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Compensation Technigues

¢ Performance specifications for the closed-loop system

o Stability

e Transient response > T, M (settling time, overshoot)
or phase and gain margins

o Steady-state response > ey (Steady state error)

e Trial and error approach to design

Performance specifications

Root-locus or
Frequency
response
techniques

Synthesis

v
Analysis of closed-loop system

No

Are specifications
met?




D2

Basic Controls

1. Proportional Control

+ E(s) K M(s) G

M (s) _ m(t) = K - e(t)

2. Integral Control

+ E(s) K M(s)

M(s) _ K _
=5 s m(t) = Kj-e(t)dt

Integral control adds a pole at the origin for the open-loop:
e Type of system increased, better steady-state performance.

- Root-locusis“pulled” to the left tending to lower the
system’ s relative stability.
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3. Proportional + Integral Control

' B9 | LK MO g

M(S) _ Ki _ KDS+ Ki — .
Bg == m(t) er(t)+jK,e(t)dt

A pole at the origin and a zero at ‘Ei are added.

p

4. Proportional + Derivative Control

+ B9 | K, +Kys MO G
M (s) _ de(t)
WY K +K m(t) =K e(t)+ K,—=
gg ~ oK (t) = K elt)+ K, ”

e Root-locusis“pulled” to the left, system becomes more
stable and response is sped up.

e Differentiation makes the system sensitive to noise.
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5. Proportional + Derivative + Integral (P1D) Control

M(s)
+ E(s .
© Kp+de+ﬁ | G(9)
S
I\/I_(s):KerKderﬁ
E(s) S

m(t) = K je(t)+ K, dilt(t)Jr Kije(t)dt

e More than 50% of industrial controlsare PID.
e More than 80% in process control industry.

e When G(s) of the system is not known, then initial values
for Ky, Kg, Ki can be obtained experimentally and than
fine-tuned to give the desired response (Ziegler-Nichols).

6. Feed-forward compensator



Design G¢(S) using Root-Locus or Frequency Response

techniques.

E(s)

G.(s)

M(s)

G(s)
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Freguency response approach to
compensator design

| nfor mation about the performance of the closed-loop system,
obtained from the open-loop frequency response:

e Low frequency region indicates the steady-state behavior.

o Medium frequency (around -1 in polar plot, around gain
and phase crossover frequenciesin Bode plots) indicates
relative stability.

e High frequency region indicates complexity.

Requirements on open-loop frequency response

e Thegain at low frequency should be large enough to give
a high value for error constants.

e At medium frequencies the phase and gain margins should
be large enough.

¢ At high frequencies, the gain should be attenuated as
rapidly as possible to minimize noise effects.

Compensators
e |ead:improves the transient response.
e lag: improvesthe steady-state performance at the expense
of slower settling time.
¢ |ead-lag: combines both
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L ead compensator s

1

S+ —

_ Ts+1 T
GC(S)_KcaaTs+1_KCS+1 T>0 and O<a<l1

arl

® Poles and zeros of the lead compensator:

1

[
NG
1
aT T

e Frequency response of G¢(jm):

w in r.l'.ilJ.-"'JEiJ
The maximum phase-lead angle ¢, occurs a o, , where:
-

sng =—%
Or, 1o and

lo —} logT +10 L Om =
o =29 97 E JaT
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Since

1

~Ja

1+ joT
1+ jwaT

O=0p,

the magnitude of G,(jw) a ®,, isgiven by:

Glia)=KA/a

Polar plot of alead network

a(joT +1)
(jowaT +1)

where 0<ax<l

IS given by
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. ead compensation based on the
frequency response

Procedur e

1. Determine the compensator gain Koo satisfying the given
error constant.

2. Determined the additional phase lead ¢, required (+
10%~15%) for the gain adjusted (K.o.G(S)) open-loop
system.

3. Obtan o from sn¢,, = 1-a
1+a

4. Find the new gain cross over frequency w. from
K.alG(je,)=10loga

5. Find T from w, and transfer function of G¢(s)

T _ 1
Jao, and
Gc(s): K a Ts+1
als+1

General effect of lead compensator:

e Addition of phase lead near gain crossover frequency.
e |ncrease of gain at higher frequencies.
¢ |ncrease of system bandwidth.
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Example:

Consider
i G(s) G(9)
G(s) = ——
where ~ s(s+2)

Performance reguirements for the system:

Steady-state: Ky =20
Transient response; phase margin >50°
gain margin >10 dB

Analysis of the systemwith G.(s) = K

ForK,=20 - K=10

Thisleads to: phase margin = 17°
gain margin = +oo dB
Design of a lead compensator:

Ts+1
als +1

G.(s)=K.a

4K .a _ oK

1. K,=]imsG.(s)G(s)= =20 > K.o=10
s—0
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2. Fromthe Bode plot of K.aG(jw), we obtain that the
additional phase-lead requiredis.  50° - 17° = 33°.

We choose 38° (~33° + 15%)

. . 1-a
Iang., =s9n38 =—— —
¢m 1+ a 9 (04 024

Since for wy, the frequency with the maximum phase-lead
angle, we have:

1+jo,T| 1
1+jo,aT Ja

We choose w., the new gain crossover frequency so that

om=w and |G (s)G(s XS o,

This givesthat:
K.aG(jw,) =‘ 0 |
‘ Ja) +2‘

has to be equal:

(%)L_G.Zda

From the Bode plot of K.oG(jw) we obtain that

40
jo (jo, +

2)} =—6.2dB g w.=9rad/sec
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Thisimpliesfor T

1 1 1

@ =—== —Orad/sec = =441
Jar  Jo24r 27

and

K.=2_m7
2a

G (s)= 4173744

s+18.4

The compensated system is given by:

41.7(s+ 4.41) : 4 >

s+18.4 s(s+2)

The effect of the lead compensator is:

Phase margin: from 17° to 50° - better transient response
with less overshoot.

o . from 6.3rad/sec to 9 rad/sec - the system responseis
faster.

Gain margin remains o .
K, 1520, asrequired - acceptable steady-state response.
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Bode diagram for the compensated system

Lio+44 4

G l(jo jo) = 41
(j0)5(jo) jo+18.4 jo(w+ 2)



. ag compensator s

Ts+1 S+?
G.(s)=K - K
(&)= KB o T T>0, B>1
BT
Poles and zeros:;
™
N
1 1
T BT
Frequency response:
m
» :
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Polar plot of alag compensator K B(jwT+1)/(jwBT+1)
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—s0°F

Bode diagram of alag compensator with K=1, =10

’_S‘}—\
=~

/

-20log3

Magnitude of (jwT+1)/(jwBT+1)
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L ag compensation based on the
frequency response

Procedur e

1. Determine the compensator gain K3 to satisfy the
requirement for the given error constant.

2. Find the frequency point where the phase of the gain
adjusted open-loop system (KL G(s)) isequal to -180° +
the required phase margin + 5°~ 12°.

Thiswill be the new gain crossover frequency ..

3. Choose the zero of the compensator @ = 1/T at about 1
octave to 1 decade below . .

4. Determine the attenuation necessary to bring the
magnitude curve down to 0dB at the new gain crossover
frequency

-KBlG(jo.)=-20log B > B
5. Find the transfer function G(s).

Gener al effect of lag compensation:

e Decrease gain at high frequencies.
e Move the gain crossover frequency lower to obtain
the desired phase margin.
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Example:

Consider

Gc(s) G(s)

where
1

s(s+1)0.5s+1)

G(s)=

Performance reguirements for the system:

Steady state: Ky =5
Transient response; Phase margin > 40°
Gain margin > 10dB

Analysis of the systemwith G(s) = K

K, =]imKG(s)=K =5
s—0

for K =5, the closed-loop system is unstable

Design of a lag compensator :

S+
Go(9 =K, — =K Bt
oy 1 BTs+1

BT
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1. K=l ronGc(S)G(S)= KB =5

2. Phase margin of the system 5G(s) is -13°
- theclosed-loop system is unstable.

From the Bode diagram of 5G(jw) we obtain that the
additional required phase margin of 40° + 12° =52° is
obtained at ® = 0.5 rad/sec.

The new gain crossover frequency will be:
o. = 0.5 rad/sec

3. Place the zero of the lag compensator at ® = 1/T = 0.1
rad/sec( at about 1/5 of ).

4. The magnitude of 5G(jw) at the new gain crossover
frequency w; =0.5 rad/sec is 20 dB. In order to have . as
the new gain crossover frequency, the lag compensator
must give an attenuation of -20db at ...

Therefore
-20logp=-20dB > Pp=10
5 1
K.=—=05 S
. =B , pole : BT 0.01
and
G.(s)= 0.5 s+ 0.1

s+ 0.01
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Bode diagrams for:
o Gi(jo) =5G(jw) (gain-adjusted KLBG(jw) open-loop
transfer function),
o G(jm)/K = G(jw)/5 (compensator divided by gain K3 =
5),
o G (jw)G(jw) (compensated open-loop transfer function)

The effect of the lag compensator is:

e Theorigina unstable closed-loop system is now stable.

e The phase margin ~ 40° - acceptable transient response.
e Thegain margin= 11dB - acceptable transient response.
o K,isb5asreguired - acceptable steady-state response.

e Thegain at high frequencies has been decreased.
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L ead-lag compensator s

S+T1 o +1 sT,+1
GC(S):KC 1. f = ﬁ Sht
s+ s+ = 7’ L +1 S’BT2+1

al,  pT, Yy

T, T, >0, B>1 and y>1

Frequency response:

10

db —I0k e s B
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o
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Hj=—
HlE

n rodsses

Bode diagram of alag-lead compensator given by

1 1
Gc(s): Kc : 2
Y 1

s+4 | s+

T .BTz

withKe=1,y=8=10and T,= 10T,
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J/‘»\Hljzw= i

Y

W=

1 ,'KI__ " He

Polar plot of alag-lead compensator given by

withK,=1and y=p

Comparison between lead and lag compensator s

L ead compensator

L ag compensator

o High pass

o Low pass

o Approximates
derivative plus
proportional control

o Approximates integral plus
proportional control

o Contributes phase lead

o Attenuation at high
frequencies

o Increasesthegain
crossover frequency

o Moves the gain-crossover
frequency lower

o Increases bandwidth

o Reduces bandwidth




