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What would be a goodWhat would be a good
feedback controller for a moving mass?feedback controller for a moving mass?

?
The PD controller as spring-damper combination

Recapitulation time domain interpretation

Introduction frequency domain interpretation
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The PD controller as spring-damper combination

Control Objectives:
• Getting there
• Staying there

Controlling the position of a massControlling the position of a mass
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The PD controller as spring-damper combination

First control objective ‘staying there’:First control objective ‘staying there’:
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Controller: xkxkF vpservo
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kp servo stiffness
kv servo damping

First control objective ‘staying there’:First control objective ‘staying there’:
The PD controller as spring-damper combination
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The PD controller as spring-damper combination

Control Objectives:
• Getting there
• Staying there

Controlling the position of a massControlling the position of a mass
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Spring-damper force F:
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Controller: )()( xxkxxkF svspservo
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(xs: setpoint)

Fservo

The PD controller as spring-damper combination

Second control objective ‘getting there’:Second control objective ‘getting there’:
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Controller: )()( xxkxxkF svspservo
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dkk vp+ Mass
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The PD controller as spring-damper combination

The controlled systemThe controlled system
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Process
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error

stability

trade- off
M

The PD controller as spring-damper combination

Tuning the Tuning the kkpp--kkvv controllercontroller
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How does the How does the kkpp kkvv controller look like in the controller look like in the 
frequency domain?frequency domain?

?
The PD controller as spring-damper combination
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e(t) F(t)
dt
dkk vp+ekekF vp

�

+=

)()()( seskksF vp+=

Transfer function:

Frequency response:

)()()( skkse
FsC vp+==

ωvp jkkC +=

PD controller: Time / PD controller: Time / Laplace Laplace / Frequency/ Frequency

Laplace domain:

Time domain:

e(s) F(s)skk vp+

e(s) F(s)C(s)

The PD controller as spring-damper combination
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The Bode plot of a PD controllerThe Bode plot of a PD controller

Transfer Function:

Asymptotes in Bode plot:

s → ∞ � C → kv s � |C| → kv ω
∠C → 90º

s → 0 � C → kp � |C| → kp

∠C → 0º

C

→ �
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Break point: ωlogloglog += vp kk
v

p

k
k

=ωc�

C 222 ωvp kk +=Amplitude:

The PD controller as spring-damper combination

14Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep – Gert van Schothorst

kp = 1500 N/m; kv = 20 Ns/m
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The PD controller as spring-damper combination

The Bode plot of a PD controllerThe Bode plot of a PD controller
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Intermezzo: Multiplication of Bode plotsIntermezzo: Multiplication of Bode plots

e
C(s) H(s)

x

The PD controller as spring-damper combination

C = a + bj

Re(C) = a

Im(C) = b

22 baC +=

Re

Im

C

a

b

∠C
C

H = c + dj

Re(H) = c

Im(H) = d

22 dcH +=

CH = ac + bcj + adj - bd

Re(CH) = ac - bd

Im(CH) = bc + ad

CH 22 b )(a += 22 d )(c +

|C·H| = |C|·|H|

The amplitude story
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Intermezzo: Multiplication of Bode plotsIntermezzo: Multiplication of Bode plots

e
C(s) H(s)

x

The PD controller as spring-damper combination

Re

Im

C

a

b

∠C
C

∠(C·H) = ∠C + ∠H

C = |C|·[cos(ϕ) + j sin(ϕ)] H = |H|·[cos(ψ) + j sin(ψ)]

C·H = |C|·|H|·[cos(ϕ) + j sin(ϕ)]·[cos(ψ) + j sin(ψ)]

ϕ = ∠C
ψ = ∠H

The phase story

= |C·H|·[(cos(ϕ)cos(ψ) - sin(ϕ)sin(ψ)) + …

... j (cos(ϕ) sin(ψ) + sin(ϕ)cos(ψ))]
= |C·H|·[cos(ϕ + ψ) + j sin(ϕ + ψ)]
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Intermezzo: Multiplication of Bode plotsIntermezzo: Multiplication of Bode plots
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The PD controller as spring-damper combination

H
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Closed loop with PD controllerClosed loop with PD controller

MssF
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The PD controller as spring-damper combination

H(s)

Fd

Fs

x+ +
+-

xs e
C(s)

)()( skksC vp+==
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sF

)(
)(

Transfer functions:

x ≈ xs if:   C(s)·H(s)>>1Recall:
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Four important transfer functionsFour important transfer functions

H(s)
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x+ +
+-

xs e
C(s)

)(sHo )()( sHsC=e
x=Open Loop:

)()( sx
xsH

s
c )()(1

)()(
sHsC

sHsC
+==Closed Loop:

)()(1
1)()( sHsCsesS xs +==Sensitivity:

)()(1
)(

)()( sHsC
sH

sF
xsH
d

ps +==Process Sensitivity:

The PD controller as spring-damper combination
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OpenOpen--LoopLoop
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The PD controller as spring-damper combination
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ClosedClosed--LoopLoop
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The PD controller as spring-damper combination
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SensitivitySensitivity
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The PD controller as spring-damper combination
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Process SensitivityProcess Sensitivity

)()(1
)(

)()( sHsC
sH

sF
xsH
d

ps +==

-115
-110
-105
-100
-95
-90
-85
-80
-75
-70

frequency [Hz]
100 101 102

amplitude 
[dB]

The PD controller as spring-damper combination
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The Bandwidth Concept The Bandwidth Concept -- First order systemFirst order system

x+
-

r e k ds
1

Closed loop: )( =sHc 1
1
+sτ )( kp

d=τ

The PD controller as spring-damper combination
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Transfer functions:
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The Bandwidth Concept The Bandwidth Concept -- First order systemFirst order system

Closed loop:

)( =sHc 1
1
+sτ )( kp

d=τ

The PD controller as spring-damper combination

d

x

Fservo

Bandwidth:
• -3 dB closed loop
• -45º closed loop
• 0 dB open loop
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Closed loop
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- First order systemFirst order system
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- First order systemFirst order system
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The Bandwidth Concept The Bandwidth Concept -- Second order systemSecond order system
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The PD controller as spring-damper combination
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Transfer functions:

Bandwidth???
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- Second order systemSecond order system
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Open Loop
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- Second order systemSecond order system
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- Experimental resultExperimental result
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The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- Experimental resultExperimental result
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PHILIPS:

Bandwidth: 0 dB crossing open loop

The PD controller as spring-damper combination

The Bandwidth Concept The Bandwidth Concept -- ‘Definition’‘Definition’
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SummarySummary

• PD controller:
– Time domain interpretation
– Frequency domain description
– Bode plot 

• Intermezzo: Multiplication of Bode plots

• Closed loop with PD controller
• The Bandwidth concept

The PD controller as spring-damper combination

Exercise with 20-sim
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