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Chap 4 Feedback Control System Characteristics
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o Error signal analysis

o Sensitivity of control systems to parameter variations
o Disturbance signals in a feedback control system

o Control of the transient response

o Steady-state error

o The cost of feedback
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Error signal analysis

Sensitivity of control systems to parameter variations

Disturbance signals in a feedback control system

Control of the transient response

Steady-state error

The cost of feedback




* Error Signal Analysis -1
|

T, disturbance

controller plant
E, n

R —0 G, G >Y
, _ +
desired +
output Sensor C?LN
measurement
H noise

N .|

Y =G(G.Eg+T,)
=GG.(R—H(N +Y))+GT,
= GG.R —GG,HN — GG.HY +GT,

v GG . G T+—GCGH
" 14+G.GH " 1+4G.GH " 1+G.GH

o




* Error Signal Analysis -3
|

o Consider H(s)=1 (ease of discussion)

Y = GG R+ G T-I-_GCGN
T 1+46.6 14+G.6 " 146G .
d
define L=aG.G loop gain 1 E, G, 1i G
RO >0 éf Y
E =R —Y tracking error A&/ <
e R+—C 7 42 i )
T1+L 1+L Y1+
1
define S = ——— sensitivity function
1+1L /
L e .
C = —— complementary sensitivity function
1+ L
,
* Error Signal Analysis -4
1
E=SR—-SGT,; +CN ;
d
given process (or plant) 1 E, G. 1J< a

RO

O Y
1 — G¢ o
. — — -H
prefer. small S 146G & C 14G,.G AN .

reality: S+C=1 (design compromise)

G. : large to | T,
small to I N

strategy: Make G, (s) large at low frequencies
small at high frequencies
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o Error signal analysis
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* Sensitivity -1

1
G.G

Yy=—°""R+
1+ GG

G.G
y=—%"
1+G.G

E=R-Y
1

R

=— R
1+ G.G

SoL=G.G?
Y=R
E |

G . GG
1+6G.6 “ " 14+G.G .
(P.S.H(s) =1) RO >0

\Jlf '
(set7, =0 N =0) H N

1
E + AE = R
+ 1+ Go(G+AG) . .. .
—variation in process/plant

_ —G.AG .
(14 GG+ GAG)(1 + G.G)
Usually G.G > G.AG and G.G > 1
—G.AG
~ ———R
(GG)?
1AG

R c
10 -

AE




* Sensitivity -2
|

T: closed-loop T.F.

_/ AT G 0T G
SE = system sensitivity £ AG ACT 0T

G

If G=G(a) «:a parameterin G

(chain rule)

T 0T « aTGGGa_ TG

S =STs
Of\aaT OGT da G ~¢°¢

evaluate effect of «

* Sensitivity -3
|
o Open-loop v.s. Closed-loop

R—— G Y
Open-loop S =1 (+T=0)
G.G
Closed-loop 7T = (assume H(s)=1)
1+4G.G
oo TG _ G G
CTAGT  (1+G.6)?
1+G.G
_ 1
- (1+G6.6)

SoL=G.G1 SF |
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* Disturbance -1
!
a

y=—Ueb g G g TGO
146,66 " 1+G.6 " 1+G.G
1 G L (P.S. H(s) = 1)

E=——R+ T, +——N T
1+1L 14+L ¢ " 1+1L 1d
1 LEq Gcl G
RO >0

Y
y 7
E=1-|—LTd (SetR=0 N=0) -H O\

SoL=G.G1 E |




* Disturbance -2

o EX: motor speed-control

Motor Tq (5)
V,(s) | + kp, | Tm |+ 1 W(s)
] T R+Ls| + Js+b \
kp
km

w
G = motor plant = —
Va

" (R+Ls)(Js+b) +k,

2nd-order system
1st-order system if L=0

.o

* Disturbance -3

o (1) Open-loop system

(Assume L=0)

Motor le(S)
Va(s) =0 |+ ky | Tm |+ 1 W(s)
T R+Ls| + Js+b \
kp
E=R-Y=V,-W=0-W=—W
1
1
—_ ]51+b kad:_ kbkm Td
L+ gk R s + (b + Kpfm)

1st-order system

.5




* Disturbance -4
!

o (1) Open-loop system
Motor Ty (5)

Va(s) =0 |+ ky | Tm |+ 1 W(s)
_ T R+Ls| + Js+b \
kp

: D
Assume T, step Input  T,(s) = "

@o(22) = lim w0, (8) = lims Wy (5)

L 1 p__ R
T 550 Js+ (b + kpyk, /R) s bR + ki k, ‘
17

* Disturbance -5
!

o (2) Closed-loop system
Motor Tq .(S)

controller
R(s) + Eq Va |+ ky, | Tm |+ 1 W(s)

k >
=0 1. Lt I R+Ls| + Js+b \
kp

km
T, tachometer
O k
Ea G, % G2 ow G, = ka?m (Assume L=0)

18

RO O
1 k,
G = _ —
w 5 ]S_|_b H kt+ka ‘




* Disturbance -6
!

G,
E=R-Y=0-W=-W=— T
1+ G,HG, °
YT s+ (b + (kekeg + kp)km/R) °
E, ¢, i G, oW 1st-order system
—H

Assume T, step input  Ta(s) =~

wc(00) = lim wc(t) =1lim sWe(s)
~ D R
" b+ (keky + kpkn /R kykky

D (large k,)

-8

* Disturbance -7
!

o Open-loop v.s. closed-loop

R
W (c0) __femkekg P — bR + ke usually < 0.02
WO(OO) R D kmktka
bR + kmkb

Disturbance rejection!

-8
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* Control of the Transient Response -1

Definition: The response that disappears with time

o EX: motor speed-control

W(s)

Motor
controller
R(s) + E, . Va [+ k., T 1
- =4 I R +Ls 1 Js+b
kp
km
tachometer

22 i‘




* Control of the Transient Response -2
1

o (1) Open-loop system
WO . km _ kl
V., R(s+b)+Kyk, 15+1

Ty = (Assume L=0)

R] ___km

where 1, = 1=
Rb+kpkp Rb+kpkp

Assume V, step input V, = szE

1
= k1(sz)[§ +

t
wo(t) = kik E(1—e 1)

* Control of the Transient Response -3
1

o (2) Closed-loop system

T _ VVC _ kaG _ kakl
" R 1+ kok G N (TlS + 1) + kaktkl

where G =22 = To
V.

a

Assume R step input R = kZTE

ws) = kykyk o E
c\S) = S[(Tls + 1) + klktkl]
t) = ko ki k,E)(1 5
WC - 1+kaktk1( 112 )( e )
where p = —2

1+kgkekq

-8
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Steady-state Error -1

Steady-state response: The response that exists
for a long time

o Open-loop v.s. closed-loop
Assume R unit step input R = A
Eo(s)=R—-Y =(1-G)R
1
eg(0) = limey(t) = limsEy(s) = lims(1 — G)—=1— G(0)
t—oo s—0 s—0 S
A\—— Unit step input
GG

R - _
1+G,G Note: T = T16.G (assume H(s)=1)

1 1
el = S T 665~ 1+ G.(0)G(0) 0(5)| D gain

\—— Unit step input
26 b

E.(s)=R—-Y =




* Steady-state Error -2
1

o Ex: A 1storder system G =

eo(0)=1—G(0)=1—k

with R =1

S

s+ 1

s wantk =1

1 1
= = tl
ec(®) =T 060 - 14k Wentlargek
if k >k + Ak
Aey(o0) + e,(0) =1 — (k + Ak) Aey(0) = —Ak = |Ak|
1 1 1
Ae,.(oc0 ) = = —
T A+ A+ k+ Ak
Less sensitive
i
* Steady-state Error -3
|
a Ex: A 1st-order system G = with R = =
s+ 1 s
Assume Ak—k = 0.1 (10%)
ifk=1
e Ae
ool _ Beol _ oo
lr(®)] lr(®)]
SE=1
if k =100
lecl |Ae|
= ~1% = 0.11%
(0] (0] i
T oTeG_ 1 1 1
Sk = 565k T (14GG) T T 146G 146,K

Ts+1
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* The Cost of Feedback -1
!

o Summary

Tq

|

R—— TE [—Y

Open-loop vs. closed-loop
sensitivity

y(®) (ore(t)
transient
steady-state

-8




* The Cost of Feedback -2

o Advantage

1.

2.

System sensitivity reduction
Transient response improvement
Disturbance/noise rejection

Steady-state error (and its sensitivity) reduction

* The Cost of Feedback -3

o Disadvantage

1.

2.

Complexity Open-loop  Closed-loop

G
Loss of gain G(s) - 11C

Measurement noise introduction

Possible of instability Chap 6
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