 )505 63 allal 2 @smmll

e(t) 4 m(t) 4
Jd> Z>
REA P
//
//
. //
7
BER <
t » t
0 0
Slalemill @smmill g ys g Joo Bl (20-2) Y=

: ANES(30-2) Dslasll Lads @Eamill )5 moaid

t
m(t) = KIJ. a dt

m(t)=K,at+C (32-2)
JEm il D s 9o Less 2 s m(t) el 7y pla el 5ok 407 eaty 128 (ye

iy ol s ol g 3ajm G did esmmil sl alladl Sle 550 wol3al 1y (20-2)
zod) iad o 7y Jad! o Uasd!) lelenill qsmmidl G-adly Uiy . paus Uaddl 3L

-AV -



AOLL B ol HS Y el
Lgals g dusLiualf @Sacld| G - ¥ Sl Alds Al S Olkaag DU - Al oS 9

Mg Lgllall BB 3aomy ] (pa @ Il @Sl e g oill Ty . S5l daid poa Lealal (gl i
Cidle K, Rad il 15 il piil ane 1 g3 13 45T Y] 2,30l Js ol o Uaidl

dapis sale¥ @il do Jea 21 Juall gTTESCT TAE darinlldsle] Juaas K colidl ooy
sale) iae colss Lalss K Jucall e ded ol Lalssg R s 03 pn g5l C 5501
o 13 ) ane ol 2301 2 55 8ss @ilan, gy S S350 0B 10 sty ¢ gyl daiall
Slesmaill Gle Lacalill alessaill 2 gl oo Lagsg K, Jacall 10 ) Loalit] Laatl Las

(olall Gl Coolitd K dnwnt dlcugn sole 559 5a (950 due Lintl ddales]

D-Controller Joladiesall ¢ -¢ -¥

s oo Lass Uasdl 55LaY Juslas dudes +1ya by eamill s ald le g il 1 Joe dybad atady
es==idl ol e (rate controller) oLVl pan 2 ean Sl lal qeax=illy (21-2) Jes il
el el Uasl 3508 5a5 Jane Gulad Gle oy

> >
5 . . Lt
el Al ¢

Lo lall @il alusialy @sasd allay (21-2) Y=

el 2y obe (Lasdl 5,lal col) Glolill esmmill o Lad ol Ul 2 o1 das s
¥ Lo Ll qmmill Lo 105 yian (golow colill luall slis 0¥ ellyg o sl Lo Lol
g Uasdl 3 L] 5as oLET (615 ladl VLIl 2 dasd Jaay a3 Ldaadl sLindl 200 yaas aiieio
3343 Ul e 5yle @samill Jaas)lal osso Ul 2 asamill 7,509 5o on 1 (22-2) =i
unit step function sus olf La .3
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e(t) 4 m(t) 4 m(t)
J>2 zr>! z=>!
P
‘:,L;:L.!:J\ REEN UL@L:IJ‘ RS
S Ldac

__I_l _____ |
0 > > 0
Llee 5 Lylad Slolall qemmill 255 g Jas )l (22-2)J=s

(=0 Lo 2 LaT J ol L] Lod il i ydus (gl Lo linl] @mmill 73 oof dam DU ¢y
ad L L (o 5510 1 il gy 0l ity ) e (oo il s 5,Li5] 3 oL
ol Lt @Emmie) Lylaill LumLill e 10s Jodl Aagd il i yaaall ] Jus Lo ole yaus daiip
1505 pdeeall 1 o sll (T B (503) bl ey 3T L il el 3 ol Libac (Yl
Ul 028 2 02l 755 ols X(D)=0 lamil Dl e 55k Sl Ll qdmmill Jous 5,La] el
5 5La] il 1308 slis punll 5,150 o 4T L Ll @Emmill 2 iyl copally Luls Tlzie g glons
$35 13 12y sl gl 208 5y Chys @Emmil] b olis guall (an Alame L Litll @Emmil] Jins
O Ay llezma (o2l Ldeall caladaill 2 LAY pbhas o) G Ldaall Lo Ll (e Jsoldis
oL guall

PI-Controller Sulsd| ouwlil| gsad| .0 -¢ -¥

lelesill @gmamill Jad ) 8Ls YU realinl] @mmill Jad (e Jo e gyl 10a Jas Lyla datady
Lo bl 2 o ge 58 Lo Lolale J) 2L YU Kpeols 35 2 Laill 5,L] o ying 30 431 61
o 9o Kpealidl jlaall gle Slelesal Lealill @smmtiall (23-2) Jemadl 2 ondl Bgainll
paii de Ll el &l Gang . Lelesill ol Cons 568 K, Lol @mmill (o uaalill = 5anll
Aelemall eyl S @i LIl oia 2 TI=KLI 58 @il (e lelenall eyl 557 Shalas
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lelemnill ralinl) qsmmill alusinls qeasi allad (23-2) Y=

Y @Ylall (e calemmil e g ol 130 ralea) Jaall g

m(t) =K e(t) +K, j e(t)dt 23-2m)
0

M(s) = K E(s) + L E(s) = (K, + ~D)E(s)
S S

M(s) K,
“K, +—L ]
E(s) P S 24-2)

Ok as g (ggles Taddl 55La] Lo ciles Bl @samill zy5 g J5o o LMl (24-2) Jmis oy
el s Osfo dadd ekl @il oles 13 Lal Jom dll i 5o 58 Laso (55m 75|
Lo gl lalesill el @smmill Al 2 Lal . aaY) dasll s 5o 58 Leso K, A3l5 dagd
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e(t) A m(t) A V/ J/‘V‘//'
NEX @f‘ ;g ~ \y

{Q&zﬂ‘ >
2K, —" ?’f
7 ,.’
7 ’”
7 ’°
Ky e b ——— .
- - === P ’ Mwuw
1 e )
j p t L > t
0 0
lalemill ekl qsmmill 7 y5 g Jas Byl (2¢-2)Je=d

Lyl ewi (23-2) Yo a2 Lg Slaleaill ralill gsamtill Juo 53 @3 Sl L plall o dasdhyg
(&) s )5
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