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Classifications of controllers
1. ON-OFF control
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Classifications of controllers
2. Proportional Control

U=k e k,, : The proportional Gain
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Classifications of controllers
2. Proportional Control

U=k e k,, : The proportional Gain
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Classifications of controllers
2. Proportional Control

: 1
« Step input response  r(S) =3

» steady state response c(t) = Iirrol sC(s)

. K, 1
=lims—; —
s=0 ]S +Bs+KIO S
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Classifications of controllers
2. Proportional Control

e Response to torque disturbance

r=0 + D
IO v I I B

_T - Js? + Bs

Yo

K
C(s) = p r(s)

Js* +Bs+K_

D(s)

+ 2
Js“ + Bs+ Kp

1
Assume that D(s)=— steady state response

S

1 1 1
ct)=lims- .= =_—_: steady-state error
® ISI_D.] Jsz+Bs+Kp s K, y

Large K, - small steady-state error

—> large motor power is needed
—> oscillations

- large W, Lwn :\/?]
- small damping ratio ¢ =

8

B
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Classifications of controllers
3. Proportional-Integral Control (Pl control)

e Response to torque disturbance

D
SR Kp[l+ij IS S O

Ts Js? +Bs

&:K 1+i
EG) "\ Ts

u(t) = K e(t) +$—ipie(t)dt

1
Kps+_|_ K,

C(s) _
R(s)

Js® +Bs® + K,ps+ P_T_P

i
No steady-state error for reference input
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Classifications of controllers
3. Proportional-Integral Control (Pl control)

D
SRNLIN Kp[l+ij IS S O

Ts Js? +Bs

1
C(s) _ Js? + Bs
D(s) 1 1 1
+ K, (1+
o Tis)Jsz+Bs

S

Js® + Bs® + KF,s+KP
T
D(s):E
s
C(t)=lims > - 1 o
7 JsP 4+ Bs? + KPS+TP S

No steady-state error for step disturbance
10
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Classifications of controllers
4. Proportional-Derivative Control (PD control)

y

Js? + Bs

—-};Ti’ KP + KdS > i

u(t) = K.e(t) + K, %e(t)

C(s) _ Kp + K4S
R(s) Js®+(B+K,)s+K,

B+K,
g =5 Jk_ - increased effective damping
=
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Classifications of controllers
5. Proportional-Integral-Derivative Control (PID control)

1 u 1 C
r oS K |1+ —+T > =
T CL Jr'risjL dsj Js* +Bs
6. 1 control
Fot+ e i u 1 <
j Ts Js? + Bs
11 1
C(s) TsJs’+Bs T
RS) 141 1 geipsesl
T.s Js“ +Bs T.
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Zlegler-Nicholas Tuning Rules for PID controllers

v

r *LKC[1+TL+Tds) = plant |5
.S

R(max slope)

Method 1) Transient response method d

B 4" PLANT —

v

KC:i for P —control
RL

Step input K. =%, T.=3.3L for PI—control

K =%, T.=2L, T,=05L for PID-control

c

» This method works good if the unit step response is | (sigmod) shaped
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Zlegler-Nicholas Tuning Rules for PID controllers
Method 2) Ultimate sensitivity method

A 4
v

—{}Q—+ K.

|

PLANT

KL @, — Increase
¢ — decrease

_ N VA%

~ ~ — 1\, */\AI\/\A‘
IR

e Increase K. until you hit the stability limit

K.=05K, for P—control
K.=045K,, T.=0.83R, for PI—control
K.=0.6K,, T,=05R, T =0.125R, for PID-control
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Routh’s stability criterion
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Stability of Feedback Systems

. >O_ ™ G(s) >
I— H(s) [
C(s) _ G(s) _P(s)

R(S) 1+G(s)H(s) Q(s)

Poles : S;
Re(s;) <0 ; stable

Characteristic equation Q(s)=0

bs"+b " +---+bs+b, =0
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Routh’s Stability Criterion

Characteristic equation

n n-1
bs"+b s +:--+bs+b,=0

s bn b;@—2 b;@—4

st b b, b

s ¢ c,

"7 d, d,

S

Cl — bn—lbn—; - bnb 3 ; C2 — bn—lbn—; - bnb 5

n-1 n-1

d1 — Clbﬂ—z _b;s—lc2 , d2 — Cle—S - bn—lCB

¢y ¢

e Rooth’s Criterion

Number of the characteristic roots with positive real parts
=Number of sign changes of the first column have the same sign
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Routh’s Stability Criterion

Example 1)
C P(s)

R s°+5s° +10s° + 7252 + 1525 + 240

5 1 10 152

s 1 72 240

55| -62 -88

Two sign change

=>» Q(s)=0 has two roots with positive real parts
=>» unstable
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Routh’s Stability Criterion

Example 2)
5 1 2 5
5 1 2
5° 0
s ?

method 1) s:i

5X* + 2x3 +2x% + X +1

Q(s) = .
X
x* 5 2 1
x° 2 1
x -0.5 1
x! -1 2
%" 5 two sign change =» unstable

19

=> prevents completion of the array

method 2)

set Q(s)(s+1)=0
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Routh’s Stability Criterion

Example 3)
> ) » K > ! >
R(s) + TJr s(s* +s+D(s+2) Cls)
K
C(s) _  s(s®+s+1)(s+2) _ K B K
R(s) 14 K s(s>+s+1)(s+2)+K s*+3s° +3s” + 25 (K)
s(s®+s+1)(s+2)
5 1 3 K
e 3 2
s’ g K
1 _9
> [2 7K]
s’ K
Z—gK>O p— K<E K>0
7 9
14
T 0<K<—
9
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Analog/Digital Controller

Controller Plant

h 4

v

A

[Analog Controller]

,| Controller > DE/A o Plant >
R U C
A 1
Digital : Analog
A/D
[Digital Controller]
Analog Controller Digital Controller

Pneumatic controller
(compressed air)
Microprocessor

Hvdraulic controller .
! . -flexible
(o1l) )
-modern control algorithm

-reliable

Electronic controller
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Steady-state error and system types
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Steady state Error in Unity Feedback control systems

R—— = 7= G(9) ~C(s)

G(S) . K(Tas +1)(TbS +1--- (Tns +1)
— SN(T18+1)(|'25+1)...(Tps+1)

N=0; Type O, N=1;Typel, N=2; Type?2

Steady state Error

1
E®) = T R
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Steady state Error in Unity Feedback control systems

1
1) R(s) = S 2 A (unit step input),

,=limsE(s) =lims 1 1 1
5=>0 s=>0 1+G(s) s 1+G(0)

eS

Static position error constant K,

k ;Type O system
K, =!i_r>1?)G(s) =G(0) =1 ;Typel system
o ;Type 2 system

1
: Type 0 system
— 1 _ 1+k P y
0 ; Typel, 2,.. system
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Steady state Error in Unity Feedback control systems

2) R(s)=si2

2 A (unit-ramp input),

€ :![ms

>0 1+ G(S)

— =lim————=Iim
s° s>05(G(s)+1) o0

Static velocity error constant  k

0 ;Type O system

k,=1imSG(s) =4k ;Type 1 system

s—>0

7\_
o x|~ 8

o ;Type 2,3.. system

;Type 0 system
; Type 1 system
;Type 2,3,.. system

sG(s)
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Steady state Error in Unity Feedback control systems

1 ) ..
3) R(S)=S—3 2 49 (unit-acceleration input),

: 1 . 1
e, =lims — =lim—
s=>0 1+G(s) s° s>05°G(S)

Static acceleration error constant K,
0 ;Type O system
0 ;Type 1 system
K —lims2G(s)={ ' o
5=>0 k ;Type 2 system
(o ;Type 3 system

(00 ;  Type 0,1 system
1 1
e, =—=<— , Type 2 system
=Tk ) K yp y
|0 ; Type3,4,.. system
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Open/Closed loop control systems

controller
open loop — k - K Y
R ¢ Ts+1
controller
+ k
closed loo — - k. - -y
PR . Ts +1

Open loop Transfer function i A{

l:kc k —>kc=l 0| =/ 0{0F error=0 0| =},
R Ts+1 k

Closed loop Transfer function Of A{

k
Y PTs+l _ KK
R 11k, K Ts +1+k.k
Ts +1

Steady/ state error for R(S) = 1
S

Open loop Transfer function llAl e =0

SS

k _k
Closed loop Transfer function 6| Al e, =1- —2— = L
1+kk 1+kk
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Open/Closed loop control systems

Model error sensitivity

k =10,Ak =1  model error

Open loop Systems

1 k+ Ak K+ Ak
T=s o ()=
R k Ts+1 k

=1.1 (10% steady state error)

Closed loop Systems

1
e = et L 10011
SS 1+ kpk kp " :>ess 100k 101 =0.0099
k + Ak,
e. = 1 1 = L =0.00901

Ly 100(k 4 AK) T1+101) 111

28
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End of section 5

29



Higher Order Systems

R(s) + 1- "Cls)  C(S)_  G(S) b +bs™4otb, stb,
R(s) 1+G(s)H(s) a,;s"+as" ' +---+a_,S+a,

=
L
r §

e unit step response R(s) = 1 characteristic equation

S as"+as" +---+a _,s+a,=0
C(S):bosn+-"+bm'1 S:pi |:1’q
a,s" +---+4, ety
S=—C @ T\1-Cy o, ] ’
zero ; s=2Z, i=1--m
C(s) = kil:Il(S—Zi) _ E-I—Zq: a, +Zr:bk(s+§kwk)+ckwk\/l_é/lf
a o2 2 s “Ss-p o s +2L, w8+
SHl(S—IOi)kHl(S +20,0,+07) . ! Kk :
j= =
q r r
Ct)=a+Y a,e™ +Ybe " cosm1-{t+Y Ce " sinm1-t
i1 k= k=1
J A Im
I 3
a)n \/l_é’kza)n
] Re 17 >
-4,
Op =~ ~ &, 30 é’k =CcosJ} 30




Effect of sensors on system performance

Controller

= Fast sensor dynamics ; H(s)=constant

- First order sensor

_+,‘p_, Controller .
K )
Ts+1
- Overdamped second order - underdamped second order
O »| Controller
+
- r K -
K Ts> +2{Ts +1 0<¢ <1

(Ts + )T, +1)
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Phase Lead and Phase Lag In Sinusoidal Response

Linearsystem

Xt) . G(s) = Y(b) Gs) = 26 _ P(s)
X (s) Y (s) gls) (S+ 35+ 8)+---+(5+35)
2| systemOll x(t) = Xsinot E S FSH y(t)= ?
X (s) = Xw
$° + w?
B B Xw
= Y (8) = G(s)X(s) = G(s) 1 o 1) Transient response = Stable system@! 4% =0
b b, o b, Loa a 2) Stable system@l Z % Steady state response —
S+S,  S+S5S, S+S, S+ Jjo S-jw y(t) = ae 1 + gelt
@ i XG(-jw
2=6(8) 2 (-5 + jo),_,, = -22CI0)
S° +w 2]
— X : XG( ]
3= G(9) 2 (s - o), ,, = o))
S° + w 2]

G(jo) =|G(jw)e"
G(-jw) =|G(jw)e™, ¢ = phase
l@rg) _ a-iletes)
sy = X6

y(t) = X|G(jo), 2]

=Y sin(wt + ¢),Y = X|G(jo)|, ¢ = £G(jw)

= X|G(jo)|sin(et + ¢)
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Phase Lead and Phase Lag In Sinusoidal Response

Example) First order system

K
Ts+1

. K
GU@:Tm+f

K
Tjo+1

K
LY () =X ——
J1+T20°

G(s) =

K

et
K
V1+T%0°

sin(wt+¢), g=—tan"Tow

G(jo)| =

G(jow) = /G(jo)=—tan'Tw

G(je)|=

; ,'/, \\\ / \\\ .’, \\ / : /’,\‘\\. / /,’\\\\ / /,\ \\\ /
NS NN s\ NS SN\ N
. . \ - \//

¢ <0 :phaselag, ¢ >0 :phaselead
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End of section 5

5-6 routh stability criterion
5-7 Effects of Integral and derivative control

5-8 steady state error in unity feedback
control systems

Next Root locus analysis
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