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Introduction

* Tutorial goal

* Finish in 45-60 minutes
* Introduce system descriptions in Laplacian domain

» Introduce classical PID feedback control for single input single output systems

« What this tutorial will cover

« Basic understanding of system dynamics and basic feedback setup

« What this tutorial will NOT cover

» Detailed theory and implementations
* Multiple input — multiple output systems

* Non-linear systems
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Outlook

Systems

 C(s) ... feedback controller

1. System description and modelling e G(s)... plant / system
2. Controller design/analysis Basic loop signals
3. PID controller « r... reference or set-point
4. Outlook * y...output signal
* e =r-y...error between reference and
Controller Plant/system output
€ | U _ :
r » ((s) » G(s) H——>y * U...control signal

In addition and not shown yet

« Disturbance to system/measurement

* Noise to measurement
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System Description



System Description

Low-pass with time delay

« Main focus on systems based on low-pass
characteristic with time delay

«  Why?

* Good approximation for many systems

* Valid for most of the RF structures which are down-
converted into base-band

0

)
F f RF

/

« What differs for the systems are the bandwidth and
delay

Superconducting TESLA type cavities

e 10 - 500 Hz half-bandwidth

Piezo regulation (Laser, Cavity, ...)

* ~ 10 kHz half-bandwidth

Normal-conducting copper cavities

« Standing/travelling wave
* 50 kHz — 1 MHz half-bandwidth
« E.g. RF-gun, BACCA, ... ARES TWS1/2 structure
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System Description

Rit) +u() = u) ; o _ i)
dy(t) _
RC g +uy(t) = u(t)

Assume u(t) = Uy and split in homogeneous and non homogeneous case.
Approach homogeneous case (y(t) = ") or solve it directly.

1
RC
Y hom = Ke~ Rot Impulse response g(t)

RCAeM +eM = 0 ; A= Assume u(t) =0

__1
{U(f) — y(t)hown + y(t)nonhom == UO(l —e RC 1L)

by initial conditions where w(t) # 0.

The impulse response is needed for system analysis. The output
signal y(t) for any input signal u(t) is computed by the convolution

of g(t)*u(t).
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System Description

input u(t)

input U(s)

Time domain

plant
g() ; G(s)

output y(t)
>

output Y(s)

* Convolution of impulse response g(t) and

input u(t)
y(t) = g(t) x u(?)

2_ u(t) g g(t) 3 y(1)
) 1N _
* FTIX i N

 Makes system analysis very complicated

1 2 3 -1 2 3 -1 o 1
Tima Tima Teme

Frequency domain

Laplace transformation widely used in system
analysis

§: =0+ jw

Multiplication of impulse response G(s) and
input U(s)

Y(s) = G(s)-U(s)

System analysis much easier
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System Description

Fourier transformation F(f) = / f(t) - e 2" tqy
t

=—00

 Defined for all t

Laplace transformation s:=o + jw

F(s) = /t T SRt dt

» Defined for all t = 0 (causal system) —0

fit)=0,Vt <0

1

a—+j00
Inverse Laplace transformation ft)=LH{F(s)} = 57 f ~ F(s)-e™ds
S§=x—7300

DESY. | Tutorial: Basics of feedback control systems | A.Eichler, S.Pfeiffer | MT ARD ST3 - GSI/FAIR | 17.10.2019 Page 8



System Description

Find transformation as table in literature

No. | Time Domain f(t) Frequency Domain F'(s)
1 Impulse response §(t) | 1

2 Unit step o(t) <

3 |t =5

4 |t —

5| %= o) SF(s) = (0) «—

6 | 7 2E(s) — 51(0) - [ (0
7 Jo f(t) ZF(s)

8 e —Ls>a

o) N ot (5_;3,)!n+1 s> a

10 sin at Sgiaz ;s >0

11 cos at =15 >0
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i(t) R
o—1——_ 1 °
u(t) C —— y(t)

Previous example:

RCdy—(t) + y(t) = u(t)o—eRCsY (s) + Y(s) = U(s)

dt

=(RCs+1)Y (s) = U(s)
Y(s) 1
U(s) RCs+1

G(s) =

Initial conditions are zero!
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System Description sl Gels) s

First order system: Laplace transformation properties

G(s) = i
() = 3+“ « Final value
Static gain: Kp =bp/ag fors — 0 lim z(t) = lim sX(s)
Time constant: 7 =1 /ag t—o0 s—0 b
Step response:  y(t) = K,(1 — e t/7) - impulse response: IIII(I) sG(s) = IIH(l) S o 1=0
s—r s§—r 0
B Fure 1 _Ll—lﬂ 1 b
File Edit View Insert Tools Desktop Window Help for unlt Step llm SG( ) —_ = _0
DEHS | K| RSO BDLEA- 2|0 o s—0 S ap
Step response
08} / Kp |
§ 061 Matlab: >> step(G) i
£ I we = ag = 2m - 214 Hz, | .
=04 © A ! « Initial value
0
02r = — = I .
r Kp ao 1 z(07) = lim sX(s)
0 | | 1 1 1 S§—00
0 1 2 3 4 5 6
Time [ms]
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System Description

Low-pass response in time and frequency

First order low-pass characteristic (BW 100Hz)
Sine as input, corresponding output analyzed

I/O ratio and phase shift is plotted

Amplitude

- Bode diagram

—> Grp(s) >

Excitation with frequency of 10 Hz
T T T T

Low-pass model with bandwidth of 100 Hz

==
T

1 1 1 1 1 1 P
0.01 0.02 0.03 0.04 0.08 0.08 0.07 0.08 0.09 0.1
Time [s]
Excitation with frequency of 100 Hz
T T T T T

-20dB/dec |

—
=]
T

-3dB@BW

Magnitude [dB]
'{} L]
[=]
Ampliiude

(]
[==]
T

VWAV

[l
90 deg. ”

Phase [deg.]
Amplitude

-45 deg.@BW

107 10’ 102 103 10*
Frequency [Hz]
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System Description

Time delay response in time and frequency

 Time delay of 2ms
« Sine as input, corresponding output analyzed
« 1/O ratio and phase shift is plotted

- Bode diagram

Delay elemens with 2ms

X X

Phase [deg.]
N r
g 8 =

&
8

&
-3
=

1
Frequency [Hz]

—>  Gr,(s) >

Excitation with frequency of 10 Hz

Input wit)
Owtput yit)

0 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.09 0.1

Time [s]
Excitation with frequency of 100 Hz

WAV

0 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.09 0.1
Time [s]

Excitation with frequency of 1000 Hz

HHHHHHIHHHHHI'IIIHHHIHHIHHHHHIHHH“IIHHHIHHHHHHHHHHH“HHH[|

Ampl'rt ude

HIHHnnlIHHllmIIIHHIIHHHHHManHlHHHIHHHHHHHimnIMllHHIHHHIHH

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]
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System Description sl ews) | s |

System with time delay Tjy:

y(t —Ty) o—e Gr,(s) =e 74% (y=0; Vt€ [0 <t < Ty
(compare to ¥ = |v|e*®* and set s = jw)
le™T¢f| =1 and /(e T¢*) = ¢p(w) = —Tyw [rad]

= —wa@ [deg]
pi

Step response

T T T T T T T T
-1 = e o e e e e e e e e e
0.8 -
We = ap = 2w - 214 Hz,
3 bo
=2 06 Kp=—=1 .
= ao
E
<L
0.4 ]
| = = = Step ult) N
0.2 Response yit)
Delated response y(t-Td)
D i i i i i
-1 0 1 2 3 4 5 3] 7 8

Time [ms]
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G(s) = Gr,(s) - Grp(s)
System with time delay Tj:

G(3) = Go(s) - e~ Ta'®

- Go(s) ... time delay-free system
- Time delay with gain of 1 and phase

i Il
e e

File Edit View Insert Tools Desktop Window Help
NEEAL b AU DEL- G| 0B =D

Bode diagram

=]

——G,(5)

(0]
=]
-

J — exp{-T,d s)

Magnitude [dB]

A
)

| ==-ceenT )i

HH R
10° 10°
Frequency [Hz]




System Description

« Serial connection

(151 Yy
|G ()Ga(s) | —>  Ya(s) = Gu(s) - Gals) - Tn(s)

« Parallel connection

U1

—>|G1(s) + G2(s)—>  Yi(s) = (Ga(s) + G2(s)) - Ur(s)

 Feedback
e — :  Gis)
" E “ G (8) i y; ; Gl (3) i Y (3) - T I_ Gl (S)Gz (8) R(S)
| E ! + G1(2)Ga(s) e Yi(s) forward gain
Negative A= Risy T I-1 .
FB loop | G (s) (u_g : (s) 7. loop gain

b o o e e e e e e e e e e e e e e
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System Description

Time domain Frequency domain

« Differential equation to n first order equations in « Transfer function of n-th order
state space representation

&(t) = Ax(t) + Bu(t) G(s)=C(sI— A B+ D G(s) = bn8™ + bm_15™ 1+ ...+ bes+ by
y(t) = Cz(t) + Du(t) s+ ta, 185" L +...tas+ag

. A

(1) Map TF into time domain as differential equation

(2) Map the transfer function in frequency domain into : — :
special structure for A,B,C,D matrices No Time domain f(¢) Frequency domain F'(s)

> Keyword from frequency to state space : I Unitimpulse 6(¢) 1
« Controllable canonical form 2 Unitstep o(?) :
« Observable canonical form 3t }2'
4 " T
5 @ =10 sF(s) = f(0)
6 f) sﬁF(s) —sf(0) = £(0)
7 nal ce ~ n
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System Description
Stable left half plane in

cont. time Laplace domain Sis}
Pole location Impulse response 1‘
A joo & Yo
(a) % Z \ »
~ R
A yin) Stable s}
A jo
(k) 1 -— \ N e — -
VAR :
Ajo y A system is stable if for a given bounded input
© x - - signal the output signal is bounded and finite
Semi-stable (BIBO stable); if not, the system is called unstable
Ao A ¥

o NN\ .
A VERVARVERVEE

A s A ¥t} ///

()] s T —

Unstable

— g(t) — /t j_oo |g(8)|dt < o0

8
Understanding Digital Signal Processing (2nd Edition)

Mar 25, 2004by Richard G. Lyons

A i A Yl

() -—

_____,fxu/\ /\ -~
N t
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System Description
Stable left half plane in

cont. time Laplace domain ‘f.{s}

Translate continuous to discrete time model/controller
by finding an approximate showing the same ,
characteristics over the frequency range of interest R{s}
« Pole-zero matching (exact approximation)

* Map pole/zero by z; = eil= with location S,

» Find appropriate gain (at critical frequencies (s—>0)) Euler forward Euler backward Tustin

* Only for SISO systems
+ Numerical integration fl{z} St St

z—1 1—2z"1
- Euler forward/backward A A ) / \ / A K \
: - . 2z—-1 1. 1, 1,
Tustin (bilinear transformation) s~ T 71 i) Rl Rz

« Hold equivalents (discretization in the time domain) /

- ZOH, FOH

Stability: Poles in RHP - outside unit circle are unstable poles!
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System Modelling



System Modelling

Physics Engineering
BN e ENGR -\ /
1
1
White Box Model Black Box Model - =M

Fully based on
physical description

e.g. cavity equation

N Usage of deﬁned input sigr.va/ u(t)
Methods - observation of output signal y(t)
> G(s) = Y(s)/U(s)

SysTEM
IDENTIFICATION
Theory

Parameter estimation

based on physical

equation

e Y7 > Find some free
Lie s omy o000 miesper e o@FA@Meters

an * www ClipartOf com 1048712

& Hon Leistm:

[Ljung.1999]

A system model is a simplified representation or abstraction of the reality.
Reality is generally too complex to copy exactly. Much of the complexity is
actually irrelevant in problem solving, e.g. controller design.
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System Modelling using Matlab Comand i Bandwidth, G(s),

Fr Wl2 = ZFpi=2la;

System ldentification Toolbox for SISO systems o> 6 = wizs s+ iz :  INfout + 1% noise

>» u = [ones (1000,1)]:

=S lezim(G,u, [0:1:1length(u)-1]*10e-&) ;
+ System delay estimated and > i‘e:’*“-““‘Iﬂndflengﬁhm P 1170-3)
extracted or approximated eta Formator Sgnals fi >>

File Options Window Help

Import data x| Import models -
l Operations

Time-Domain Signals

by poles/zeros (Pade
approximation) increasing

Workspace Variable < Preprocess ]

the mOdel Order Input: u mydata - 1, ' G il
¥n
* Hint: Try to identify delay N [ myosts
. . \ Working Data
free systems by aligning the ata Information N n
responses and add the delay [fj pstrem: Estirate - -
Starting time Data Views Estimate —- Model Views

later

Transfer Function Models...

[ e o State Space losels. of B Mode Output:y i s o

Sampling interval:

_ ata spe Process Models... o4 . . .
«  Keep system model order . | - Potynominal Hodei.. | File Options Style Channel  Experiment _Help
. d\ Transfer Functio nE Measured and simulated model output
low to reduce complexity and e | | 1z SeFe
t h teri i t e H itf1: 95.43
O Characterize main sysiem Numberof oles: [ adels... | | 1
pos: 2 = ;0842

characteristics Numbes of zeos: [ / .
@ Continuous-time () Discrete-time (Ts = 1e-05) Feedthrough .

« Try to exploit physical b 10 Detay

knowledge about system b Estimation Options .

[ Estimate | | Close | [ Hep | 0 0002 0004 0006 0008 0.01
Time

0
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System Modelling using Matlab

MAIN_GUI@flashixuserl E

Adjust Fontsize

Featu res - Advanced System Setup Tool R [l pebug mode 4 of - . . . . . . .
. System Identification ~| 5 write to hardware ool R s ' —
[J change user (read 5e5p0915 , 1 1 1 § == N2
Define facility, location and module System ldentification/Validation 4000 - 1 : : 1 1 | 1
g . 1 1 1 |
» Select facilit _ - . : .
eleCt 1aclll woof 1 , . Lo
Module Specify excitation signal | ! 1 1 [
2000 1 1 1 1 1
Location _ IS5E, WLliE ! 1 ' . !
5000 Amplitucle ®hit O Mvim aieg | : 1 , . . : |
° SeIeCt Su bsystel N DEMO.RF/LLRF.SINCAV_DEMO/DEMOp* a . ! I 1 v
10 Offset flattop (samples) (1.1077 us) E ol : : : : : : |
i 1
PRBS range (0 ... 1) Exc, signal o L f . | : : h |
. . gum - o 0.0021 ® PRBS () Chirp sine wQ [imo : 1 , . . :
° ystem iaentrication a0f {1 . . Co
Create/plot excitation signal | Plot overall excitation signal | ' : 1 1 1 X
L ! 1 1 ]
Excite and record data | | 20 Pulse readouts 3000 : : : : : :
A . . !
L4 D I t m t Specify and adjust time dela -4000 - ! 1 1 ' 1
e ay estimation _ Check input_ | e ! g small signal trends : 1 | . v
Plot small signalfcheck Td | 25 Rernowe y(0) -5000 | 1 L L - - ad
[[] Remove v lin. trend L L L L L L L
b Grey box Plot 1/0 FFT | Tz‘?aeg%ei}’[samplesl [ Remave glab. trend 700 800 900 1000 1100 1200 1300
Specify system model parameters Time [ps]
System Model GEM Selection . Slngle-sujed Arnplltlllde Spectrum of ‘u(t)

® gyrrmetric
« Black box Oclckeavodsl @ Greygovodel | LTI

General Settings
. Feed-Forward Find system madel GEM Pole Selaction
( : q Low-pass
o F B t I I d Output wector Correction @ [
O n ro e r eS I n 2 Eode model new Fig.  Resonant moda

Feadback
MIMO FE

Feed-Forward Correction

« Learning feed-forward Lo 17 =]

186.7 Bit scaling Save system madel Save data set

9.028 Sampling freq, [MHz]

- Smith predictor setup o T

Delay [us]  Filling [us] Flattop [us] 4 Factor PRES end

Gen. and plot validation signal

Model validation

Estimate Low Pass Pole
200 f172 [Hz]

Sawve name extension
{e.q. gun, datal, ...}

Input u [dB]

. 103 10* 10° 108 107
Exit Frequency [Hz]

“Advanced LLRF System Setup Tool for RF Field Regulation of SRF Cavities”
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System Modelling for SRF cavity

PiecewNse reconstruction with G(w) = Y(w)/U(w) System identification
« Chirp s\ae excitation with range gf500kHz each « Chirp sine signal in given range around passband
mode
' o P«'Ilovduyle'1lof'.§2 3
-45 C::::ﬁ 77 -mode\ 0 System transfer function
E'SO_ 5 6/9-mode — 20f
g \ )
E’ § “ [—u =,
= 60l » | Jéw 60— 1);? J
g -80'_~u0_>y| \
-65 : : : . o :
0.5 1 1.5 2 25 3 35 4 45 _100 (==PW reconstruction .

N%iz] +10°

Figure 4: Jiecewise reconstrucon of transfer function

« This appfoach works only if the ¥eady state
condif/on is reached!!!

« Apflies also for other systems

102 164 10°
Frequency [Hz]

Figure 5: Grey box model identification with low-pass char-

acteristic and 77/9-mode modelling for C2.M1.A24.L3.

The magnitude plot using piecewise (PW) reconstruction
have been added for completeness.

See: S.Pfeiffer et. al, Advanced LLRF System Setup Tool
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System Modelling

* Non-linear elements

. E.g. klystron 1/O characteristic » Non-linear behavior in amplitude (e.g. saturation at max.
output) and phase

_ « Linearization of static characteristic curve

» Saturation « Bandwidth usually tens of MHz (>> cavity BW)

* Dead-zone

» Quadratic/polynomial approximation

* HyStereSiS A actual output  desired output r

. %3’ NG ® desired output
g £

« Time varying elements - ,/ g
% e o actual output
T . @] ‘
+ Characteristic changes over time R R
Input Amplitude Input Amplitude

Output amplitude and phase is function of input
amplitude
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Outlook

1. System description and modelling
2. Controller design/analysis
3. PID controller

4. Outlook

Controller Plant/system

r > ((s) ——>» G(s) H—1T—>y
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Ways to control
Stability

Control objectives
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Ways to Control

O[.)en loop disturbance Precise knowledge on 1/O
(simple) behavior,;
: v No action on disturbances
Input output
> plant >
Feed forward disturbance Precise knowledge on I/O behavior;
Act by feedforward e.g. on
> FF , disturbances
input jx}__) : output - No action on signal to be
+ plant > controlled
disturbance
Feedback Feedback and regulate the signal to
T T T T T T T T T T T T T T T T T T T T T T T TN l """"" I be controlled by acting on the input
reference | output
—L—>()—> feedback > plant >
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New system with new properties !
See: connection of systems
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Ways to Control

Regulation choices - Examples

Amplitude

/ 05 . .
i} 2 4 G
O[.)en loop disturbance Time [ms]
(simple)
\
input
Step to 1 as input > P > plant output >
Feed forward disturbance
> FF
_ \ 4 Ut
iInput outpu
P -+ plant > >
disturbance
Feedback l
e 1
reference | outpuit

—L—>()—> feedback > plant

sensor <
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\ 4

1 sty
L 08}
i
=Z 06|
& 04} Input
ozl Cutput
. . . . . .
0 1 2 3 4 5 6
Time [ms]
1 -
© 0.8
E
=06
e ideal FF
ozt wrong FF | |
- . . . . .
0 1 2 3 4 5 6
Time [ms]
1 L
L8|
-E (
=06
Eoa New system properties
w21 ¢ BWincrease

1 2 3 4 5 6
Time [ms]
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Ways to Control

Closed-loop transfer function

,— _GC
14+ GC
Gu (S) Gd(S) 1
"""""""" [ “T1+aC
g 4y o
T
>0 C(s) SO—%s @(s) >
O—2
Sensitivity function Complementary sensitivity function
1y P é(} y y=T(r—n)+ Sd,
— T —
5 1+GC 1+GC e=S(r—n-—dy,)

Both depend on the loop transfer function L =GC
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(T_n)+1+GC v

Coupling S+T=1

d
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Stability Criteria's (incomplete!)

G(s) =

b S™ + bm_18™ L+ ...+ bss+ by

s"++an_18""1+...+ass+ao

A system is stable if for a given bounded input signal the output signal is bounded and finite (BIBO stable); if not,

the system is called unstable

—> g(t) — /t j_oo |lg(t)]dt < oo

Stable or unstable linear systems
— Open loop or closed loop

— Unstable open loop: Stabilize closed loop system behavior
using feedback controller

Stability check in s-domain by e.g.:
— Pole location (all poles in left half plane)
— Bode diagram
— Nyquist plot
— H-infinity norm for MIMO systems
Non-linear systems - harmonic balance

- Check stability for “Gang of four”
(internal stability)
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This system has n poles and m zeros, and if it is
physically realizable we have n = m.

(a)

(=)}

{c)

{d)

(e}

i

Pole location

.lr'o;

a

=]

Impulse response
A Y}

k

A ¥it)

\/\/\/x

A ¥it)

.l fuy

a

al

al

A ¥

e
A ¥}
PR A

-

-

al

~

Understanding Digital Signal Processing (2nd Edition)

Mar 25, 2004by Richard G. Lyons
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Stability Criteria's (incomplete!) ) b b bys by
) = o an e T ¥ . T ays + a0

A system is stable if for a given bounded input signal the output signal is bounded and finite (BIBO stable); if not,

. |G| ¢t
the system is called unstable Bode diagram

0 dB -

Gain margin (at -180deg.)
Kp < GM

—> g(t) — /t j_oo |lg(t)]dt < oo

Stable or unstable linear systems "
— Open loop or closed loop o

— Unstable open loop: Stabilize closed loop system behavior
using feedback controller

Phase margin (at 0 dB)

o . : A¢ < PM
Stability check in s-domain by e.g.: _180°]
— Pole location (all poles in left half plane) o
— Bode diagram . N 't olot
— Nyquist plot N yquist plo
— H-infinity norm for MIMO systems - GM Chlaracte.rllstlc1 o
Non-linear systems = harmonic balance B i polynomial: 1+
- ~1| pM\ <]/ Re GC #£ —1
- Check stability for “Gang of four” H(wo)
(internal stability) ; - Short: Do not encircle -1!
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Robustness margins

Example RF-gun @ Eu-XFEL and FLASH

Plant BW variation

.« K.=3
.« T,=15ps

GM and PM
reduction by
band-width
increase of plant

Magnitude [dEB]

Phase [deq.]

40

f,, increase

Frequency [Hz]

DESY. | Tutorial: Basics of feedback control systems | A.Eichler, S.Pfeiffer | MT ARD ST3 - GSI/FAIR | 17.10.2019

Im

Nyquist plot
i —l i = 100 kHz | T
i — W = 50 kHz
_"""'1,'2 = 1{] l".HZ
-2 -1 0 1 2 8
Re
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Robustness margins

Example RF-gun @ Eu-XFEL and FLASH

Delay variation 40 Nyquist plot
i f1/2 - 50 kHZ EED 21
K 3 § ; 15
° P —_ -E,
2 .20 T
40 0.5 |
GM and PM increase E of
by reduction of the ‘ 05F
time delay. 5 [ 4L
w100
i A5
i -150
2k
200 : : : :
10° 10* 10° 10% 107 -2 -1 0 1 2 3
Frequency [Hz] Re
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Robustness margins

Example RF-gun @ Eu-XFEL and FLASH

FB gain variation
« f,,0=50kHz
« T4=0.5us

GM and PM
reduction by FB
gain increase.

Magnitude [dE]
=

P
=

FPhase [deq.]

.
=

P2
(=1

KP increase

GM>1

e GM <] i 1

PM=33

............................................... ; ipm=_31

10* 10°
Frequency [Hz]

108
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- Trade-off: robustness vs. performance

e.g. in case of plant variations, delay changes and
FB gain variations

MNyquist plot

\ KF' = 2|

KF, =3
KF, =5 |

KP increase
i i

-2 -1 1 2 3 o
Re
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Gang of Four

The closed-loop system is internally stable (if no unstable hidden modes in C and G) if and only if all four
transfer functions are stable:

{u} 560~ 13C0 [du] § -CS
G 1 GS S

1+GC 1+GC

5
| I |
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Control objectives



Closed-loop Performance

- Servo problem (reference tracking without disturbance and noise) Step response
r(t) = unit step, n(t) =0, d(t) =0
« Manipulate u(t) to keep the output y(t) close to the reference r(t) (® P, n(t) ®
y(t)a
Ymazx M,
+19]
17 Y N =t
y =T(r —n) + 9d, ld
Ga(s)
0.1y,
d . :
7 e u )i Y y - b, . i t
> C(s) > G(s) >
M, overshoot
n . risetime
t.  settling time
- For good performance all
should be small!
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Objective of a Feedback Control Problem

Make the output y(t) behave in a desired way by manipulating the plant input u(t)

* Regulator problem (output disturbance rejection with constant reference and without noise)

« Counteract the effect of a disturbance d(t)

« Servo problem (reference tracking without disturbance and noise)

« Manipulate u(t) to keep the output y(t) close to the reference r(t)

« Noise rejection (noise rejection with constant reference and without disturbance)

» Counteract the effect of a noise n(t) on the output y(t) l q

Goal: output should equal the reference y(t) = r(t)

G4(s)
y=T(r—n)+ Sd,

N
> C(s) > G(s) >
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Objective of a Feedback Control Problem

Make the output y(t) behave in a desired way by manipulating the plant input u(t)

* Regulator problem (output disturbance rejection with constant reference and without noise)

« Counteract the effect of a disturbance d(t) S=40

« Servo problem (reference tracking without disturbance and noise)

« Manipulate u(t) to keep the output y(t) close to the reference r(t) =1

- Noise rejection (noise rejection with constant reference and without disturbance) Conflicting goals

« Counteract the effect of a noise n(t) on the output y(t) l J T=0

Goal: output should equal the reference y(t) = r(t)

G4(s)
y=T(r—n)+ Sd,

RC
> C(s) > G(s) >
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Fundamental Limitations on Sensitivity
Waterbed effect 10

d, R 1.
r € u )& y ?_.%
>  C(s) — G(s) > "

Serious Design 5.0

Lag Magnituds
B

Systems Magazine, Vol. 23, No. 4, pp. 12-25,

2005 - "Respect the Unstable," IEEE Control
August 2003.

n
« Conflicting goals: o
1.0 2.0
F
« S = 0 for disturbance rejection et
: Oscillations at high
« T =1 for reference tracking Waterbed effect frequencies
« T =0 for noise rejection 10 (£ \= 1/
« Typically: 0 —gEzEoa-
= -10 | .
» High frequency noise signal n S P
D= - - -
« Low frequency disturbance d 2
_ & =0T / - = =Sis)for K, =10 |\
+ Low frequency reference signal r SN R -7 Tis) for k., = 10
o . — . — ~ = =Sis)for K, =100
Choose: S(0) =small; S(oc0) =1 sl o —mN
T(0) = 1; T'(oc0) = small 60
10° 107 102 10° 10* 10° 108
Frequency [Hz]
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Fundamental Limitations on Sensitivity

Waterbed effect

A Im
21 I |S[>1 whenever the Nyquist

L(s) = o5 plot of L is inside the circle:

4 R 1S(jw)| > 1
=
! >
1+ G(jw)C(jw)|
=
1> |1+ G(jw)C(jw)

Y

1

Multivariable Feedback Design, Analysis and Design
(2nd Ed.), 2005 by S. Skogestad and |. Polethwaite

If the loop transfer function L=GC is stable, than

/ In [S(jw)|dw =0
0

If we push |S(jw)| down at low frequencies = it must pop up
somewhere else (at high frequencies)
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Serious Design

August 2003.

10 58
c N
O
O 4
H e
2 o
2 gz
= g%
Z 1.0} B
= 53
= 2g
3=
Xy
=
. 1.0 209
Fraquency L&
Oscillations at high
Waterbed effect frequencies
10
0
=10}
k=)
© -20
=
o 0T / - = =5(s)for K =10 | N
@ P P
Y | AR R AR - T(s) for K, = 10
~ — = S(s)for K, =100
=0T T(s) for K, = 100 N
60
10° 10" 102 10° 104 10° 108
Frequency [Hz]
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Closed-loop Performance

dy
) . . xl, y Desired bound sensitivity function
PT >  Cl(s) — G(s) >
Oe— S(0) = small; S(o0) =1
T(0) =1; T'(00) = small
Magnitude
2 -
1 » M, : push down for better robustness margins
0.5 * wy . increase the bandwidth
» A : push down for smaller steady state error
* Increase slope for better transient behavior
0.1 1
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Classical FB Control

(t ,Tfa) o MO o §

Loop Shaping
modify the open-loop system L(s) =C(s)G(s) to ensure
effective control in closed loop

IGK| A @ crossover frequency
\ (for large bandwidth)

| @\l e o @ gain margin (GM)

; 2/ @ (for closed-loop robustness)
@\L @ phase margin (PM)

(for closed-loop robustness)

/GK A | |
@ |GK |s:0 > 1
@ (for small stationary control error)
- E > W : .
wp & W, @ nominal stability of closed loop

(use Nyquist/Bode/small gain criterion)
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Closed-loop Performance

Robustness vs. Performance

>0 > C(s) > G(s)

* In general: Trade-off between robustness and performance

- Example with proportional controller Kp

« Way out: more complicated controller structure

- Offer more degrees of freedom to improve both
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Outlook

Closed loop system analysis

1.
2.
3.
4.
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System description and modelling

Controller design/analysis

PID controller

Outlook

Controller

Plant/system

C'(s)

G(s)

>Y
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PID Controller



PID Controller

u(t) y(t) Proportional P
> ———> >
)T_ Cls) G(s) changes the magnitude and not the phase

* increasing P decreases robustness margins
PID-Control

g(s) — C(s) = Kp Integral |
(¢) magnitude -> infinity for frequencies - 0
I .
u(t) = Kp (e(t) T /to e(T)dr + TDe(t)) « in case of saturation = loop is cut open
1 T (integrator keeps integrating - bad transients)
U(s) = Kp [1 T s T 103 E(s) (= Integrator windup)
1 Derivative D
Introduces a 90° phase lead at high frequencies
E(s) " ) x  Uls)
— P > 15 v g o . . .
. K « sensitive at high frequencies = noise
Ths amplification
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PID Controller Tuning

Ziegler Nichols tuning rules 1 (step response)

Tuning rules for example system

L
! Rule 1 -
- I
————————————— ST IEEsE T I‘LP Tf TD o 2 |||
I; ey i P ]-J ,."'IIG', 00 {:} K P —_— 335 é_ 1 | || II| I'L..-"‘-’
"\ I . L I
I g ) — 0.5
{ | Pl [0.9/a|3L]| 0 Ty =6 x 10~°
— ! - PID | 1.2/a | 2L | 1/2 ’ 005 01 045 02
) I 1—,‘;Pi—Th t Time [ms]
Ziegler Nichols tuning rules 2 (stable oscillation) 2 Vo ™
- Cl the | ith rtional troll [\ /N Rule 2
ose the loop with proportional controller i, Per = 0.0079ms
« Increase controller gain to the critical gain K., (steady state g \
. . 05 o 2
oscillation) Kp T Th 1\ lr.
; : : : B . o5 o 15 '
* Period of oscillation is P 05K, 00 0 ’ R e g | ||I".
critical period P., PI |045-K,. |083-P., 0 Kp = 263 <., |l
PID | 06-K_, | 05-P,. |0.125- P, |
& = - TI — 65 X ]_0_6 ’ 0.05 TimE}mS] 0.15 0.2
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PID Controller Tuning

Tuning rules for example system

Line search of 1/T;

Line search of Kp

34 34
. . éss \\\\ ) / 1 éss
Practical tuning £, ~__ _— | £a
« Define performance criteria (RMSE, overshoot, rise time...) e
31200 250 300 350 4 0 5000 10000 15000
* Increase Kp with 1/T;=0 until performance gets worse = h
2
* Increase 1/T; with the K, found before until performance K 285 o 15
P — E fl
gets worse 5 1V —
Tr =0.012 R ||
DI
0 0.05 0.1 0.15 0.2
Time [ms]
Skogestad for Pl controller [Skogestad.2003] e 7. =5x107°
«  For first (and second) order systems with delay |k, =106 Different choices of 7,
bO 1 1 e 2
—T, — —
G(s) = g Tas K, = Tr=28x10"°% | o]
S + aO bO Tc —|_ Td § ,'I".Y, _
2 |
) 1 i 10_6 g I
. Desired rise time 1, Tr = min (—, A(1e + Ty) © 05 )
ao KP — 24:8 0"
0 0.05 0.1 015 0.2
TI — 12 X 10—6 Time [ms]
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PID Controller Tuning

Comparison for the example system

Performance contour (optimum)

6ms .
_ o » strongly depends on chosen cost function
Cost function = e(t) - strongly depends on system type
t=0
450 T T x\\:\\\\ 3&\ \? S\hﬁx\; :«&\\Q = 1.5 T T T T T T T T
NERRRR N optimum
AR
R ZNA
ZN2
practical tuning
Skogestad
300 | 1r —
ATANTN o
a | '-,lI'\ \ "-Ill".lll'.lll'lllwl'-"-. AN E
b ||I|II'|IIII|II|||III||II',I'|I|,| AN IIII' —=
| I| II 11 I| I| III I| lll i | | i IIIII Y \ E‘
RERRRREAAAY A =
||||.|I|I||III|I|I|
sso b AR RARRARRRRRRITAN _ |
[ = perfarmance contour "I 0.5
. | ) ® optimum '
[ = ZN1
ZN2
' B practical tuning f
Skogestad /
200 . . { ST T T . . . . . . . . .
0
0 2 4 6 8 10 12 14 16 0 0.005 001 0015 002 0025 0.03 0035 004 0045 0.05
T, =10 Time [ms]
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1.5
PID Controller Tuning o
Sogesiad
Al
» Optimization using this cost function: £
* Looks fine in terms of reference tracking, but does not penalize the available |
input signal/power (in FB 150x more drive signal needed compared to FF only)
« SREF cavity with w,,=214 Hz reaches steady state in 20 ps... ot
0 0.005 0.01 0015 0.02 0025 0.03 0035 004 0045 0.05
Time [ms]
 How to overcome this? Master  Veetor
oscillator modulator Klystron Waveguide
« Choose proper feedforward signal and adjust the reference correspondingly @_’ k
Feed forward ' e =L
. D&} - - 1.3GHz 1.3GHz
disturbance P deal FF @ @ U Virsl®) | Veal#)
e e e
N %D.«i 3 F IF
re FF q Q A < ool I{terative - e
. earning slock slock |
InDUt >\If > plant O—Ut% () Frmme =i e T i Control ] 2 5
0 2 4 e [ (k)| | ag(k) i i )
Uz [ms] [Feedforward (:) :)) (:) :)) Calibration
i__|_|‘UFF.I(A') Ueorr,1() 7 ¥ ¥
. . B urrg(k) Ueorr () _
« PID tuning rules does not apply for all practical problems T e o
uilh) i) ) y%(z-)] —
_ wg()|  MIMO calk) 1 ol
« Be careful, start conservative and/or talk to an expert S Clomirsller . o
L contro system
Page 51
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Outlook

Closed loop system analysis

1.
2.
3.
4,
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System description and modelling

Controller design/analysis

PID controller

Outlook

Controller

Plant/system

C'(s)

G(s)

>Y
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Outlook

Classical FB Control
Frequency domain analysis

- Bode Diagram, Nyquist Plot

PID-Control
o) =C(s) = Kp

u(t) = Kp (e(t) o f e+ TDé(t))

I Jig

[ 1
U(S)=KP 1—|———|—TDS] E(S)
| TIS

Kp Tﬁ S

')
W/

Modern FB Control

Time domain analysis

- State space representation
z(t) = Ax(t) + Bu(t)

y(t) = Cxz(t) + Du(t)

—> Linear-quadratic regulator (LQR) etc.
u(t) = —K - z(t)

—> H-infinity optimization by shaping the sensitivity
and complementary sensitivity function

z5(k)

i (R

O - C(2) G{z)

Ws(2) - S(2)
1T ()l = | |Wes(z) - C(2)S(2) || <1
Wy (z) - T(2)
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Outlook

' Q : e d = Cols) i 2 lGo(s)e TasH g
Smith Predictor i L ' G(s)
 Design Cy(s) for the system G,(s) i e Tl Go(s) |t 1
without time delay | |
* Use the controller structure
* Achieve desired closed-loop with
delay > r——>0—> Co(s) = Go(s) e B e

MIMO systems (multi-input multi-output systems)

« Plant with m inputs and [ outputs = G(s) is a | X m transfer matrix

« Stability is in terms of eigenvalues of A matrix, generalized Nyquist (Bode does not generalize)
« Change one input affects all output = coupling between inputs and outputs

« Manual controller tuning gets tedious - optimization based controller synthesis (see modern FB control)
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Thank you for your attention!

Any Qustions?

Contact: annika.eichler@desy.de; sven.pfeiffer@desy.de
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