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•• Design of lag and lead networksDesign of lag and lead networks
•• tautau--locus for a lead networklocus for a lead network
•• systems with time delaysystems with time delay
•• nonnon--minimum phase systemsminimum phase systems



Lecture 7    Design in the s-plane (3) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteDesignDesign

•• Design a proportional controller such Design a proportional controller such 
that the system has a damping ratio that the system has a damping ratio 
zz ≈≈ 0.7 (phase margin of 70 degrees) 0.7 (phase margin of 70 degrees) 
for the process:for the process:
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Consider the following systemConsider the following system

processcontroller
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‘‘EquivalentEquivalent’’ disturbancedisturbance

processcontroller
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•• Lag networkLag network
–– almost no influence on shape of the root almost no influence on shape of the root 

locus at the desired location of the locus at the desired location of the 
closed loop polesclosed loop poles

–– dynamics similar to lowdynamics similar to low--gain systemgain system
–– almost no influence on almost no influence on KK’’LL
–– KKLL increases with a factor increases with a factor aa (e.g. 10)(e.g. 10)
–– accuracy increasesaccuracy increases
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•• Lag networkLag network
–– located close to the originlocated close to the origin
–– a kind of a kind of ‘‘dipoledipole’’: : ““nono”” influence on the influence on the 

shape of the root locusshape of the root locus
–– zero a factor 10 right of the dominant zero a factor 10 right of the dominant 

polepole
–– pole a factor pole a factor aa (e.g. 10) right of the zero(e.g. 10) right of the zero
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•• Trial and errorTrial and error
•• OptimisationOptimisation in 20in 20--simsim
•• tautau--locuslocus
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processcontroller

∫k
τs    + 1

k
τs    + 1LEAD

maxDemo Demo 20 20 simsim
optimisationoptimisation ofof
lead networklead network
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% overshoot% overshoot

0.06 0.1 0.14 0.181.15
1.2
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6

ττ

optimum for optimum for ττ ≈≈ 0.060.06
(zero in (zero in --1.6, pole in 1.6, pole in --16)16)

(zero)(zero)--1.61.6 --1.01.0 --0.70.7 --0.550.55



Lecture 7    Design in the s-plane (35) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteOptimum (sensitivity)Optimum (sensitivity)

% overshoot% overshoot

Zero right of Zero right of --11
deteriorates thedeteriorates the
responseresponse
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optimum for optimum for ττ ≈≈ 0.060.06
(zero in (zero in --1.5, pole in 1.5, pole in --15)15)

(zero)(zero)--1.61.6 --1.01.0 --0.70.7 --0.550.55
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Poles are found by solving the  denominator: Poles are found by solving the  denominator: 

′+ + + =⎡ ⎤⎣ ⎦( 1)( 10) 10 0Ls s s s K

Root locus equation for Root locus equation for KK’’LL = 500 (= 500 (KKLL = 50)= 50)

= −
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( 1)( 10) 10 Ls s s K , plus pole in , plus pole in ss = 0= 0
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•• Draw root locus of the uncompensated Draw root locus of the uncompensated 
systemsystem

•• Determine the roots for K = 5 Determine the roots for K = 5 →→ zerozero’’ss
•• Determine the roots for K = 50 Determine the roots for K = 50 →→ polespoles
•• Draw the Draw the tautau--locuslocus

20 20 simsim
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•• Why is overshoot much larger than Why is overshoot much larger than 
the 4% corresponding with the 4% corresponding with zz = 0.7?= 0.7?

•• Examine closedExamine closed--loop poles and zeros.loop poles and zeros.
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processcontroller
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For C/R this implies that pole of leadFor C/R this implies that pole of lead
network (in network (in --17.5) is zero in C/R17.5) is zero in C/R
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Command Response : Pole Zero Plot
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•• Lag network:Lag network:
–– dynamics approximately the samedynamics approximately the same
–– (almost) no change in shape of root locus(almost) no change in shape of root locus
–– rootroot--locus gain the same, system gain a locus gain the same, system gain a 

factorfactor aa higherhigher
•• Lead networkLead network

–– Faster dynamics (poles move away from Faster dynamics (poles move away from 
origin)origin)

–– accuracy improvedaccuracy improved
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•• Compensation networks can improve Compensation networks can improve 
the dynamic performance (transients) the dynamic performance (transients) 
and/or the accuracyand/or the accuracy

•• Lead networks: add zero a little bit at Lead networks: add zero a little bit at 
the left of the dominant polethe left of the dominant pole

•• Lag networks: add zero a factor ten Lag networks: add zero a factor ten 
at the right of the dominant pole at the right of the dominant pole 



Lecture 7    Design in the s-plane (63) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteSystem with time delaySystem with time delay

YYHHcc
UU ++

__ HHpp

−
= =

+
( ) ,  1

( 1)
dsT

p d
eH s T
s

delay is present in systemsdelay is present in systems

••with transportation lag (shower, refinery)with transportation lag (shower, refinery)

••digital control systemsdigital control systems



Lecture 7    Design in the s-plane (64) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteSimulationSimulation

k
τs    + 1K

processprocesscontrollercontroller

20 20 simsim



Lecture 7    Design in the s-plane (65) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteResponsesResponses

0 10 20 30 40 50
time

Si
gn

al
M

on
ito

r1

0

0.5

1

1.5

K = 1K = 1



Lecture 7    Design in the s-plane (66) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteResponsesResponses

0 10 20 30 40 50
time

Si
gn

al
M

on
ito

r1

0

0.5

1

1.5

K = 1K = 1

K = 2K = 2



Lecture 7    Design in the s-plane (67) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus equationRoot locus equation

π

−
′+ =

+
1 0

( )
dsT

L
eK
s π

−
= −

′+
1

( )
dsT

L

e
s K

π π

− −
=

+ +( )
d dsT aTe e

s s

ω= +s a j

ω π
π

−⎛ ⎞
= − − +⎜ ⎟⎜ ⎟+⎝ ⎠

arg arg( )
( )

dsT
d

e T s
s



Lecture 7    Design in the s-plane (68) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (Td = 1)Root locus (Td = 1)

--ππ

πω =
dT

πω = −
dT

π−

π−

ω π
π

−⎛ ⎞
= − − +⎜ ⎟⎜ ⎟+⎝ ⎠

arg arg( )
( )

dsT
d

e T s
s

π
−

2



Lecture 7    Design in the s-plane (69) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (Td = 1)Root locus (Td = 1)

--ππ

πω =
dT

πω = −
dT

π−

π−

ω π
π

−⎛ ⎞
= − − +⎜ ⎟⎜ ⎟+⎝ ⎠

arg arg( )
( )

dsT
d

e T s
s

π
−

2 π′ ≈ 2LK



Lecture 7    Design in the s-plane (70) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (2)Root locus (2)

--ππ

πω =
dT

πω = −
dT

π
2

πω =
3

dT



Lecture 7    Design in the s-plane (71) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (2)Root locus (2)

--ππ

πω =
dT

πω = −
dT

π
2

πω =
3

dT



Lecture 7    Design in the s-plane (72) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (3)Root locus (3)

•• This leads to an infinite number of This leads to an infinite number of 
branchesbranches

•• delay can be delay can be modelledmodelled as an infinite as an infinite 
number of poles in number of poles in --∞∞

•• stability is completely determined by stability is completely determined by 
primary regionprimary region

•• plays a role in sampled data systemsplays a role in sampled data systems
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•• Because the gain is constant and the Because the gain is constant and the 
phase lag increases linearly with the phase lag increases linearly with the 
frequencyfrequency

•• (and (and thusthus exponentiallyexponentially in the Bode in the Bode 
plot)plot)
–– lead network can do no goodlead network can do no good
–– consider pure integral controlconsider pure integral control



Lecture 7    Design in the s-plane (74) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwentePure integral controlPure integral control

K k
τs    + 1

∫

processprocesscontrollercontroller

20 20 simsim



Lecture 7    Design in the s-plane (75) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (Td = 1)Root locus (Td = 1)

πω =
4

ω π
π

−⎛ ⎞
= − − + −⎜ ⎟⎜ ⎟+⎝ ⎠

arg arg( / 4) arg( )
( / 4)

dsT

d

e s s
s s T

π
−

4

--ππ/4/4

π
−

8



Lecture 7    Design in the s-plane (76) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteRoot locus (Td = 1)Root locus (Td = 1)

πω =
4

ω π
π

−⎛ ⎞
= − − + −⎜ ⎟⎜ ⎟+⎝ ⎠

arg arg( / 4) arg( )
( / 4)

dsT

d

e s s
s s T

π
−

4

--ππ/4/4

π
−

8

π π

π

′ = ≈

→ = ≈

2 0.8
4 4

40.8 1.15

L

L

K

K



Lecture 7    Design in the s-plane (77) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteResponseResponse

K = 0.25K = 0.25

0 10 20 30 40 50
time

Si
gn

al
M

on
ito

r1

0

0.5

1

1.5

20 20 simsim



Lecture 7    Design in the s-plane (78) Control Engineering 2004/2005  © Job van Amerongen

Control Engineering
University of TwenteConclusionsConclusions

•• Bandwidth of systems with delay is Bandwidth of systems with delay is 
limitedlimited

•• slowslow
•• integral control improves the integral control improves the 

accuracyaccuracy
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Non-minimum phase systemNon-minimum phase system
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•• Performance of nonPerformance of non--minimum phase minimum phase 
systems is limitedsystems is limited

•• for high gains, always unstablefor high gains, always unstable
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11

KK’’LL > 1> 1
STABLE !STABLE !

Open loop unstable systemsOpen loop unstable systems
can be can be stabilisedstabilised byby
means of feedbackmeans of feedback
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