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The PD controller as spring-damper combination
What would be a good
feedback controller for a moving mass?

Recapitulation time domain interpretation

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

Controlling the position of a mass

I:disturb

H

QO

—_

Control Objectives:

* Getting there
* Staying there <—
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The PD controller as spring-damper combination
First control objective ‘staying there’:
— X -
I:disturb
d —
- M
m AAAA
k
=
Spring-damper force F: F =—kx—dx
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The PD controller as spring-damper combination

First control objective ‘staying there’:

I:disturb

—)

QO

Controller: Rq.,=—kx~k,x

K, servo stiffness
k servo damping

\4
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The PD controller as spring-damper combination

Controlling the position of a mass

I:disturb

H

QO

—_

Control Objectives:

» Getting there <«
* Staying there
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The PD controller as spring-damper combination

Second control objective ‘getting there’:

Spring-damper force F: F=-k(h—x)—d(h—X)
Controller: F.,=k,(x=X)+K, (XX
(x4 setpoint)
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The PD controller as spring-damper combination

The controlled system
X

I:disturb
<—

servo M

Controller: K., =k,(x=X)*k,(XX)

=
controller ~ st
X
s+ € d +Y+ X
KtKgr Mass 5
- Hr, ., F
servo
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The PD controller as spring-damper combination

Tuning the k,-k, controller

controller
Xs + e kp: ? Fs - X
_ > Process >
- k="
=>

trade-| |off

&

¢
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The PD controller as spring-damper combination
How does the k; k, controller look like in the
frequency domain?

Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 11

The PD controller as spring-damper combination

PD controller: Time / Laplace / Frequency

Time domain:
Feke +ke ) kS LFEQ
Laplace domain:

FE) =(k,*k,s)e(s) &) Kk +k,s

Transfer function:

Cs)=E(s)=(k,+ks) S8 c(s)

5

5

Frequency response:
C=k,*jkw
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The PD controller as spring-damper combination

The Bode plot of a PD controller

+1
Transfer Function: cl| k /
F
C(s)=g(s) =(ktk s) .
. +90°
Asymptotes in Bode plot: 0oc 0

Amplitude:  |C=,/k? +k?af

s->0 = C - kp = |C| — kp
0c - Q°

S - - C—»kVS s |C|—>kva)
C - 90°

Break point: logk,=logk,tlogw = 7} :::V"
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The PD controller as spring-damper combination

The Bode plot of a PD controller
kp = 1500 N/m; k, =20 Ns/m
amplitude 100
[dB]
80 e
+1 =
+O __./%/
60150 101 102
frequency [Hz]
phase 100 T
[deq] T
"
///
oE—
100 10t 102
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The PD controller as spring-damper combination
Intermezzo: Multiplication of Bode plots
The amplitude story
Im
e N | T —
= C(s) > H(s) > b &0 :C
0oc !
| a Re
C=a+bh H=rc+dj CH=ac + bcj + adj - bd
Re(C)=a Re(H) =c Re(CH) =ac - bd
Im(C) =b Im(H) = d Im(CH) = bc + ad
C=va'+b®  H=vcf+d®  [cH =@ +b) (€ +d)
|C-H| = |C]-[H]|
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The PD controller as spring-damper combination

Intermezzo: Multiplication of Bode plots
The phase story

X, b

2>l Cs) > H(s)

Re
C = |C]-[cos(d) + ] sin(d)] H = |H|-[cos(Y) + ] sin(W)]
C-H = |C||H|-[cos(d) + ] sin(d)]-[cos(y) + j sin(W)]
= |C-H|[(cos(d)cos(W) - sin(d)sin(W)) + ...

...} (cos(9) sin(W) + sin(p)cos(y))]
= |C-H[-[cos(¢ + W) +jsin(¢ +Y)]

¢=0C
Y =0OH

}—
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0(C-H) =0C + OH
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The PD controller as spring-damper combination

Intermezzo: Multiplication of Bode plots

e - X X(S
Sl ce) = He) P Bl
e(s)
C :
" CH \:2
kp- , H -1
K, : Pt :
+900 : :
0° : : :
: -90°
1800 i |80
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The PD controller as spring-damper combination
Closed loop with PD controller
Transfer functions: X
F.
H(s)I X(S) _ i _)dlsturb
F(s) Ms® Fservo M

CE)= ) = (ki)

X—S;LTL C(s) —>i+—> H(s) FT—

Recall: x=Xg If: C(s)-H(s)>>1

S
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The PD controller as spring-damper combination
Four important transfer functions
I:d
Xs+ e i+
>>0— C(s) ~ H(s) FT—>
Fs
Open Loop: H, (s)=g =C(s)H(s)
Closed Loop: =X (oy= C(S)H(S)
P B O 1)
Sensitivity: S(s) X (s) ‘1+C(S)H(S)
T _ X _ H(S)
Process Sensitivity:  H_(s)= F (S)=1+cis)a(s) FC(s)H(s)
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The PD controller as spring-damper combination

Open-Loop
H, (s)=g =C(s)H(s)

amplitude 5
\\
BRTE 107 102
frequency [Hz]
phase
[deg] -50
-100 —
-150 —

10° 10t 10?
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The PD controller as spring-damper combination

Closed-Loop

_ _ C(s)H(s)
H, (S)—%(S) = 1+C(s)H(s)

amplitude 5

el | 7\
. N\

N\
N\

10° 10t 10?
frequency [Hz]
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The PD controller as spring-damper combination

Sensitivity

- — 1
SE)¢ )7 1)

amplitude 5
[dB]

-5
1 wy
'15 W
2R
RN
-30
-35
-40
-45

10° 10! 10?
frequency [Hz]
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The PD controller as spring-damper combination

Process Sensitivity

_ _ H(s)
Hps(S)—fj(S)—m

amplitude -70—————— =
[dB] .75 \\

-80 \

-85 \

-90 \

-95 \\

-10 \\

-105 \\

-11

N
-115
100 10t 102
frequency [Hz]
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The PD controller as spring-damper combination

The Bandwidth Concept - First order system

Transfer functions: X
_X(s)_ 1 d
H)7Es) T as — ——— F..,

c(s)=F6) = i

e(s)
r+ e K 1 X
_ —~ EIS —~
Closed loop: H,(s)=-2 (r=9)
rs+1 K,
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The PD controller as spring-damper combination
The Bandwidth Concept - First order system
X
Closed loop: d
T = Fue
cS)=rseg (T kp)
Bandwidth:
* -3 dB closed loop
* -45° closed loop
* 0 dB open loop
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The PD controller as spring-damper combination
The Bandwidth Concept - First order system
Closed loop
amplitude o J\
[dB] 3 Ny
\\
N
-10 N
-2
KT 101, 102
frequency in Hz
phase 0 ——
[deg] TT—
-45 T~
-50 \\\\
—
10055 10t 102
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The PD controller as spring-damper combination
The Bandwidth Concept - First order system
Open loop
amplitude 50
[dB] —
0 T4 L
-50
100 10t 102
frequency [Hz
phase ¢ quency [Hz]
[deg]
-5
-10
100 10t 102
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The PD controller as spring-damper combination

The Bandwidth Concept - Second order system

Transfer functions: X
H(S): X(S) _ i _F>disturb
F(s) Ms? < Fseng™ M

CE)= ) = (ki)

I:d
Xs+_ e C(S) !4— H(S) X
- F +
S
Bandwidth???
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The PD controller as spring-damper combination
The Bandwidth Concept - Second order system
Closed Loop
amplitude 20
[dB]
0 — N\
-3 N
-20 ‘
100 10t 102
frequency [Hz]
phase o
[deg]
-90
-100
T} 10t 102
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The PD controller as spring-damper combination
The Bandwidth Concept - Second order system
Open Loop
amplitude 2
[dB] __________~m~§~‘—
0 ———]
-20
100 10t 102
frequency [Hz]
phase g
[deg]
-100
-I/////—
2005 107 102
Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 30

15



The PD controller as spring-damper combination

The Bandwidth Concept - Experimental result

Closed Loop
amplitude oq
[dB]
-20 \VA
\
2 3
10 frequency [Hz] 10
phase 200
[deg] l\\ H
Of—
_\e\l \
-200

10?

108
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The PD controller as spring-damper combination

The Bandwidth Concept - Experimental result

Open Loop
amplitude
[dB] 20 ~~——
O TT— —
-20 \VA\
-40 \
102 108
frequency [Hz] 0
phase 500 ‘
[deg] \ r
o | \\
\\, 1
\
-200

10? 108
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The PD controller as spring-damper combination

The Bandwidth Concept - ‘Definition’

PHILIPS:
Bandwidth: O dB crossing open loop

Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 33

The PD controller as spring-damper combination

Summary

* PD controller:
— Time domain interpretation
— Frequency domain description
— Bode plot
* Intermezzo: Multiplication of Bode plots
» Closed loop with PD controller

* The Bandwidth concept

Exercise with 20-sim
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