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Bandwidth and disturbance suppression

What is the required bandwidth
of a control system?
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Bandwidth and disturbance suppression

Recap aim of feedback...

Disturbance
Suppression
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Bandwidth and disturbance suppression

Recap aim of feedback...

Feedback with disturbances:

d; d,
X—>T—>S+? C(s) —>i—>+ * sl H(s) —>L+ L
C(s)-H(s)

- _X(s) _
Recall: Hc(s)= x,(s) ~ 1+C(s)-H(s)

So: x=x, If: C(s)-H(s)>>1

S
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Bandwidth and disturbance suppression
Recap Bandwidth Definition
Bandwidth: O dB crossing open loop
amplitude 2o
[dB] —
0 S
-20
100 10t 102
frequency [Hz]
phase o
[deg]
-100
/—‘——
——l—/
200,55 10? 102
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Bandwidth and disturbance suppression

Exercise Bandwidth Determination

Fd
X
SoZs C(9) —>i—>+ N T
FS
Given H(s) =— with m = 2,5 [kg]

F4 = sin (2xft) [N] with f = 1 [HZz]
Assume C(s) =k, + ks

Specification: Ce(t)J< 1 [um]

Question: 1. What is the required bandwidth?
2. If C(s) =0, how large is Ce(t),,,,?
Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 7

Bandwidth and disturbance suppression

Exercise Bandwidth Determination

)(—Si?_i» C(s) ?i“; His) T

Process Sensitivity: Hps(s)=Fl(s)=
d

Y

H(s)
1+C(s)H(s)

H(2x) =0.01
Hps(zn) <10% = C(2m) >10% = kp =106

Bandwidth: C(w,)H(w,) =0dB = k,/(2nf)*=1
= f,= 100 [Hz]
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Bandwidth and disturbance suppression
Kp /K, controller in DIET (Philips tool)
Ready
Kp / Kv-controller
Kp [N/m] [~ io000a0 % AutoMessure. Adtoscale
Kv [Ns/m] [Tistz2a5 g Defauk
_ Remember Fued
[ [Contioller =] Analyzer Bode) St |_
Frequency Response .
140 - :
135+ 5 //’/ 1
P~ b 3 ~
G130} : ot 1
< T
8 125+ S D =
120 —_——T H
115 : i
10° 10' 19’ 10°
Frequency [Hz] N
180 3
3 90+ - 3 E ;’_’_r/, 5 2|
3 /_/_/___/:/‘
o ————F— - -
2 H
2 H
o 9ol : 4
-180 i :
10° 10’ 10 _ 10°
Frequency [Hz] H ""fb
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Bandwidth and disturbance suppression
Ready
Kp / Kv-controller v |
Kp [N/m] [~ 600068 ¥ hutoMessure _ Auoscals |
K INsim] e e i —
Remenmber Fived
[ Toewe ppBeel T g [
Frequency Response .
100 T T :
I H
T .
@ 50F e R 3 1
< s I :
© .
O of e TR 3
. T \“
-50 . :
10° 10' 10 ¢ 10’
Frequency [Hz] :
180 :
5 9O s 4
s :
o OF . =
b3 .
£ :
o gol : 4
ape s et B oW W pEa|
180 + 1 .
10° 10' 100 ¢ 10°
Frequency [Hz] H fb
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Bandwidth and disturbance suppression

Disturbance suppression

d
No control: y =Hu =Hd _,iL, H(s) AN

d

ai Usl Hs) y

H
1+CH

Closed-loop r So-€ C(s)
control: |

y = Hu = Hd + HC(-y) o y =

\ 2

d
Below bandwidth: CH >> 1
- H 4~-H_ =1 _
Y=t+cpd~cnd=cd - v70
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Bandwidth and disturbance suppression

Disturbance suppression

No control: Yy, = Hd y 1
H y. 1+CH °
Closed-loop: Ye T 1+CH d 2

Benefit of feedback = Sensitivity function

Example: H =0.01; CH=104 d=1

Yo=001 ——Q g=104
_0.01
Vo= 14108
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Bandwidth and disturbance suppression
Robustness
Open-loop:
pen-ioop L30-850 C(s) —bo{ kH(s)—2>
y = kHu = kHCr
Closed-loop:
_?_)f 30851 C(s) —U{ kH(s)—>
y = kHu = KHCr — kHCy y = 15&& ‘
Below bandwidth: CH >> 1
_ KkCH . _ KCH. _
Y= 1+kcH" ~ ke T
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Bandwidth and disturbance suppression
Robustness
Open-loop: Y, = kHCr
Relative change: Yo —Yo = kHCr —HCr _, _,
o HCr
_ _ kCH
Closed-loop: Ye T1+kcH "
_ _kCH  _ CH |
; .Y 7Y —1+KkCH 1+CH _- k-1
Relative change: v cH I+KCH
1+CH
Ye =¥ k-1
Ye -—1+kCH-_ 1 =g Benefit of feedback
Yo=Y, k=1 1+kCH = Sensitivity function
Yo
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Bandwidth and disturbance suppression

Robustness

Example: CH=104 k=11

Yo Yo =y —q=
j o =k-1=01 o= 104

Ye Y. - k-1 _ 0.1
Ye 1+kCH 1+1.110%

= 9.1106=10°

Conclusion:

OK if S<1, bad if S>1
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Bandwidth and disturbance suppression

Robustness and Nyquist

Nyquist plot
15 T T T T T T
|1S]<1
it U ]
il TR
v AN N
05 .
2
s
§ o
H
051 | .
Ak -
15 L L L L L L
-3 -25 -2 15 -1 -05 0 05 1
Real axis
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Bandwidth and disturbance suppression

Robustness and Nyquist

(Recap Stability Margins)

Im(Ho) 2
L4 1/6M

1 > <
od DY

Y

0 a\PM — YA
- S
/
is=1
-1.5 Ol
-2
-2 15 -1 05 0O 05 1 15 2
Re(Ho)
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Bandwidth and disturbance suppression

Design for performance

S(jw)<<1

However:
Area where S<1 equals area where S>1

Bode sensitivity integral
(holds if at least two more poles than zeros)

Hence:

Design controller such that S is low where
most important disturbances occur
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Bandwidth and disturbance suppression
Design for performance
Bode Sensitivity Integral
| 13
amplitude 5 :
[dB] :
-5 \y,
1 N\
-15 N
N4
N\
-30
-35
'40 :
45709 101 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Procedure

1. Stabilize the plant:
Add lead/lag with zero = BW/3 and pole = BW*3, adjust gain to set
stability or add a pure PD with breakpoint at the BW.

2. Add low-pass filter:
Choose poles = BW*6.

3. Add notch, if necessary, or apply any other kind of first or second order
filter and shape the loop.

4. Add integral action:
Choose zero = BW/5.

5. Increase BW:
Increase gain and adapt zeros/poles of integral action, lead/lag and
other filters.

During steps 2-5: check all relevant transfer functions and relate to
disturbance spectrum.
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
_ Mechanics 4™ order system
amplitude 100,
[dB]
50 ‘\\\\
——— }
0 ‘\\
\\
-5
100 10t 102
frequency [Hz]
phase
[deg] 100
0
-100
100 10t 102
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

First Control Design: PD controller

amplitude -1

[dB] _,_.
-20 e

30

-4

100 10! 102
frequency [Hz]

phase
[deg] 100

-100;

100 101 102

Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 22




Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
i PD controlled 4t order system: open loop
amplitude 20
\~~\ \
-20) X
40 \‘
\\
-6
100 10t 102
frequency [Hz]
phase
[degl 100
-100
100 10t 102
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

PD controlled 4" order system: Nyquist open loop
2

15

1

0.5 \ \

Im(Ho) 0 e
-0.5 7

At

-1.5 <

_2-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Re(Ho)
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

PD controlled 4" order system: closed loop

amplitude 1
[dB]

1 N

-2 \
-3
-4 \\
-5 \
-60
100 10t 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

PD controlled 4" order system: sensitivity

amplitude 1
[dB]

1/
/

-20
100 10t 102
frequency [Hz]
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PD controlled 4t order system: process sensitivity
amplitude 6 T 7T 7 —T T
[dB] DS | Open loop mechanics
RN / R i
4 & < —— :
3 A PD control
<
N
2 SNE
N N N '
N N i
0 Son
20 \\
40 \\
7100 107 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

Second Control Design: PID controller

amplitude -1
[dB] —
2 —
>
//
=1 PID control
=30 " B
— ‘\§~~
— PD control
10 101 ' 102
frequency [Hz]
phase
[deg] 100
— - . —
-10
100 10t 102
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID controlled 4" order system: open loop
amplitude -5
[dB] - i+ PID control
;\\
\\\ o — \
NN N
-5 o N
PD control
100755 107 — 102
frequency [Hz]
phase F=1
[deg] 100}
1
1
1
-10 i
/T -t i —
100 10t 102
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID controlled 4" order system: Nyquist open loop
2
1.5
1 o
0.5 \ \
Im(Ho) 0 7
-0.5 7
-2/ i ——PID control
1 fs - . f
d
L PD control
-1.5 e R v Ml S
_2/
-2 -15 -1 -0.5 0 0.5 1 1.5 2
Re(Ho)
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID controlled 4" order system: closed loop
amplitude 10y
[dB] _ -kl
RN
20 PID control " \
-30 PD control
-40 \
\
-50
TR 10% 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

amplitude 1
[dB]

PID controlled 4" order system: sensitivity

\

A

/”
1K
// \ PID control

NVARE

/
/ PD control
-20
-25
100 10t 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

PID controlled 4" order system: process sensitivity
amplitude 6 T T T3 7 73

[dB] ~ | Open loop mechanics

~
\\ / IR H
4 < '
~
————3 A PD control

B <=
2\ *ﬁ\

\ AN {
N
~ H
N
\\ ,

J
A\

0 PID control N
-20 \\
40 N
100 10t 102
frequency [Hz]
Philips Centre for Technical Training (CTT) / Philips Centre for Industrial Technology (CFT) / HvU PTGroep — Gert van Schothorst 33

Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
Third Control Design: PID + Notch controller
amplitude -1 7 I
[dB] L 3
Lol PID control == AT
-20k oo \
\ '
30 \
\ L
PD control | PID + Notch |
4070 10! 102
frequency [Hz]
phase
[deg] 100
— == T —— i
-10
100 10t 102
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

PID+ controlled 4" order system: open loop

amplitude -5
[dB] L ¢ = PID control
\\$-_—
\ TN
/// \§\
T1i| PID + Notch
10t 102

frequency [Hz]

phase F= 1 s

[deg] 100 :: :
! -

" :
n 1
-10 il e |

S =kl B B A e » e

100 10t 102
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID+ controlled 4" order system: Nyquist open loop
2
1.5
1 o
0.5 \ \
Im(Ho) 0 — PID + Notch
-05 27/ :
. ,‘:%/_,_———— PID control
e i
d
L PD control
-1.5 I ) I
) /
-2 -15 -1 -0.5 0 0.5 1 1.5 2
Re(Ho)
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID+ controlled 4" order system: closed loop
amplitude 10y
[dB] _ - A==x .
G NN 3
NN
-1 \
Y \

20 PID control S—A~
- v T

E— /"N
-30 PD control /’ 8
-40 / AN

PID + Notch \
-50 '

\
TR 10% 102
frequency [Hz]
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
_ PID+ controlled 4" order system: sensitivity
amplitude 1
[dB]
5 ——
/f e -? ~
v - —
0 'n/’ // ——
IRV /
/\ \ | PID + Notch
/ \ \ PID control
-15 . :
/ \
/ H
-2 //
PD control |
25100 B : 102
frequency [Hz]
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
PID+ controlled 4" order system: process sensitivity
amplitude 6 T T T 7 T
[aB] S | Open loop mechanics
S /
4 "X PD control
] oo a
S ol
| A
0
b’
7 =8
PID + Notch \
-20, \
\
-40 N\
100 10t 102
frequency [Hz]
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Bandwidth and disturbance suppression

Loop Shaping Example - 4" order system

Step response function on

set-point

35 FATFPI <
output
PD control
0.5 _
PID control
PID + Notch
OJ 1 1 1 1 1 1 | 1 1
01 02 03 04 05 06 07 08 09 1
time [s]
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Bandwidth and disturbance suppression
Loop Shaping Example - 4" order system
Step response function on disturbance

T T T T T T T T T
45 E
40 b
35 PD control ]
30+ b
output 5k PID control 4
2 - —

0 PID + Notch
151 b
10 7
5_ -

o ! ! ! ! ! ! I ! |
0.1 02 03 04 05 06 07 08 09 1

time [s]
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Bandwidth and disturbance suppression
Summary

« Aim of feedback

— Disturbance suppression

— Robustness
» Benefit of feedback = sensitivity function S
 Design for performance:

— S small where disturbances occur

— High bandwidth - small S for low frequency
» Loop shaping procedure

Exercise with 20-sim
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