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

U=k e kIO : The proportional Gain
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Classifications of controllers

2. Proportional Controi

v
()

U= kIO e kIO : The proportional Gain
r e 1
T kp Js? + Bs
KP
() _ J’+Bs _  K;
r(s) 1. K, Js* +Bs+K_
Js* +Bs
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Classifications of controllers
2. Proportional Controi

: 1
e Step input response  r(S) = S

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

. K, 1
=lims > —=1
s=0 JS +Bs+KIO S

Aﬂ/\/\
\/U

v
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Classifications of controllers
2. Proportional Controi

e Response to torque disturbance

r=0 ’4 D 1

—I - Js* +Bs

K
C(s)= - r(s)

Js? + Bs+ K,

D(s)

+
J32+Bs+Kp

1
Assume that D(s) =3 steady state response

1 1 1
ct)=lims- .~ =—" steady-state error
(t) Isl_go] JSZ+BS+Kp s K, y

Large K| - small steady-state error

—> large motor power is needed
—> oscillations

- large W, [wn = %J

B
2,J3K,

- small damping ratio ¢ =
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Classifications of controllers

3. Proportional-integral Controi (Pi control)

e Response to torque disturbance

—>

D
K,{1+ij 4“.};_. | <

TS Js? + Bs

ves) =K 1+i
EG) " Ts

u(t) =Ke(t) + %je(t)dt

1
Kps+_|_ Ko

C(s) _
R(s)

Js® + Bs® + Kps+|$'°

i
No steady-state error for reference input
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Classifications of controllers
3. Proportionai-integrai Controi (P1 control)

D
r "€, Kp(l+ij J.gl>_> L | e

Ts Js? +Bs

1
C(s) _ Js? + Bs
DGS) 14k, a4ty 1
o Tis)Jsz+Bs
s

Js® + Bs® + Kps+f_P

D(s):%
C(t)=lims S 1 o
s—0 S

Js® + Bs® + KPS+I_T_P

i
No steady-state error for step disturbance
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Classifications of controllers
4. Proportional-Derivative Controi (PD controi)

y

5 Kp +KqS | Js?+Bs| |

d
u(t) = Kpe(t) + K, ae(t)

C(s) _ Kp +K,S
R(s) Js°+(B+K,)s+K,

B+ K,
- =5 3k - increased effective damping
P
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Classifications of controllers

5. Proportionai-integrai-Derivative Controi (PI1D controi)
1 u 1 C
r + e = > L
- _>KC(1+TiS+TdSJ B T
6. | control
r € 1 u L 5
- TS | Js?+Bs
1 1 1
C(s) TsJIs®+Bs T
RES) 142 21 Js +Bs?+ =
T;s Js“ +Bs T;
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Ziegler-Nicholas Tuning Rules for PID controllers

v

r *LKC[HTimsJ -~ plant | —
S

R(max slope)

Method 1) Transient response method

‘— "‘ PLANT —

v

Kczi for P —control
RL

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

1.2

K, ===
RL

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

e This method works good if the unit step response is | (sigmod) shaped

VDOCU o,
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Y

v

_i,o_, K.

|

PLANT

KL @, — increase
¢ — decrease

LN A\ _>/\/\/\ _’/\/\{\f\/\
NV \/\/‘ \/\]\/V

e Increase K. until you hit the stability limit

K.=0.5K, for P—control
K.=045K,, T, =0.83R, for PI—control
K.=0.6K,, T.=05R, T =0.125R, for PID-control

13
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Higher Order Systems

R(s) + - Gls) C(s)

A

H(s)

- unit step response R(s) =~
S

Cle)=" 1
a,s"+---+a, S

C(s) _

G(s)

m m-1
_bs" +b;s

+---+b S+

R(s) 1+G(s)H(s) a,s"+as" +---+a,_s+a,

characteristic equation

a,s"+as" +---+a,,5+a,=0
S = pi i:l’-..q
S=—C, 0, £1-CPo, k=1-r

Zero; S:ZI i:l’...m
C(s) = ) = 3+Zq: % +ibk(s+é/ka)k)+cka)k\/l_§k2
q r 2 2 S - S_p Sz+2§COS+(02
Sr[l(s_pi){ll(s +2§ka)k +a)k) =1 i o=l Dy )
j= =

q r r
C(t)=a+ a;e” + Y be* cosm1- it + > Ce s sinem, 1 {7t
= k=1 )

4 Im

mﬂzquizfﬁ% 14

A

\/1 ~{io,

A J

£, =cosq
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Effect of sensors on system performance

Controller

A

= Fast sensor dynamics ; H(s)=constant

- First order sensor

NGO Controller
A >

Ts+1

- Overdamped second order

O »| Controller

v

K e—

K

(s + )T, +1)

15

- underdamped second order

L

T%s* +2{Ts+1

0<d <1
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Stability of Feedback Systems

. >O_ M G(s) >
L H(s) [
Cis)_ G(s) _P(s)

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

Poles : S;

Re(s,) <0 ; stable
Characteristic equation Q(s)=0

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

VDCU |,
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Routh’s Stability Criterion

Characteristic equation

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

Sn b?x bn—Z bn—4
Sm_l b n-1 bn—3 bn—S
R c,

n=3
5 d, d,
SO

bn—lb?s—Z B bnbx 3 bn—lb?s—dl B bnbn—ﬁ
TG PTG
n-1 n-1

d Clbm—B b lc2 d Clbn—ﬁ bn—ch

1 ’ 5 =

¢ ¢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

17

VOCU |




Routh’s Stability Criterion

Example 1)
C P(s)

R s°+5s° +10s° + 7252 + 1525 + 240

5 1 10 152

5 1 72 240

s | -62 -88

st 1 70.6 240

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

X +2Xx° +2X% + X +1

Q(s) = ;
X
x* 5 2 1
x 2 1
% -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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Example 3)

Routh’s Stability Criterion

.

R(s)

C(s)
R(s)

() R
+T
_|_
K

s(s*+s+1)(s+2)

1

v

s(s*+s+D(s+2)

K

K s(s* +s+1)(s+2)+K
s(s* +s+1)(s+2)
s 1 3 K
s° 3 2
s’ % K
1 _9
hY [2 ?K]
5" K
2—2K>O — K<E K>0
7 9
14
© 0<K<—
9

20
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Analog/Digital Controller

Controller > Plant

v

A

[Analog Controller]

,| Controller D/A ,| Plant ,

R U

4

Digital Analog

AJD

[Digital Controller]

Analog Controller Digital Controller

Pneumatic controller
(compressed air)
Microprocessor

Hydraulic controller

(o1l)

-flexible
-modern control algorithm
-reliable

FElectronic controller

VOCU|
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Pneumatic vs Hydraulic

(D Air and gases are compressible, whereas oil is incompressible.
@Air lacks lubricating property,
Oil functions as a hydraulic fluid as well as a lubricator.
(®Operating pressure
- Pneumatic ; low
- Hydraulic ; high
@ Output power
- Pneumatic ; low
- Hydraulic ; high
(®Accuracy
- Pneumatic ; poor at low velocity
- Hydraulic ; satisfactory at all velocities
(®Pneumatic
- External leakage : permissible
- Internal leakage ; make be avoid
Hydraulic
- External leakage ; make be avoid
- Internal leakage ; permissible
(™ Pneumatic ; no return pipe
Hydraulic ; always needed
®Pneumatic ; 5, ~ 60, C (0, ~ 200, C) insensitive
Hydraulic ; Hydraulic : 20, ~70, C sensitive (viscosity)
@Pneumatic ; fire-and explosion-proof

Hydraulic ; not ’ YDCU |,



Hydraulic Control Systems

e Characteristics

@ high horsepower-to-weight

(2 accurate

(® fast response

@ machine tool, aircraft, industrial

e Advantages

(Dhydraulic fluid ; lubricant, heat exchanger
(@small size — large force actuators
®higher speed of response,
fast starts, stops and speed reversals.
®hydraulic actuators can be operated under continuous, intermittent, reversing and stalled conditions without damage
®linear and rotary actuators ; flexibility in design
®low leakage in actuators
= speed drop when loads are applied is small
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Hydraulic Control Systems

e Disadvantages

( hydraulic power is not readily available compared to electric power

Pump >

: /N

Control volume

Tank

N TN TN TN l

Actuator

(@ cost ; higher than a comparable electric system performing a similar function
@ ford and explosion hazards exist unless fire-resistant fluids are used

@ system tends to be messy (leakage)

(® contaminated oil = failure

® highly nonlinear — sophisticated design
(Mhydraulic systems — poor damping characteristics

if properly design = some unstable phenomena may occur or disappear depending on operating condition.

24
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Hydraulic Control Systems

e Hydraulic Integral Controller

il
under
pressure

JLIL] s

£ o

Port I Port IT
Power cylinder

°“1Ir°‘“”

qdt = pAdy
ﬂ_iq _ﬁx = KX
d pA " PA

VDCU |,
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Hydraulic Control Systems

» Hydraulic Proportional Controller

e

a

0il
under
pressure

}

|

)
)
\

o

A
— -
x —F
g —

)

Y
ILIL |
I

If%lI\

¥y

=

T

b a

Steady State

b K bK
Y(s) _ a+b s _ bK __a+b Eé
E(s) 1+£_ a  sla+tb)+Ka ak  q
s a+b a+b
: a+
Time constant (large K)
. 1
Unit Step Response  E(s)=—
K
bK 1 b

lim y(7) = Lim s

s—0 .s(s+b)+Ka-;:a
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Hydraulic Control Systems

R
== P-P

F=AP-P,)=ky

_ 2 d(x-y)
L)_ o’ q=A at P
.
x ¥
fa)
dx d 1 11 k
S g (R-P)=— Y
dt dt Ap Ap R A“pR
SY(s)+Y(s)=sx(s) & s 1
T X(s) s+i 1+i
T Ts

X(s) + Y(S)

1 >

27
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Hydraulic Control Systems

e Hydraulic Pl Controller

Uil X ‘Y
' 0\_*} B T R <
]
e T b a
Y X = - Z
Spring L. b Area=A /_\ a+b a+b
- constant= & .
fg;/iL 1 Z(s) _ Ts
== Y(s) Ts+1
Denzity : -
etoil=p \ResistancezR
" E(S) + Y(S)
b .k R
a+h . S
Z(S)
a < IS <
a+h 7S +1
bk
Y _ a+bs kzﬁ Apﬂ:klx
E 4. ka k TS Vo, dt
a+bSTS+1 b K
| kaT |>> i:a+—bs:kp(1+i) (k E' ToT-=
E a T _ P g
|(a+b)(Ts+1)| L :

28




Hydraulic Control Systems

» Hydraulic PD Controller

) J L AP, ~P) =k(y—2)
\ 4= dt
b
|/ Z(s) _ _ RAp?
*'W‘W y(s) Ts+1 ~ K
Area=4
Density of oil =
@
c +
__ 5 b E >
a+b . S
a | 1 <
a+b 7S+1
b a
X=——e———7
a+b a+b
b k
Y (s) a+bs b RAp®
= ~k (1+Ts k ==, T=
E(s) ., @ k 1 »(L4TS) " a k
a+bsTs+1

29
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Electronic Controllers

e Operation Amplifiers

e, — =

o k(e2 — el) k:very large-105~10° (for signals less than 10 Hz)
1~0
e ~e,(k=w)

VDOCU o,
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Electronic Controllers

e Operation Amplifiers

e Inverting Amplifiers

. R,
I2
L=1,¢e=0
. R, Ilzizlzzogeo
i er eo Rl 2
b R,
€ =—256
Rl
e Non-inverting Amplifiers
L =1,
Rl | € € — 6
— 17
i e e R, R,

VDOCU o,
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Electronic Controllers

= Operation Amplifiers =, = ¢

|
Example)
i R,
;M
R1
i
e e,
.8 dv, 1. de . 0-
R D a YR
! 2
5o ¢ ae, =% Laplace - L E.(s) = —(cs + i) E,(s)
R, dt R, JR, R,
1
. EO(S) - R]_ __R2 1
E; (s) cs + 1 R, R,cs +1
2

VDOCU o,
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Electronic Controllers

e Impedance approach for obtaining transfer functions

e Impedance 1(s)

Z(s) ———

+

Laplace tranceform =l 1(s) 2 E(s)2l relation= impedancect stLt.

R — i — | % _ 1
A e Iz IR— 1(s)R +—| |—_ a c
e = (s) = 1(s) : 1
Z(s):@:R SE(S)=El(s)
) Z(s) = & — i
T I(s) ¢S
—
W —Z L di
€ L e = a
E(s) = Lsl(s)
E5)
Z(s) = o) " L
VOCU |,
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Electronic Controllers

e Impedance approach for obtaining transfer functions
Example 1)

Z,(s) i
— Z(s) ———
+ - e
e b Z,(9)
I
_E6) _EG) _E6)
1,(s) = 7.9’ 15(s) = Z.65) 1,(s) 7(5)
i =0, +1, 1.(s) = E(s) _ E(5) , E(S)
' Z(s)  Z,(s) Z,(s)

1 _ 1 .1
Z(s)  Z,(s)  Z,(s)

VDOCU o,
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Electronic Controllers

e Impedance approach for obtaining transfer functions
Example 2)

Z,(s) e —— —» Z(s) ——

E(s) = Ei(s) + E,(s)

1(s) - Z(s) = Z,(s) - 1(s) + Z,(s) - 1(s)
s Z(S) =Z,(3) + Z,(9)

VDOCU o,
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Electronic Controllers

e Impedance approach for obtaining transfer functions

Example 3)
1,(s)
Z,(s) —
1.(s) W 1,(5) = 1,(5)
Ei(s) _  Ey(9)
a0 e 2,65) 2,09
E. () E. (s) E, (s) _ Z,(s)
Ei(s) Z,(s)
2ol Ol ol A
Zl(s) = Rl

1 1.1

Z,(s) R, 1Cs

E,(s) _ VY(CS+YR,)) R 1
EG) R R RCS+l1
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Electronic Controllers

=
=

e OP-amp £ PID Bt=|

Z Z, ,
, Cl . ’Rz CZ 4_ 1 _ i_i_ 1
H H ; MA/—' Z, Z(s) R, 1CS
R, o ] L
— - R »(8) - C,S
B : Z3(5) =R,
E; () E() E.(5) A
EGS) _ Z,(s)  Eo(5) _ Zy(s)
E(s)  Z.(s) E(S)  Z,(5)
UH S H5HH
Eo(5) _ Z,(5)Z,(s) _ « 1+11+Tds
E.(s) Z,(5)Z;(s) T s
- PID
K, - R,(RC, +RC,) T —RC,+RC, T, = RC,R,C,
RRC, RC,+R,C,
VYDOCU |,
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Phase Lead and Phase Lag in Sinusoidal Response

Xt) — + G(s) —» Y() G(s) = P(s) _ P(s)
X(s) Y (s) () (S+ SIS+ S+ + (T +5)
2| system0il x(t)= Xsinot 8 S FH yt)= ?
X
X(s) =
(s) s + »°
Xw
= Y(8) =G)X(s) = G(8) 773 1) Transient response - Stable system@l < =0
b, b, b, a a  2) Stable system@! & Steady state response =
= + +o + — + _
S+S, S+S, S48, Stjo S—jo 4y geia i
@ : XG(-jw
a= G(S)m(—s + jo),_, = —%
J
- X . XG(jo)
a=G(s)5——(s- o=
( )SZ e (s — Jo)s_, 2]

G(jo) = [G(jo)e"
G(-jw) =|G(jw)e ™, ¢ = phase
Cpl@d) _ g-itateg)
soy() = X6

y(t) = X|G(jo) 2i

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

— X|G(j)|sin(at + ¢)

]

o d

£
(eel}

Ve

VDCU |,

. 2
L L
- 3
alry
Y ¥
Y ¥
P )
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Phase Lead and Phase Lag in Sinusoidal Response

Example) First order system

K

G(s) =
(5) Ts+1

: K : K

= ,/G(jo)=—tan"'Tw

. K . K
G(jo)=——,|G(j®)|=—/—
Tjo+1 | | V14T %0
K
LY ()= X ———
V1+T%0?

sin(fwt +¢), g=—tan"'Tw

¢ <0 :phaselag, ¢ >0 :phase lead

VDOCU o,
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Steady state Error in Unity Feedback control systems

R FOL g -C(s)

G(s) = KTs+D)Ts+1---(T,s+1)
S SM(Ts+ DT, +1) - (Tys +1)

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

Steady state Error & M Ztsl 2 A}

E(s) = ——R(s)

1+ G(s)
1 . .
1) R(s) == <& &2 (unitstep input),
> : : 1 1 1
e, =limsg(s) =lims —=
5=>0 =0 1+G(s) s 1+G(0)
o "
Static position error constant P K ;Type 0 system

k, = !i_QgG(s) =G(0) =0 ;Typel system
o ;Type 2 system

1
o _ 1 T ;TypeQ system
ss T - P,
1+k, 0 ;Type 1, 2,.. system

40
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2) I:Q(S)=Si2 2l A2 (unit step input),
. 1 .. i
e, =lims — =lim——u—-=Iim
s=>0 1+G(s) s° s>0s5(G(s)+1) s>0sG(S)
Static velocity error constant  k .
o0
0 ;Type O system Ll , Type O system
k, =limSG(s)=G(0)=<k ;Type 1 system T Tk ,Type 1 system
sS—>p v .
oo ;Type 2,3.. system 0  Type 2,3,.. system
1 o ) i
3) R(S)=? 2l A2 (unit step input),
. 1 .. 1
e, =lims — =lim—

s=>0 14+G(S) s° s>05°G(S)

Static acceleration error constant K,
(0 ;Type O system (
_ P 4 > ; Type 0,1 system
K = limS?G(s)=G(0) =1 0+ Ypelsystem e == =11 Type 2 system
tos0 k ;Type 2 system * Tk, |k ype &5y
o ;Type 3 system 0 Type 3,4,.. system
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Open/Closed loop control systems

controller
open loop — k > k Y
R ‘ Ts +1
controller
k
closed oo — S 4 > -
PR ¢ Ts +1 Y

Open loop Transfer function o A

y 1 1

Z =Kk —k == 0] 0o =0 O] =},

R ReTerg R T | =|ofokerror=0 O =IC}
Closed loop Transfer function Of| A{

k
Y PTs+1 KK
R 1.k k Ts +1+k.k
"Ts +1

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

Open loop Transfer functionlAM e =0

SS

k, K
Closed loop Transfer function 0l A e, =1- —>— = L
1+kk 1+kyk

VDCU |,
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Open/Closed loop control systems

of 2| 2] Z-<of th ot of]>

k =10,Ak =1 2l model error 7 AU S &%

Open loop Transfer function o A

1 k+Ak k + Ak
R k¢ Ts+1 k

1.1 (10% steady state error)

Closed loop Transfer function 0| A{

1
ess = 14+ k k let kp :@ o = ]:_LOO = 1
p K 1429, 101
k+Ak, e, = 1001 1 1y
1+k(k+Ak) 1+10(11) 111

VDCU |,
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