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Part 1.

Introduction to Control Systems

> Control Engineering
> Control Systems

> Sample Control Systems (Clips)
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Mass and Spring LTI Modeling

LTI Model: mx +BX +kx =F(t) ; m, B, k are constant
{mX'1+Bx'l+kx1=Fl(t) {if X=X,+X,=>F(t)=F@t)+F,({t)

If x=nx,=F({t)=nF/(t)

mXx, +BX, +kx, =F,(t)

I Telegram: @uni_k Sharif University of Technology - School of Mechanical Engineering
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Part 2:

Introduction to Laplace Transformations

> Complex Functions
> Laplace Transformation
> Partial Fraction Expansion




www.konkur.in

jo alisee glas

s=o,+jo , F(s)=F, +jF,

=F=F -jF, [F|=JF’+F’

\'%
qQ

O3

> dor jo Lalidee &b les - odeS anad g il 180 5 (gl ST
:.. ‘ﬁ’g&i o &

iG(S) _ oG, ] oG, _ oG, _j oG,
ds oo oo ow ow
. B o+1 JLA -
G(S):s_+1:>< Y (c+D)*+e° dG(s) -1
S—otjo G - ~w ds (s +1)°
Y (041 + o’




www.konkur.in

G(s)= k(s +2)(s+10)
s(s +1)(s +5)(s +15)°

wted o] Gl o (il O)so gl dlezaiz gls aiy il Al as
Ailwd ol gla Chad (ol P ol dezais sl aly ) ihaliSe b Cdad

D510 0929 Culed o 0 @l jho (solawd Vaars

Ll a5 clo b g b yao Lo

System poles :0,-1,-5,-15,-15

2
limG (s) = kiS = LS =0 — System zeros : —2,-10, o0, 00, 00
S—>00 S S




e _

e’ =cosf+ jsing Lt ol mb iy gl (6 anid =
L(f (t)) :J'O"Oe_stf (t)dt = F(S) u,.,)l_,y J-“-\*-’ DA

(aBl gy 4 9y B 4 oled &b jo 5l ol b &b wb))
| (t)] < Me®
2
Syl sg>g T (t)=e" mb WY bos Jle e -

oY o og e cools %

L(cf (t))=cL(f (t))
L(f (t)+g())=L(f (t))+L(g(t))




www.konkur.in

, Ae™ t>0
f(t)= {0 <0 f)
9 A ‘:Loé el.a -
F(s)=—
S+a .
t
0 - { RSN (2 -
) t< A
A
F(S) =— >
( S t
( Asinot t>0 ( Acosot t>0
(- {O s o ={ ’
< ) 0 t<0 lilie aulgs -
Ao As
\F(S)_Sz+a)2 \F(S)zsz_l_wz




www.konkur.in

f(t)
Al
t Aol
‘,.-—'/—’-

A
L7 T
f

t

O o= tIIrT(IJf (t)

b &b -
A oa«,
f(t)=
0 t>t, ort<0
—f ) =22 -t,))
tO 0
A Ae'™ A
F(s)=——2° (1—e ")
s 5 .S
4o &l -
1-e™)
L) =2 gim&=e )
(50 = Sim &

—P 5L 0@1)=A




e _

N aly c.gls S Shos s

LUt — ) f (t — ) = e “F(s)

l(t) A f(t)n f(f)l(f) +
% = _
> > g
t ‘n..___,’, ¢ t

I(t—t,). f(t—t) ft—t)1(—-t,)

8[/\/_= [/\/

to "L /;to tr | to t




www.konkur.in

oY fas pge by, (S

DL(f () =aF (as) 2) L “f (1)) =F (s +a)
L") =1 HLET ) =D L Fs)
S ds
5) L(tjf t)dt) =~ )
0 S

ACAW0)

e Y=s"F(s)—-s"'f (0)—s"*f *(0)—...—f "*(0)

7) ]f1(7)f2(t —r)dz=f,(t)*f, ()= L(f,@t)*f, (1)) =F(s)F,(s)




e _

:(Final Value Theory ) ol jlade aaé %

£x3

f () = limsF (s)

—~

Sl ol 3l g eSS 0 ein |, Al g Gl sl acels bl aas ol -

A walez oolaiw!l piiw Jow B aile by awlow

~

O Conly Chos 5 (09090 j97me (S9, (skad WL SF(S) s aad o)l 3, bd -
Sl ahls

S—>0




e _

yy IS aly Glaes s b o ol e il ol by Clad ann ST

wy

_ A(s) _ k(s+z,)(s+z,)...(s+z,,)
B(s) (s+p)(+p,)-(s+p,)

-4 % P mem, e =[5+p)FGE)L,

S+pP;, S+p, S+ P,

F(s)

:mpquﬁ)ﬁ\k@goouuq@gm;\%

F(s) = AB) _ k(stz,)(s42,).(5+2,)
P B(S)  (s+D,)(SHD, )...(s+D, )°...(s*p,)

ai a2 a'k ak an
_ + +...+ + =+ —+..+ n+2>m
SH),  sH, sH), (St )" (5HPy) s+,

g _1d®
< 21ds?

[6+PFEL, =S [+ FONL,

8 "=[(s +p ) F )y,




e _

O E ails Z 900 blise cdad cas> SO ST
F(s)—A(S)— k(s+z,)(s+z,)...(s+z,,) B
B(S) (S+p)(+p,)..(s°+25 @5 +07)...(s+p,)
o + % +.t— %S + ..+ a n+1>m
S+p, S+p, S°+25 0.8+ o, S+p,
F(s) =2 +12 osSan Y oo ) o
S*+2s+5 > -
F(s)= 2s+12 2s+12  2(s+1) 5(2)

2 - 2 o 2 * 2
s°+2s+5 (s+1)°+4 (s+1)°+4 (s+1)°+4

f(t) = L (F(s)) = 2e " cos(2t) +5e " sin(2t)




www.konkur.in

8?4+ 2s+3 o dxe wWLY bos Y s
F(S)_ 3
(s +1)
o)l S o5 S8 4 basye Laslg; 4 az g bt > -
2
|:(S):s +25+3 b, N b, b,

+1)° s+l (5417 (s+1)
= (s +1)°F (s) =b,(s +1)° +b,(s +1) +b,
1 d?

d?® 3 B B
dS_Z[(S +1)°F(s)]=2b, =D, = (3—1)![d32

(s +1)°F(s)]._, = %(2) —1
d_[(s +1)°F (s)]=2b,(s +1) +b, = b, :[d_(s +1)°F(s)]._, =0
ds ds

(s +1°F () =b,(s +1)° +Db, (s +1) +b, = b, =[(s +1)°F (s)].__, = 2

1 2

F(s) = =f@t)=L"(F(s))=e"+t%e™

_|_
s+1 (s+1)°




www.konkur.in

Thanks for your attention!
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Modeling of Control Systems

» Transfer Function
» Block Diagram and Closed Loop Control Systems
» Simplification of Block Diagrams

» Control Theory (Clip)
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Modeling of Control Systems
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Transfer Function
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Impulse-Response
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Block Diagram
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Block Diagram
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Closed-Loop Systems
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Closed-Loop Systems
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Sensors and Actuators
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Fotary Encoder
with
Feedback Display

Demonstration
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Digital Tachometer (Clip)

Sharif University of Technology - School of Mechanical Engineering
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Industrial Controllers

Proportional

Integral

Proportional-Integral

Proportional-Derivative

Proportional-Integral-Derivative

Sharif University of Technology - School of Mechanical Engineering
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Industrial Controllers

Sharif University of Technology - School of Mechanical Engineering
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Simplification of Block Diagrams
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Simplification of Block Diagrams
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Simplification of Block Diagrams
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Simplification of Block Diagrams
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Simplification of Block Diagrams
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Mason’s Rule
for
Simplification of Block Diagrams
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Mason’s Rule

P, = path gain or transmittance of kth forward path

A = determinant of graph

=1 - (sum of all individual loop gains) + (sum of gain products of
all possible combinations of two nontouching loops) - (sum of
gain products of all possible combinations of three nontouching

loops + ...)

=1-> L, +> Lk, — > LyL L, +.

a b, _ _ d_,e,f )
Z L, =sum of all individual loop gains

a
> L,L, =sum of gain products of all possible combinations of two
b c nontouching loops

Z LsL.L; =sum of gain products of all possible combinations of
def three nontouching loops

Sharif University of Technology - School of Mechanical Engineering
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Ak = cofactor of the kth forward path determinant of the graph with the
loops touching the kth forward path removed, that is, the cofactor A,
IS obtained from A by removing the loops that touch path P,

* Note: the loop gains should be considered with their signs.

Sharif University of Technology - School of Mechanical Engineering
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Mason’s Rule
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Sharif University of Technology - School of Mechanical Engineering
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Mason’s Rule
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Mason’s Rule
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Mason’s Rule

&:P _ PA,+P,A, %
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P =

Sharif University of Technology - School of Mechanical Engineering
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Part 1.

Modeling of Mechanical Systems

» Mass and Spring (Example 1)
» Inverted Pendulum (Example 2)
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Part 2:

Modeling of Electrical and Electronic
Systems

» RLC Circuits
~ QOperational Amplifiers
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Operational Amplifier Circuits
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Part 3:
Modeling of Liquid-Level Systems
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o Chapter 1: Introduction to Control Systems and Laplace
Transformation

o Chapter 2. Mathematical Modeling of Control Systems

o Chapter 3: Modeling of Mechanical, Electrical and Fluid
Systems

o Chapter 4: Modeling of Pneumatic, Hydraulic and Thermal

Systems
o Chapter 5: Transient and Steady-State Response Analysis

o Part 1: Transient Response — First Order Systems
o Unit Step Response
o Unit Ramp Response
o Unit Impulse Response
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o Part 2: Transient Response — Second Order Systems
o Unit Step Response
o Transient Response Specification
o Servo System

o Part 3: Transient Response — Higher Order Systems
o Unit Step Response

o Part 4: Stability Analysis
o Routh’s Stability Criterion
o Routh’s Criteria — Special Cases
o Effects of Control Actions on System Performance

o Part 5: Steady-State Error of Unity Feedback Control
Systems
o Static Position Error Constant
o Static Velocity Error Constant
o Static Acceleration Error Constant
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o Chapter 6: Control Systems Analysis by Root-Locus
Method

o Chapter 7: Control Systems Design by Root-Locus
Method

o Chapter 8: Control Systems Analysis by Frequency
Response Method

o Chapter 9: Control Systems Design by Frequency
Response Method

o Chapter 10: PID Controller Design by Ziegler-Nichols

Method
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Part 1.

Transient Response — First Order Systems
» Unit Step Response

» Unit Ramp Response

» Unit Impulse Response
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Part 2:

Transient Response - Second Order Systems

> Unit Step Response
» Transient Response Specifications
» Servo System
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(1) Underdamped Case (0 < € < 1):

C(S) . a),% R(s)=1/s a),%

R(s) s24 28w,s + w? (524 28w,s + wd)s
1 s+ 2¢w 1 s+éw W
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s2+2fw,s+ w2 s (s+Ew,)? +w§_(s+€wn)2 + w3

(2) Undamped Case (§ = 0) = c(t) =1 — coswpt
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(3) Critically damped case (¢ = 1):

(4) Overdamped (¢ > 1):
—51t —Syt
=1+ (-
24/ =1\ 51 S2

S1=wn(f+\/ﬁ)
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1) Rise time - t,.
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2) Peak time - t,,:
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4) Settling time - t:

RPTWRE) uL") Ji,..; d.sLL:.o c@ub u.ul.’ 9 Yl.* oA.LIS osm Lg‘l'“ éal.a 9& &oj L’ 3¢
) 50 (eSS ) Ojse &)

!

=— 1Y aubl

= & abl

$
$Wn

Qlw Q| »
S
S




e _

leo %

g 4 y5se e g e 50 (oS L > g (eeabloe lae blae 56 -
ewid gl el g SO S L e o ceadbliae Glae ol 4 gliS ] -
Sl aisly g3 g0

¥
»

T = kizir > T = Ki, : Armature controlled & 7 = Kif : Field controlled




' _

w2 o ol | DO gise g9 S (5 plezsle 5 JSG %

Reference input  Input potentiometer

Output potentiometer _

Feedback signal . I: T
------ -Z------_-----------_- ) ' J '

b - - - - — - —




e _

—

) yoome il 2 aa by a5 Conl il g Cwoglin sl ladl (slls ¢ e | lowe

O )\o

—

Jraie 0dis x> SO W |y o, o YU Hollind g pol j90 oloul jelaie a4
oS (o0

4 e S Ol 65 o3Il g (ly) (lo B 995 Hohiie 4 Slogeanily
)10 o ylegundlly (galy Jaw sl 09, (0 )5

e, =Kor,e, =Kyc e, =¢e,—e.=Ky(r—c) =Kye ; e:Error

il o], o 5 4 ol el Silse S plol colls DC o ol %

-
3

il ol )Ll gl 0l o ol o




e _

)M)T )L&.o 5O )L‘Jﬁ dJoleo 3

di,

@ dt

di,

La dt

+Ryig+e, =e,=L

, do
+ Rala + K3 E — Klev

]Oé + b09 =T = Kzia

Amplifier o oo 4 DC 950 Lo b5 %

0(s) . KK
E,(s) s(Lgs+Ry)ys + by) + K,K3s

—

. N

: ) L: e
* *” *” * *

Cs) _
0(s)

n




e _

O s IS Seb pl, 5L L8 slaasdll jo el &l )l Gleisgi 4y axgi b s

R(s) C ;EES} E\(5) K K, As) Cls)
SiLs+ R)(Js+b,)+ KKy

KoK, K,
S[Rq(JoS + by) + K, K3]

L>»D=R,» L, =>G(s) =




www.konkur.in

KoK1K,n “Ran?
s[RaUos + bo) + K, K]

G(s) =

] = % : moment of inertia referred to the output shaft

K,K
B:[bo+(;a3

)]/n? : viscous-friction coefficient referred to the output shaft
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Part 3:

Transient Response — Higher Order Systems

> Unit Step Response
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Part 4.

Stability Analysis

» Routh’s Stability Criterion
> Routh’s Criteria — Special Cases
» Effects of Control Actions on System Performance
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s3—35s4+2=0
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7 Jle s
s° 4+ 25%* + 2453 4+ 4852 — 255 - 50 =0

1 24 —25
2 48 —50
0 0

)

pé\f‘)éﬁé‘wmm)o‘m\omﬁ.@ﬁgMIEMGLQu‘)o-:-
g (0 ) g 4 (pgs shaw) ol 2V e 5l pgu
P(s) = 25s*+ 4852 -50=0
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:f°'~’.)9‘ (P e ‘) g )-E-w w‘).o cé.of 6‘ r-\.l.o.>.x.> )" 6; §olin L, 3%

dP
P(s) = 2s* + 48s% — 50 = Or»d—s = 8s3 + 96s

1 24 —25
2 48 —50

Cbls papled bl adn ) SO Azl 0 (e ylo Cdle oy SO %
NS SO é@‘ Joleo LgL:b Al ‘u_iof 6‘ c\.L<>.>..&.~> 6Lfb Al
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o (5 Ml jslaie 4 K 03 gizte dawlowe 1Y Jlo s

EL@_,_ K o) C(S) K
siEt 45+ 1)(s4+2) —

R(S) s(s2+s+1)(s+2)+K

Characteristic Equation: s* + 353 +3s2 +2s+ K =0

1 3 K

3 2 0

7/3 K 9K —

/ B |, %K oy >
2-9K/7 0
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E(s) R(s)—C(s) _ C(s) 1 S E(s) = R(s)
R(s)  R(G) ~ RG) 1+a6( T 1+60)

K R(s)= 1/s Ts+1 1
G = — _

(s) Ts+1 EGs) = ITs+1+Ks
| . | £ lim Ts+1 1
€ss = Jim e(t) = lmsE(s) = lm o = T1 &
0y Offset
R(s) E(s) ] cs) *7/
K ™ T+l = : :
Proportional Plant
controller

-
t
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C(s) K E(s) C(s)  s(Ts+1)
R(s) s(Ts+D+K R(s) ~ R(s) s(Ts+D+K
R(s)=1/s 2(TS + 1) 1

— = = =
Cgs = th_)rglo e(t) = llr%sE(s) 11 M T ks
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CGs) _ Ky R —1=> =1= =0
R(s) Js?+bs+K, ' (S)_S Css = Css =
1
C(s) _ sUs+b) _ 1 _EG) k)
D(s)_1+ Ky Js’+bs+K, D(s)  D(s)
s(Js + b)
T, T, T, T,
D(S)=?=>CSS=K—p=>eSS=O—K—p=—K—p
0
R E T | c
Ko = sUs+ ) -
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PI )JJ.«..S P9 | S
C(s S (£)=0 S
DES; - r——E) =~ D (s)
]S?’+bSZ+KpS+TI.D ]S3+b52+Kps+TI_9
l l
1 _ _ 1 —S
D(s) :E:>ess =£1_I)%SE(S) ZLI_I)I&(SE )=20
Js3 + bs? + K,s + =

T;

D
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Pl J =5 LDC g
T]s3>+Ths?+TKs+K =0 A5k 2P0 99
Bl v o«
L B Ko
= KT > ? =>T > E
e oo
s
I ,.US L DC 9.’9.A 99 3¢
Js3+bs?+K =0 b ' / >
J
b K
é(JK/b) 0
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Part 5:

Steady-State Error of Unity Feedback
Control Systems

» Static Position Error Constant

» Static Velocity Error Constant
» Static Acceleration Error Constant

(‘nnlcnl\/
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OR 6 ()= KOS DT,5+D |

s (T,s +1).. (Fs+1)

N=0 S0 E9 g o Type-0 servo system l
N=1 SO E 9 g Type-1 servo system
N=2 99 £ rm g o Type-2 servo system

Db o 20l S g 6ol aali8l cBe N o8l b %

C(s): G (s) 3&:1_(:(3): 1
R(s) 1+G(s) R(s) R(s) 1+G(s)
SR (s)

E(s)= R(S) =e, =limsE(s) =

1+G(s) 50 1+G(s)
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S< 1
R(s)==-=e.. =1l S
() s s sl—l>%1+G(s) 1+ limG(s)
s—0

lirr(;G (s) = G(0) = K,, (Static position error constant)
S—

) 14K
s = =<Kp=oo—>0 J]\7_]

\Kp =00 — () ”N_"-
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1
R li 52 Ii .
= —= = =
() sz Oss T 0T G(s) S50 s + sG(s)

lir%SG (s) = K,, (Static velocity error constant)
S—

(K, =0—> 00 ; N=0

1
K,=K—-— ;N=I
v - K )

K,=0->0 ;N=2
... -0 ; IN>2
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_ 1
Rs) = 5 = e = i

lin&s2 G(s) = K, (Static acceleration error constant)
S—

(Kg=0 — oo ; N=0
K,=0 > o ;N=I]

1
=\ Ka=K> 7 iN=2

K,=00—> 0 ;N=3
... -0 ;N>3
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Thanks for your attention!




Automatic Control

Chapter 6:

Control Systems
Analysis by Root-
LLocus Method
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o Chapter 1: Introduction to Control Systems and Laplace
Transformation

o Chapter 2: Mathematical Modeling of Control Systems
o Chapter 3: Modeling of Mechanical, Electrical and Fluid
Systems

o Chapter 4: Modeling of Pneumatic, Hydraulic and Thermal
Systems

o Chapter 5: Transient and Steady-State Response Analysis

o Chapter 6: Control Systems Analysis by Root-Locus
Method

o Part 1: Root-Locus Analysis
o Example |
o Example Il
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Chapter 1.pptx
Chapter 2.pptx
Chapter 2.pptx
Chapter 3.pptx
Chapter 3.pptx
Chapter 4.pptx
Chapter 4.pptx
Chapter 5.pptx
Chapter 5.pptx
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o Summary of Rules
o Example I
o Part 2: Special Cases
o Positive Feedback Systems
o Non-minimum Phase Systems

o Chapter 7: Control Systems Design by Root-Locus
Method

o Chapter 8: Control Systems Analysis by Frequency
Response Method

o Chapter 9: Control Systems Design by Frequency
Response Method

o Chapter 10: PID Controller Design by Ziegler-Nichols

Method
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Chapter 7.pptx
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Part 1.

Root-Locus Analysis
> Example |
> Example 11
> Summary of Rules

> Example 111
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OLTF = SL1—> Open-loop pole (OLP): s=-1
_|_

CLTF = L—>Closed-loop pole (CLP): s=-1-k
s+1+k

s+1

Root Locus Gain
02 l [ l [ [ [ [

0.15(- i

o
)
<
T
1

Imaginary AXis
S
o
(&2} o
T
1

S
[
T
1

S
=
[($a)
T
1

[ [ [ [ [

S
=2

35 3 25 2 15 -1 05 0 05
Real Axis
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03105] aoles g0 a4 oo el 4o ol Laliie (6 olae S5 GH=-1 ¢ aoles %
b anl> dl; g

CLTF =S =
R

= Closed — Loop CharacteristicEq : 1+GH=0 = GH =-1
1+ GH

Magnitude constraint: |GH|=1
Angle constraint: (GH ==+180(2k +1)
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Sl oslal bl 5l g 00 oo coliiw] cwain )6y sl gl Ja{.w SIS
oolaiwl cwaie G 5l asin alals G sl Jaeome yel )b Jlade o yel canny

DG (50
Cowl Ol lalizdes (6 azbo [0 din o gl SO gl ady, cwaie S %

daseive doles gl Lolgi 1) aygly g o3l b oS Lalises amis (g5, bl 4 S |

(N>M) s )lo SIS eIl o 5

(s+2,)..(s+z,) _ _
L — OLTF zeros:-z,,...,—z,,OLTF poles:—p,,...,—p,

(S+py)...(s+p,)

OLTF =

Characteristic Eq =1+ k ——= Als) —1+k (s+2)..(s+27,)

B(s) (S+py)....(s+p,)
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-dolol %

1+k§=0:> B+AK:O&>B=O:>-pj :OLTF poles

45@1@139);%@&)@;4.3.05.3&9135-uw)wmd&gkmojb)lwsbgﬁw)o
b lea 5L low la cdad 15 wigd oo 5Ll 5L o sla cdad 5l e ady, cwase e Cids> o

daw)‘d.o LS‘)'.’ ngf.)‘o Lgl.tb d..«.....a) 0 ¥4 u.a)..o u.w‘)S‘Lojd.s).O.o 0 ¥4 u.a)..o 6‘)‘¢M)‘duo Glsb

1+kE_O:>B+AK 0—> A= 0:>-z :OLTF zeros

2 A Cawl (pdgy 00 Ol @y 0g wlys e aldy ) swaie 6 g5 Loa bl sle oo 4zl jo
e sldad (e b lae slajao 5 wsds o p3 b e slojho 4 b ady ) pwdin Ko Cdd>
Al Soloin 6 o re @l 4 a
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tlalisee domao jo adadl SO 5B g olusl Al s

o K(s+2)
(S+py)--(s+p,)
,,
o, =l B
ST s e pfs + p AAAA,

<GH = (kK+(s +z,— (s +p—..= (5, + P, =0+¢ -6, —..— 0,
(GH|, =¢—6,—..—6, £ (21+1)180

Dg dalez o ddy, swaie
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Test point

jo

tlalisee domao jo adadl SO 5B g olusl Al s
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i 950 b b Cilme (W Joxo 040551 sy
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)
Lo s

k

G(s)= S(5+1)(5+2)

H(s) =1

o2, 56 o i : M=0 - 5L e cdad 4w : N=3

N-M=3 ke Cilxo slaxs - N=3 e asLs slass

R(s) K C(s)
s(s+1)(s+2)

Nexi IC\:||n|)Ic,
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rdolal s

Angle Condition:
1) G(s, )=0-0-0-0 = £180(2a+1) IlI) G(s, )=0-180-0-0=-180=+180(2a+1)

111) G(s, )=0-180-180-0=-360 = +180(2a-+1)
IV) G(s, )=0-180-180-180=-540= + 180(2a-+1)

]
T

. * ()

. A\

: Aoy 5
L

| Slaws £ goma cdigad alais Ca.w‘) Couw 5O )f‘
A *_* -------------- O 95> aladi 1 b 08 o dad g bayao
a5

lmagingry Avig

P
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:dols| s
(ASYmptotes) wase 5 sla cilre 0,51 Cunas ogos -

lim(GH) =lim K =lim K ~ Iimk3
S0 S0 S(S +1)(S + 2) S0 3(1+ )(1+g) s—>® g
—60
lim(GH = IIm(— =0- 3(5 =1180(21 +1) = (s =+60(21 +1) =< +60
S—00 S—>00 S
+180
3 Root Locus
2
+60
21
g
20
5 +180
£
-60
2
% 4 3 2 1 0 1 2

Real Axis
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SleMbl &ygo ol 10 oo SYL a0 G s ojlail a6, o2 e ol o il S

s(s+1)(s+2)=s’+3s°+2s
(s+1)° =s° +3s7+3s+1

= lims(s+1)(s+2) = lim(s +1)°

lim =lim—->o=o0,=-1
S—0 S(S _|_1)(S + 2) S0 (S —|—1) Root Locus

Imaginary Axis
=
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:c\.ob‘ 3¢

(Break away & Break in) ;] a4 0g,5 5 i 90 3l g5 bli 10,5] Cavss ogoes -
critically a.. Hoe s Cordg Aol 40 )0 o2 gy, ol g0 e aSlh 0,95 bla o
<ol damped

_As) A(s)
OLTF = B(S) — CharacteristicEq:1+ k —= B(S) =0= f(s)=B(s)+kA(s)=0

f(s)=(5-5,)..(s—5;)".(s-5,) =0
f(Sj)=0 , ﬂ|S_S.=r(s_sj)r—l“.ls_&Z{;'f0 r=1
ds ~ ,

=0 r>1
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A 53 Ngd ho S ol s T e 5 T(S) b s

f=B+kA=O:>£|S=Sl=B’+kA'=0:>k=—E,
ds

f:B+kA:B—%A:O:> BA'-B'A=0
kz—Ejﬁz—BA_zBA =O:%|S= =0

A ds A ds ™

: led Lo g1y -
CharacteristicEq: 1+k L =0=>k =—-s(s+1)(s+2) =—(s>+3s° +25)
s(s+1)(s+2)
s, =—0.423 =k, =0.385

%=—3(s2+6s+2)=o:> ' '
ds s, =—1.158 = k < 0 not accepted
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(5lb 5 p0) (09890 H9me 5l waid S jeue IS (40,5 g egou -
:Jsl Shey -

On the imaginary axis: s = jo
k=-5"-35°-2s=>k=—(jo)’-3(jo)’-2(jo) =+jo’ +30° - j20 , ke R

> 2w=0
:{f 302) —0=2J2,0=2k=60—3p=+/2,k=6
= 3w

; | | tRootLocus | | )‘M W““”‘.‘.‘“" O<k<6 Lg‘)‘ 4 ‘Ji"" L 4}3" L’ -

Imaginary Axis
o

Real Axis
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(&l Jgoz) g0 g, -
ol 8% 4 by e o 4 a2 g5 L

s +35°+2s+k=0

s 1 2

2

> 3 K P(s)=3s>+6=0=5s==+j2
st % 0

sk

$?+352+25=0=5°+352+25+6=0=>5=-3,tj/2 > s5=+j/2
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3,5 ey 1y o Ao ) wain K6 (0,8 jeb a4 Gl o I

Root Locus
3 L i L i

{s =-0.423
4L k =0.3849 {s:-jﬁ 1

Imaginary Axis
o
|
N
|

-3 [ [ [ [ [

-5 -4 -3 -2 -1 0 1 2
Real Axis
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K=1.0383
k=6 l
_3 i)

:M‘Q‘ e

45&5.&3&7:5&3\69964-3'( M‘?s"_

- o}‘d.?‘ b).w )‘ ool.é.';w‘l.g)ﬁ.'a'.z.a u.a‘ 6‘)‘._
i e ablas 3 Jeols ads (gl
ools € s bogs o augly shlo gl g by ai,

b oo 1 Kl - oo

¢ =05= B =cos*(0.5)=60°
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Intersection point: s, =-0.33+0.58j = k =|s(s+1)(s + 2)|S=Sl =ls|.s, +1.|s, + 2| = ALAA,

k =+/0.58% +0.33% /0.582 + (1—0.33)? /0.582 + (2—0.33)? =1.05

Root Locus

Imaginary AXis
—

Real Axis
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k(s +2)
s +2s+3

OLTF =

OLTF poles:-1+ jv/2 >n=2

— Number of asymptots: n—m=1
OLTF zero:-2 > m=1

3

2 r— . * & . “ e
L1+ jv2 970 S9y O alh Sl 4 axg L o#

. ) . . . -

0< > . )

. _2 .w‘d M’. ‘5.> B.I ki”‘
P .

5 -1 —]\/E

3 3 2 1 0 1 2 "“'““""'“"'" Lok dhcsip e
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Halizes (b 5l g5 dygly (99,50 Comns -

s on the Root Locus : jo}
<OLTF|=+180(21 +1) = ¢ — 6, -6, .
6, =+180(21 +1) + ¢, - 6, g
—P1
Angele of departure: AD = lim 6,
S—>P
o
) J2 WA .
=lim¢ =tan™* — 550 = 0 o
r=lim g =tan () 5
. L. =g,
6, =1lim@, =90 6,

S>>

AD ==£180(2l +1) +55°—-90° =145° P2
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‘50-:-99)9.7u )‘ Ca? L’a‘ds)g gglLo...‘>‘ bLlss Od)gi Cowdo —

k(s +2) —O:>k:—32+28+3

Characteristic Eq :1+—; =
S°+25+3 S+2

dk  (25+2)(s+2)—(s°+25+3)  s*+4s+1

=0=s,, =
ds (s+2)° (s+2)? 12

-3.7320= k =5.464
—0.2680=k <0
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:dolo |
55 0507 o5 ol ol 1K -

£=0.7 line Jo )
¢ =0.7= B=cos(0.7) = 45.6° P
=S, = -1.67+ j1.7 |
. . k(s+2)
Magnitude Condition : =1 | | 5 | .
g SZ +2$+3 -4 -3 -2 -1 0 1 o
2 ;
:>k=sl +25,+3 134 L
S, +2
)
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el oo Ly o)l 518 b jemme (59, &S o e Sl oot -

ELQJMQ‘MW;‘_&b)ﬁméﬂ)}bp)‘MPQ—%‘MOﬁ_ui"é‘.’f“)‘b -
] qwiin 86 g5 iow ol all 0,8 ol cly s lo Clad

i G gl ol 3059] Cewds -
N—m bbb olows -
+180(2+1) .
n—m
> _Open Loop Poles—» Open Loop Zeros
O. =

a

il g asgly -

n—m
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i

dk 0 s, = k >0 or k=0 accepted
— :>
s, = k <0 not accepted

S5 Jé‘d?-i.o.bﬁa)ya Sl gl b o Cdad g0 o pwaie )G 5l LiSe ST -
Sygo opl 50 il 5L lae ho g0 o owain G 5l adu ST g o)l 0929 B.A
5,4l 3929 Bl S JBlos Loz
B.l-B.A=1 1Bl 5L e e 98 G gwaie OB 5l a5 ST -
B.A=B.l Sl 5Ll e 90 o (gwaie (G 5l pase ST -
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jo )

o< o

jo jﬂ;‘/

BA=2,BI=1 BA=1, BI=0 BA=1, BI=0
BA=0, BI=1
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: Angle of Arrival L Angle of Departure s 5l cooas -

AD =180 s o s
A5 9550 S 4 Lo dad A 0590 bbb o0

AA =180° — b el sbls) e —I— »lo sl oy sbls; aex
A 530 ko 4o i KERVE PN

iso9Rge y97e b (B LA (49 5] Cewny -
fosfis (109

1 KAL)
B(jw)

=0 — k & w will be determined

Sly Jgoz b,
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k — B(St)
As,)
)55 5 el 50 b 3Ll Sz (e asly (09,1 Sy -
360°
Y= ; g :Number of Branches

slo ise ggeme N-M=2 L N-M>2) il g0 Plas 5L o sacw oo diw, ST -
o wolez 5 lae glo Cdad b sla jisu faesme plp dis Jlow glo Cdad Bd>

> Re(P™)=> Re(P°") =Constant




' _

o210 Lalisee ady ) 90 (6l el At jlae sl a5l (S5 §=-2 ST: s

k
(s+1)

OLTF =

3

OL:p=-1=-2+Re(P,"")+Re(P,"") =3(-1) = 2Re(P,*") = -1
= Re(P,*") =-0.5

Root Locus

)
A7

Real Axis
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— i
S <s+1><s+2> - *

iduaseivo OYolee ;o b yho g cdad BA> 30 @ asg5 s

k

s(s+1(s+2)

s+1 <4—
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K oo (09 ~
CLTE — s(s+1)(s+2) _ K _ 1 | K
k(s+1) s(s+1)(s+2)+k(s+1) (s+1) s(s+2)+k
s(s+1(s+2)
k
1 s(s+2) > :
= : =s’+2s+k=0=s,, =-1+1-k — Variableroots
(s+1) 4, K ’
s(s+2)
owdid e g -
@ 051 G(S) = , H (S) = (S +1)
% 0 ) A s(s+1)(s+2)
g ) % K
E o5 <ol (g ads, . =OLTEF=GH =
s(s+2)

0.5

[ [ [
135 2 -1.5 1 0.5 0
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To,5 Wb ax 0,5 l,3
JL».A 3k

20 1
S ) (s +1)(s+4) >3 o
k <4
20
""*@_’ S(s+1)(s-+4) B

ks +1

<

Previous Example f Next Example v/
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:dolol %
GH —OLTF = 22t +D
s(s+1)(s+4)
20
CLTF C_ s(s+I)(s+4) _ 20 _ 20
‘R 20(ks +1)  s(s+1)(s+4)+20ks+20 4, 20s
s(s+1)(s+4) s® +5s* +4s+20

S (50 ) iz 5 lae haws @bl ly bty pwsis o6 b -

20ks OLP =-5,42]
OLTF = ——— = — n=3,m=1
s*+5s°+4s+20 |OLZ=0
o ol -
+ +
Asymptots : +180(21 +1) _ #180(21+1) _ oo

n—m 2
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N\
hd L
Ao ‘ Q‘ “

o - 2.0LP->0LZ (5+2j-2))-(0) _
n—m 2

thlize glo dad 5l zg,5 asl; -

AD =180° — rlo e Sl sbly; Zo= plo sl el sblgg PO l

AD =180 — (90 + tan™* (é)) +(90) =180 - 21.8 =158.2

Bl &B.A Jxe-
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Part 2:

Special Cases
> Positive Feedback Systems

> Non-minimum Phase Systems
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Lead and Lag Compensators

a <1: Lead network a >1: Lag network
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Lead and Lag Compensators Design

» Example I: Lead Compensator
» Example II: Lag Compensator
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Quadratic Factors
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Bode Diagram
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Non-minimum Phase Systems
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Experimental Determination of TF
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System Types vs. Log-Magnitude Curve
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Polar Plot

> General Shape of Polar Plots
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Stability Analysis
> Nyquist Stability Criterion
> Relative Stability
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Closed Loop Sys. - Stability Analysis
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Nyquist Stability Criterion
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Nyquist Stability Criterion
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Nyquist Stability Criterion
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Nyquist Stability Criterion
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Nyquist Stability Criterion
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Nyquist Stability Criterion
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Relative Stability — Gain Margin
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Relative Stability — Phase Margin
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Relative Stability — Phase Margin
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Relative Stability — Phase Margin
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Relative Stability — Phase Margin
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Relative Stability — Gain Margin
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Based on the Frequency-Response
Approach
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Characteristics of Lag Compensators:
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