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Summary

The course 1995 consisted of 15 lectures and g exercise sessions. we used
the book ('Multivariable 

Feedback Design,, by J. Maciejowski (Addison-
wesley, 1989). Part of "Linear controner design, limits tf p"rforrrrance,,,
by Boyd and Barrat (Prentice Hatl, 1gg1) wa, also used together with
notes and articles. The course was followed by 14 phD-studenis including
3 students from the department of Industrial Electrical Engin."riog urrã
Automation. Lectures 2-3 were given by Karl Johan ,Â.ström, Lecture 4
by the participants, Lecture 6 by Mikael Johansson, Lecture g by Tore
Hägglund, Lecture 11 by Björn wittenmark, part oi Lecture 12 by An-
ders Rantzer and Lecture lb by sven Erik Mattson. There was also one
laboration, in fazzy control. This was deveroped by Mikael Johansson
and Johan Eker. Thank you all for your help!

Material that was used:

o Maciejowski "Multivariable Feedback Design,,, Ch 1_Z

o Boyd-Barrat "Linear Controller Design,,, Ch 1,4-b.
o Green-Limebeer, Ch g on Model Reduction
r The ¡r-toolbox manual
o A benchmark example by Landau
o Rolling mill example by Pedersen
o Bristols AC-paper on RGA
o Note on aeroplane dynamics
o Gunthe¡ Stein's Bode lecture noters
o Freudenberg-Loozc Trans AC 1985

o Kwakernaak "symmetries in control system Design", ECC 1gg5
o Doyle, QFT and Robust Control
o TFRT-7454 A collection of Matlab Routines for Control Analysis

and synthesis, by Kjell Gustafsson, Mats Lilja and Michael Lundh.
o TFRT-5477 A Quantitative Feedback rheory Toolbox for Matlab 4.1,

Michael Lekman.
¡ "Guaranteed Margins for LQG Regulators", J Doyre, Trans AC.

Included in this documentation are
o Course WWW home page

o Lecture slides 1-15 (however without most figures)
o lab-pm

Lund, Dec 1995

Bo Bernhardsson
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control System synthesis lggs
This material is collected at htrp z / /v¡v¡w. conr.ror . trh. se/-bob

Schedule

Lectures mondays 13.15. (Exercises thursdays 10.15. ) New time for exercises: Fridays
13.15-1s.

Extra lecture : Tisd l4lll kl 15.15 - 17.00rM:8, Sattline -- Lars Pernebo & Staffan
Andersson, Alfa Laval Automation Presentation av Sattline inkl interaktiv
videokanonsdemonstration

Organization

Lectures will be held by Bo Bernhardsson and guests. The course starts Monday
September 4,73.15 and ends in December.

Prerequisities:

Regler AK and Computer Controlled Systems.

Literature

o Maciejowski, Multívariable feedback design, Addison-Wesley 1989, ISBN
0-201-18243-2.

o Boyd, Barratt, Linear controller design, Iimíts of performence,Prentice Halt 1991.

More info about Maeciejowski's book (gohper) for example an enatalist (errata.ps)

Additional Reading

o D'Azzo, J., C. Houpis, Linear control system analysis and design, 3rd ed.,McGraw
Hill 1989 , Chzt.

o Anderson, Moore, Optimal Control, Linear quadratic methods, 2nd ed,prentice
Hall 1990, Ch 8.

o Astrom and Hagglund, PID Controllers: Theory, Desing and Tuníng, 2nd ed,
Instrument Society of Ameri ca, 1995



o Doyle et al, $\mu$-toolbox
o Doyle, F'rancis, Tannenbaum, Feedback control design, MacMillan 1992.o G F Franklin, J D Powell, A Emami-Naeini, Feedback control of Dynamical

Systems, 2nd ed, Addison-Wesley I9gI.
a B Friedland, Control system design, McGraw-Hill 19g7.
o Morari, zafirou, Robust process contror,prentice Hall 19g9.

Project, exam

The project consists of controller design on an interesting process chosen by you. The
projects should be presented in January. There will be u wiittrn exam.

Preliminary Contents

t Course overview, the synthesis problem, the check list, tools, pole placement,
benchmark problems.
s control paradigms, feedback/feedforward, mode switches (KJ)
n AK+-design, root locus, nichols etc (participants)
{r FK+-design, chl0-12, ch15 (participants)
o QFT, Limits of performance, Ch 1

t Model-based vs non-model based,fuzzy
Õ Multivariable issues (Nyquist, zeros, robustness...), Ch 2-3
e PlD-design, (Tore)
s MIMO, Nyquist-like techniques, Ch 4
n The servo problem (Björn)
* LQG-LTR, Ch 5
å Structured singular values, gain scheduling
s $H_Vnfty$, $\mu $-merhods, $L_1$ Ch 6
{l Parametric optimization, Ch7
ü control Design example, wind Power plant Design (Sven Erik)

Lectures

o Lecture l-Intro
o Lecture z-KJl
o Lecture 3-zu2
o Lecture 4-AK/FK
o Lecture 5-QFT
o Lecture 6-Fuzzy
o Lecture 7-MIMOl



o Lecture 8-PID/Tore
o Lecture 9-MIMO Nyquisr + LeGlo Lecture IO-LQG/LTR
o Lecture ll-Tracking problems
o Lecture l2-Robust Control 1o Lecture l3-Hinfty-mu
o Lecture l4-Design by optimization
o Lecture l5-Example: Wind power plant Control

Exercises

o Exercise 1

o Exercise 2
o Exercise 3
a Exercise  --Fuzzylab
o Exercise 5
o Exercise 6
o Exercise 7
o Exercise 8

Take Home Problems

Cooperation is allowed, unless otherwise stated

o Problem l-Landau
o Problem Z-AKIFK
. Problem 3-LandaulQFT
o Problem 4-AIRC
o Problem 5-Labprocess

,Presentations

Everybody should do a short presentation on lecture 3 and 4. The presentation should be
prepared to September 25. The goal ts to recapture well known màterial. Work in groups
of 2 or 3. Choose between

o AK, Nichols Plots with lead/lag design
a AK, Root Locus with examples (e.g. some lab-processes)
o AK, "Centrifugalregulatorn"
o FK Ch. 10-12



o FKCh.7+15

Laboration

A laboration on fuzzy control and the fuzzy toolbox in matlab Should be made. A fuzzy
controller is designed in matlab and down-loaded to the Palsjo real time system. More
information is available in the lab-pm. This laboration was developed by Mikael
Johansson and Johan Eker.

Examples (and matlab code)

o Lateral Dynamics of Aeroplane
o Landau's Flexible Transmission
o Thickness Control of a Rolling Mill
o The ACC 1990 Benchmark(two masses and a spring)
o Vertical Aeroplane Dynamics, AIRC, Mac. 4.4,4.8 and 5.8
o Aircraft with wind turbulence
o Turbo-Generator, Mac. p 406
o LQG-examples, Lecture 9

Matlab-code

The department's Matlab boxes are available via anonymous ftp: qft.tar.Z and
boxes-matlab4.tar.ZYoa might also want the functions spread.m and circle.m
Matlab-code for Ll-design is availabe. Ask akesson or me.



PID Control

"(t) - K ("(t) ,(r) d,s*rr#)

"(t):U"p(¿) -y(t)

lntegral action'. zero steady state error

Derivative action: prediction

TEre Tuning Problern

Specif ications:

Load disturbance attenuation
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Modified linear behaviour Measurement no¡se hnf

Set-po¡nt following
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The PID controller:

u(t) - 1ç
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The PIP controller

u(t) - 7ç
1

t_
'To"(t) | "{,)o') -å I 0u,-u(t-L))at

Prediction performed by a low-pass filtering of
u instead of a high-pass filtering of y

Only 3 parameters to set: K,T¡,L
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Simulation results
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0.5

1.5

Set point and process output

Control signal

3.9 When can pID æntrol be used? 67

40 60

58 Chapter 3 PID Control

Set point and process output
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604020 Figrrre 3,42 Response of the closed loop system to set point and

load disturbances. The conlroller parameters ate K = -O.25 T =
-1andb=Ltr'igrlr'e 3.41 Response of the closed loop system to set po¡nt andload disturbances. The controller p"o*"t"Å 

"rrf = _0.2S ?j _-1andò=0



SELECTORS

Systems like this are commonly used
but not well understood theoretically

f¡om steam
p,.-.isur ¿ ct¡n tro ller

Fig. 55.1 Control scheme for oil fìring

MERGER OF PROGRAMMABLB
LOGrC CONTROLLERS (PLC) AND

CONITINUOUS CONTROL (DDC) POSE
SIMILAR PROBLEMS . F

2 Cha.pter 6 Co¡ztrol Par'adi¿¡nts

Url

I)<¡rvcr
dernand

^ir

Figrrre 6.19 Ail'-fuel controìlel based on sejectot's. Cornpare rvitl
the latio cotrtt'oìlel' fol' the sanle sysbenr in Figure 6.16.
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PROCESS
Primary Secondary

An extra measurement
compare with state feedback

Paradigms for Disturbance Rejection

Constant disturbances
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a

o Sinusoidal disturbances

Periodic disturbances
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Figure 6.2 Responses to a load djsturbance f'or a sysbem with
(fuìl line) ¿rnd without {dashed line) cascade conbrol'
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FEEDFORWARD

t = MEASURABLE DISTURBANCE

1)

PROCESS

6.4 I'Íode| Following 13
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)'c v

Figure 6.9 Block diagram of a system which combines modei
following and fþeclfbrrvald fi:or¡ the command signaì.
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SELECTOR CONTTROL

18 Ch.apter 6 Control Pa"acli4nts
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Control System Design The Synthesis Problem

Bad models - Modeling is expensive

No specifications - Don't know what is
possible or important

Can change/rebuild the process

Design is ITERATIVE

What are the requirements of "a good con-

The Checklist

troller" ?

Controller Design

No single method covers all aspects of
controller design

Focus on different goals

PID

Lead/Lag

Pole Placement

Horowitz QFT

Adaptive Control

LQC

Hoo

h
Model Predictive Control

Fuzzy Control

Neuron-net based

Optimization Based

etc

1



Project

Make a good design on an interesting process.

Hard deadline Dec 31

Seminars in January.

4
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Control Paradigms
o

K. J. Ast
II

rom

Department of Automatic Control
Lund lnstitute of Technology

Lund Sweden

1r lntroduction

2. Bottom Up

3. Top Down

4 ConcluslonsI



The Vierv from JaPanese Industry i1

CHEMICAL PROCESS CONTROL

CPCIV

ProceeJings of the Fourth lnternational Conference on
Chemical Process Control

Padre lsland, Texas
February 17-22,1991

PRFSENT STATLS AND FUTURE NEEDS: THE VIEW FROM JAPANESE INDUSTRY

2, Oecougling PIO 5. PIO Aulûluniôg 8. K¿lmôn lilror
I l. H- opt¡dum

control l4- Fu:¡y control

3. D6ôd t¡mo
compensalion

9. Modol prodictivo
6. Optimum ragul¿tor control

12. Optimiratioo
conlrol

15. Noural nåtwork
conuol

Ø xrtLroady applied
I B:Undsr Bludy,/Possible applicaÈion
m,c:studj.ed bul not applied
fl o:uo poosibj.lity of aPPl'Ying

Fj.g.6 ÀpplicÀtion of control methodc fBy courtc¡v of tho .tÊ¡lT¡lf^l

t. l-PO & rwo
dogrea ol frccdom 4. Gain scheduling 7. Obs¡oo¡ 10. Âdôotivâ conrrol

I 3. Ruleb¡sad
contaol

Shi sehiko Yamanoto
Aoo-lication Enginccring Dcpartmcnt
YðÈoga*a Electric CorPoration
Nishi-shinjuku, Shinjuku-ku
Tokyo,163 JaPan

Iori Hashimoto
Dcpartmcnr of Chcmic¡l Enginccring
Kyoto UnivcrsitY
S akyo-ku
Kyoto, 606 JaPan

@



The Vierv from JaPanese IndustrY

Evaluation of Results

Evaluarions of application results are shown in Fig.7

l.l-PO & two
doqrc¡ of l¡o¡dom '1. G¡in schcdulirg

Process Control Performance
is Not as Good as You Think

D. Ender Techmation

O More than 30 % of the
installed controllers operate in
manual

More than 30% of the looPs
actually increase variabilitY

O About 25% of the looPs
used default settings

O 30% of the looPs have
equ¡pment Problems

i3

7. ObsoR.r 10. Adapt¡vc control
t 3. Ruleöa:od

contfol

I l. H- optimum

2. Oocouoling PIO 5. PIO Auteluring 8. Kalm¿ñ filt6' control 14. Fu¡¡y control

3- Dsad time
comprns¡lion 6. Optimum regr

9. Mod6l prod¡ct¡vo l2' Opt¡miration l5' Noural. not\York

tâtor côôlrol control conlrol

Fig.? Evaluation of resulÈs

¡¡ Very sat¡sfactory
! SatisfactorY
Ø Ra¡hor unsatisfaclorY
El UnsatislactorY

¡lot ¿pplicd

Nor applied



lntroduction

O Paradigm, pattern

Gr: To show side bY side

O lf the only tool You have got

is ahammer, everYthing looks

like a nail.

O lf you have manY tools You

need a tollbox and skills to use

them.

2. Bottom Up
Feedback

PID
Windup
Smith Predictor
OscillatorY sYstems
Disturbance reiection
Cascade

Feedforward
Nonlinear schemes

Ratio
Split range
Selectors

3. Top Down

4. Gonclusions

1 lntroduction



Control System
Design

)i( specifications
Load disturbances
Measurement noise

Model uncertaintY

Command signals

)i( Methods

)i( Structures

)i( Tools

Bottom Up
PID
lntrod uction
Tuning
Extensions

Time delays
Oscillatory modes

Cascade
Feedforward
Ratio

Split Range

Selectors
Conclusions



HIGH GAIN

FEEDBACK CONTROL

WARNII.{G!

G. K. McMillan InTech Jan 1986: Advanced
Control Algorithms: Beware of False
Prophesies

1. Did the algorithm add an appreciable amount
of dead time to the control loop? If so, forget it.

z.Did the algorithm perform well for
unmeasured load disturbances? If not, forget it.

3. Was derivative action used in the
conventional algorithm it was compared
against? If not, your comparison was unfair; add
the derivative mode and try'again,

4. Was the PID controller tuned with a
reputable method such as the Zíeg\er l.trichols
closed loop approach? If not, the comparison
was unfair; tune the PID controller and try
again.

Model Regulator Process

uvu c G

-1

Gfb
m

G



(,

1. Introduction
2. Bottom Up

3. Top Down
State feedback

Observers
Disturbance modeling
A complete system

lnternal model control
Gancellation of poles
Relations to SFB

Predictive control
Minimum variance
Model predictive control

Adaptation
Tuning
Gain scheduling
MRAS STR

Feedback I inearization

Top Down
State Feedback

Observers
Explic¡t disturbance models
Controller structure
Windup

Model predictive Control
lnternal Model Control
Pole cancellation
MPC MVC GPC
Sociology!

Tuning and Adaptation

near TechniquesNon

4. Gonclusions
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State space design

Model all disturbances
and command signals

Controller structure

Disturbance Modeling

The classics
step

ramp

sinusoid (p2+cr)2 V 0

PV=0
pZv-o

Disturbance moCels appear in the observer

Piece wise deterministic
Av - 0 a.e.

0 10 20 30 t0 Time

Stochastic
Singular or purely deterministic

Av = white

fm
+
I

uc (\
.c.o

ìU
clor aJ

Øq

um

(\
-o
ìecìJot9
'ìù

x u

Minimal realizat

Process

lnverse
Drocess'modet

-L

Model
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PROCESS MODEL
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INTTERI\TAL MODEL
PRII\TCIPLE

X¡¡

Observer Sfafe feedback Actuator

Figure 15.4 Regulator based on an observer and state feedback with a¡tiwindup
compensation.
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Controller
d

Process
ysP

Key idea:

cancellation of d.

,-. \t".

lnternal Model Control (lMC)

G"= GrGI"

1- G¡G!.C*

Questions

IMC is so beatifully
simple

ls it a general structu re?

Are there some snags?

^,.:..'. ....-)

v

S A+s 1

p{

f) iLt
.a
Y)

/1t-

Ê*

n
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{-,5', I

c,

u\ ---

l
h5

()--
). LÊ,'

-¿

c

G

Gt

cI

-1

Gf

Notice cancellation of process poles. n',Ê

ffiot K



Example Pl Control

Process dynamics

G"(") = ,lo^ e-'Lt\ / 1+sT

Approximate inverse

ci" (') 1+sT
=- Kp

Controller transfer function
GrGl"

L - G¡GLC*

,.J

ì*,-
l---.-.) u

Tç -ro

l0
Control signal

l0

Example

Go(") = # 2(s + 1)

):
*":?(

ù\
r*1

s 3s

Set point and process output

Filter

G

Gr(')

c

1.5

0.5

1

L+sT¡
0 20

20

30 40

30 40

50

50

Approximation 1

e-'L xL-sL

grves 0

L+sT
Eps6ñG. (s) = fiQu't 4'
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Example

GGp
¿-s

10s+1

Set point and process output

10

Control signal

l0

(12 +1)0s

Remark

Beware of cancellations

Never cancel slow
process poles

c

1.5

0.5

3s

40

40

50

50

0

0

20 30

20 30



Relation between SFB & IMC

dx*
dt

Ax* + Bu, lm = Cx*

Relation between SFB & IMC

Control law

u - -Lî,

#:Aî,+Bu+K(y-cî)
:(A-KC)î,+Bu+Ky

lntroduce

#=(A- KC)€+Bu

#=(A- KC)ç+Kv

u--Lî,--LÉ-L(

ì' -)

u

\J./

#=Aî+Bu+K(y-Cî)

lntroducêz=î-x*
rlz
=or=Az+K(Y-Cz-Cxnx)

- íA - KC)z * K(y - t*)
u--Lî--Lx*-Lz

v
v

+

Process

Model_L

P
As

Ytn

xm---/->
The
missing link As

Process

P
As
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M I N I }4U },1 VA¿IANæ coNTR"O[

1 r*r¿rr lt)
MODEL PREDICTME CONTROL

Richalet et al l9l9 (Idcom)

' Mehra and Rouhani 1980
(Model Algorithmic Confrol)

Cutler and Rademacher 1979
Prett and Gillette 1979

(Dynamic Matrix Control)

Garcia 1984
(Quadratic Dynamic Matrix Control)

Mosca 1982 (Musmar)

de Keyser 1985

Peterka 1984

Ydstie LgBz

Clarke 1985

T
I
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PREDTCTIVE CONTÈOL

ReFÉ¿eþse TPAIâc1oÊ.7
Relay Auto-tuning

:-IË/

O-

v -- * Generate an oscillation by

relay feedback
.-

-

-
-¡ -

1 ?p.orcÌ€D ouï?ût

-t,r

t
vA

T
u

DÊ'IE?H INE {,.rr); t es s +tr}
To þ4lt-¡ìl.rrLg- r[+€ cPtTÊRloþ

ttT
f, = S F (.¡s): â,rf*),t{¿$)ds

¿

?OSSIßLY U/ ITH CÔNSTRAINÎS

A?PLY ulr). PEltAr THE

æoCEDuÈË f0¿ EÀcll t.

* Determine ultimate gain and

ultimate period

-1
5

Process

-1

PID

Relay

0 t0 15
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The Self-Tuning Regulator STR

Process parameters

Regulator
parameters

u

Estimation [Vlethods

Gradient methods

Least squares

Design M ethods

PID

Pole placement

LQG

Special r"rethods

Model Reference Adaptive Systern

MRAS

U

The MIT rule

d0 0e

- 
: 

-"YP-dt '" a0

I

Process

Estimation

Regulator

Design

u
Adjustment
mechanism

PlantRegulator

Model

Regulator parameters

v



Adaptive Techniques

ur

u
paÍãmeters

Gain Scheduling
Process paramelers

Regulator
parameters

Command ControlSI al
sl nal

Example of scheduling variables

Production level

Machine speed

Mach number

Dynamic pressure

Operating
condition

Oulput

Fìeçulators

v

Many possible choices of controller

structure, and methods for parameter

estimation and control design.

Different functions:

auto-tu ning

gain scheduling

continuous adaPtation (FB & FF)

Process

Gain
schedule

Regulator
U

Êslimation

Process

Design

Bagu¡alor
vU



What k¡nd of regulator?

Depends on process dynamics and specifica-

trons

Process dynamics

tirne varytn$ constqnt

Non-predlctable varlatlons Pre dI ctable varlatlo ns

I

Use a constant cont¡ollerUse a controlle¡ with
t trn e -varytn g p aram e t e rs

Uee ari adaptive cont¡oller Use Gsln schedullng

¿J
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Paradigms

o Feedback

o Cascade

. Disturbance rejection

o Feedforward

o State feedback

o O bservers

. lnternal model control

o P red ictive control

o Tuning

o Gainscheduling

o Ada ptation

o Ratio

o S plit ra nge

o Selectors

o Feedback linearization

1 lntroduction

2. Bottom UP

3. Top Down

4, Gonclusions



Paradigms for Disturbance Rejection

1+ s?
L

2(as

s2 +2Ças+ø2

e 1)

ue

e 1)

o Constant disturbances

o Sinusoidal disturbances

¡ Periodic disturbances

The Sensitivity Functions

*- 1

+PC
ryt-1-q- PCt -L L+Pc

I nterpretations

o ,g: ffi: *8
ñ ðloçTo J:6ËF

e min, lS(;ø)l : +;

o Bodes integral

IúGr(¿@)

RêGr(t@)

C FdP PC FC dP
-t^--@v- L+Pc (7+Pa)2

P I+PC T+PCP

Stability robustness: How much can P be

perturbed without violating stability?

lc LPI < lr + PCI

lnterpretation

.LP. .J+PCt_r1rlpl.l pc l:l?l

tapt < t#t

CdP

^9

G

LdP

Small variations in P

dlogG
dlog P

Hence

dG dP

Plant Uncertainty

,,1 - 
PcF

L+PC

The Primary System Transfer
Functions

System

Three inputs r I and z and three interesting

signals u, r and y.

Nine transfer functions!

CF/1vur- r+PC
PC

G"t = -TTF1
C

lJvun- 1,+pC

PCF
Gs'= r+PC

PGa=TTPõ

/1 -- 
Pc

vtrn- 1,+PC

Gy, = G*

G¡=Ga
1t1vyn- L+pC

Only 6 are difFerent!

Several difFerent versions!

:;.'l

)

l.@ K. J. Ä'ström



)

i

Design of Feedforward

o System inverses

o Approximate (pseudo) inverses

o Wiener Theory

o Linear systems Blue Book page 241!

G(s) : G+(s)G-(s)

Gi : (G+(s)G_(_s))_i

Many extensions!

o Nonminimum phase and delays

o Feedforward design and feedforward
compensation

o Nonlinear systems

o Computed torque

How to lllustrate Design

What should we show?

A suggestion:

o Unit step in r (PCFI(L + PC) 8¿

CFIQ + PC)) followed bY unit steP

in I (Pl$ + PC) 8¿ rlo + Pc))

o Unit negative step in n ( PCI$ + PC)
8¿Clç"+PC))

Control signal

l0

0.5

4020 300 10

4030200

1.5 Process output and set Point

Problem 2 - Disturbance Rejection

Consider a system with transfer function

G(s): -i-=-' ('+1)'

with a proportional controller. Assume that the

disturbance / : sinøú acts on the process

input. lnvestigate the error obtained with
proportional control with /c : t.22 and Pl

control with Ë : L.22 and T¿ : 1.78.

Construct a controller so that the error due

to the sinusiodal disturbance is less than

0.001! ln the problem you can set ø :2rlT
with T : 30. lf you have time You can

also investigate how small ? can be. You

can also corrrpare with the performance of
a Pl controller. lt is useful to plot frequency

responses and to do a few simulations to check

your thinking.

Probleml-Pl Control

Consider a process with the transfer function

G(s): ' '1'= '='(s * ø)(s'z* ó2)

where a ) 0 Let the system be controlled with
a controller having the transfer function

C(s\: fs I c
t'.s

Show that both ,b and c must be negative in

order to have a stable closed loop system' Also

demonstrate that the two-degree-of freedom

controller

i.e. a Pl controller with set-point weighting,
gives a better set point resPonse than a

controller with error feedback'

clc

.9
t/(") - -frY(s) * (Y"o(r) r("))

': -l

)

2O K. J. ,A.ström
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Problem 4 - Disturbance Rejection

Can you obtain the classical disturbance

rejection schemes through a state sPace

a pproach?

Consider the system with IMC control shown

Determine the loop transfer functions when the

loop is cut at A and B. lnvestigate the limits
of these transfer functions when P- --+ P and

Q - P-t.

+A+

Problem 3 - IMC

below

Project ProPosal

Classic disturbance rejection. Little written
background material exist. There are many

possibilities. A good start is to investigation

some specific schemes to obtaind design

guidlines. Extended project: Paradigms for
distu rba nce rejection.

Feedforward design. Develop design schemes.

Read Wieners and Newton-Gould-Kaiser' I

have good examples. Can be extended.

The Oscillation Predictor. This is my own

idea. Make an extension analogous to the

Smith Predictor that works for Pl control.

This is my own idea. I have some background

material.

PIP for systems with integration. The

Smith predictor does not work for processes

with integration. I have an extension that
works IEEE-AC-9 . Specialize this result to
PlP. Extended project: The Smith Predictor

Revisited. Tore will be involved too.

Solution to Pl Problem

The characteristic equation of the closed loop

is # (çnt¿\--

"n 
+ o"t + b'r' + aþ2(L + lr¡r + b2kc -- o

Routh Hurwitz criterion gives

These inequalities imply that k ( 0 and c ( 0

and moreover that

alcl < bz

There is also a nice root locus argument

and

lc(L + k #ì'o

I"+È>0

-L-#</c<o

lcc )
È<0

)

3@ K. J. .Åström



Department of Automatic Control
Lund lnstitute of TechnologY

Fundamental Limitations of Control
System Performance

K. J' Aström

1. lntroduction

2. Bode's relations

3. Minimum phase sYstems

4. Dynamics limitations

5. Conclusion

A Classic Compensat¡on Problem

n

Ysp e r v

Key issues

o Noise

o Actuator saturation

o Dynamics limitations
o RHP zeros
o RHP poles

o Time delaYs

How to capture some of this in a simple way?

ProcessController

-1

lntroduction

o Why look at this?

o Control systems design

o Autonomous control

o Loop assessment

o Bode and Shannon

o lnformation theory emphasized limits
control theory has not

o The Bode Lecture - Bode's integral

o This Lecture - Bode's relations

Bode's Relations

Consider a transfer function G(s) with no

RHP poles and zeros which satis{ies some

regularity conditions, then

2u" * loe lG(?u)l - log lG(
u2 -u?

i'.)l 
'..

lf the amplitude curve in the Bode diagram is

a straight line the formula reduces to

,P=";

A a minimum phase system can always be

compensated so that this relation holds with
an arbitrary accuracy.

o lmplications of the inequalities.

o Bode's ldeal Cut-off characteristics

o Robust designs

¡ Can we do better by nonlinear comPensa-

tion ?

o The Clegg integrator

l"aryG(ù't. )

1



The Design lnequalitY

Factor transfer function as

G(s) = G*oþ)G^ oþ)

Assume that the minimum phase part is
perfectly comPensated so that

9*n = ns'|

The phase margin condition

9* - nn"| + ary aG(tu s.) +trg Gn^p(ù,) s") 2 -r * 9,o

gives an inequality for the crossover fre-
quency

Minimum Phase SYstems

Lead Compensation

What happens for large N?

N* - s2v

Gain required to obtain given lead

c(") -

maxlG(,ir,r)l = N

r, = (1 *2tanz 9 qzt^nL

maxarg G(i/r)) =arctan {{u Z\/N

1¡øn'l)"

s*a
;lN+ø

b

24

730

4800

8

24

630

3300

oo

23

540

2600

TL=

90

180

225

24
34 25

1150

14000

System with Dead Time

G**oþ) = ¿-Ert

The condition

aryG(it¿g")2-r*P*

Example The specifi cations

grves

Hence

,o"L 3I

17f

grve

9*=î, ftC"=-i

nn.T-2un"L) -T*p^

uo.LSi-ry*ro"I

System with one RHP Tero

G^*p(r) = H
The condition

aryG(ùts"))-r*9*

uoc1atcta"(;-T*"o"i)

Example Specifications

g^=rf4, no"=-lf2

give
ugc 1ø

grves

2-r*9*

Hence

no"[ - zo t"nff

2



A RHP Pole-Zero Pair

Gn*oþ)= !" - "l!" * ?ì- ("* s)(s - b)

We have

ary G n*'(ù't' 

= - " "'"r" 

"-tî';'l: 
u"i:" 

I
-2arctan ffi

The condition arg G(iun) ) -r * 9- gives

ry. *< (1 - !¡ø"ç| - ) + no"T)

Minimizing LHS with respect to ør' gives

A phase margin o'î g,n - r l4 req uires

Example X-29

Gn*r(')= t^- 216

With ø:4.33ó, we cannot achieve Ó,'> 45"

I
4

ø ) 5.83b

)tug.,l*tt,"1f, - ff +

System with one RHP Pole

One encirclement of the critical point ls
required 

s * ö
Gn^p(r) = ;;

The condition

aryG(ù'ts")) -r*gm

gives

7rb
no" 

Z - 2arctan ,*> -T * 9*

Hence

b

Example The specifications

nc" = -i

unr>. b

1

9*

grve

7f

Àa

o Do not forget historY

o lmportant to stress fundamental limita-
tions

o The start of all design work

o Process design and controller design

o Even more important with increasing use

of CACE. The X-29 lesson!!

o This version is teachable in a basic course

o Autotuning and autonomous control

o A key reason for introducing Bode

diagrams

o Nonlinear systems - An interesting

research problem

Conclusions
lmpact on Current Projects

r Automatic Tuning

o Autonomous Control

o Control loop assessment

Im G(iø)

Re G(iø)

I

a

P

3
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Focus: Plant uncertainty

2 degree of freedom structure

Translate specs to sepcs on L: PC

Design C(iw) so L(iu) is put where plant
uncertainty is not dangerous

Tradition: Use Nichots chart

Check other specs afterwards (or during)

"Use common sense"

Q FT- Paradigms

o Quantitative Feedback Theory (aff¡
o Limits of Performance

o Bode's relations
o Bode's integral formulae for .9 and ?
o Zames-Francis

o Maciejowski Ch 1 + 203-207

o Kwakernaak ECC 95

o QFT Toolbox, TFRT-5477

¡ Bode Lecture

o Doyle, QFT etc, AC 1986

r Þatto * flÞhÞú
I

Lecture 5

Literatu re

Robustness - Small ga¡n theorem

P : Po(1 { A) stable if A stable and

lA(tr)l < l"o(,ir)l-t = ,] ,l,9ltt.- lG*llGÀ'

Additive: P : Po + A? (Answer: [/)

Explanation in figure

Vo

2 Degree of Freedom

Often: first design C, then F

AT ^APsensrtrvrty, T =Þ p

complementary sensitivity¡m + A

Note: U, R nol given by .L alone

il tÍl
With .[ : PC (loop gain)

tTL ---+ U

sa
u a

^l"- !+L
L

t:-- L+L
u=#

D
n= i,

1



Typical ,S and ? curves

Bode's "ideal loop transfer"

Robustness - Circle Criteria

,L avoids circle, then robust against static
nonlinearities before plant

Nyquist Criterium in Nichols

Carl Bildt-rule: Go left to rightBode: /1og 1,9(iø)ld. : c ) 0 if roll off > L

,S and ? in Nichols

2



First Order Systems,LeadfLag Nets

Sometimes necessary to use nonminphase or

unstable controller

Example G(r) - (s - t) ltt

Example, PID with complex zeros

Use PID-structure that allows complex zeros

Second Order Systems

Bode: Can not twist amplitude and phase

independently

3



f rqdspec ; specmatrix=get sPec

Specification

(Only looks on gain!)

"(ir) Slca(iu)l <b(i.)
a\@'))l S lö(,t,)l -l"@)l

QFT

Several toolboxes in Matlab

Example P(s) : #,K e [1,10],ø € [1,10]

o ATþu) suff. small each ø

o ,9 small for ø up to bandwidth

¡ .9 and ? no excessive peaks for anY ø

o Common sense

. Stab¡lity

bnd=tmpl2bnd (tmpI, specmatrix) ;

bndpl(bnd)

Generate Bounds

Can be based on

tf 2tmp1 (nunrnatrix, denmatrix, omegavect )

Templat es G(i.w,0)

4



Design Compensator

compensator ; [cnum, dnum] =getcompensator
prefilter(cnum, cdenr. . . , specmatrix)
[fnum, f denJ =getpref i1t er

Kidron's Design on Landau

Bounds on ^9(iar).

lmplicit bound on bandwidth. u.'s ) L0rad/s

Stab¡l¡ty, common sense

Bounds First Design, Pl

5



Pl*2nd order net Pl+Ath order net

Time domain specifications

How translate time domain specifications to
bounds in Nichols chart?

Questionable, but works sometimes

Varying number of unstable poles

What if number of unstable poles to G(s,0)
varies?

Example P(s) : É, a € [-L, t], /c e [10,20]

Templates:

Template split!

6



Bode's Relations, 2nd form

lf /(3) - f(r) and /(s)/s --+ 0 on C¡ then

one also has (check)

Since Ii #æd.: 0 this can be written

iu")='+lr*W^
=+1,*ryw\ffi\^
= l:*@)wçalaø

W(t): llog(coth(9)), total weight $

õt : log(u fø"), logarithmic frequency

Rolloff n, gives phase -n' ' 90o

dþ)
u(i.)

,2_u?

o(

!(tu")=ry I"*

Hence, if f(s) --+ F on C¡ then

Hankel transforms, if .t' : 0:

o(i'') = L [* "(tu) ¿t
oJ-*@-u)c

Hankel Transforms

/ analytic in RHPL.

2

u(i-")*iu(i't')= + l:

lF."1f*
-I2ni J -*

f(ir) dr+
@-@c

u(ù't^\ =:! [* o(i') ¿-\ "/ lt J-*u-uc

u(iu) + ia(tu) 
d/,) _ F

u-0)c

Cauchy gives

o_ 1 [ Í(') ¿,=" 2ni, Jc s - it't"

The weighting function

Peak at u". Zero at low and high frequencies.

92 % weieht in uf u. € [0.1,10]

Bode's Relations

(Dispersion relations in physics)

Put /(s) : log(G(s)), where

r G(s) analytic in RHPL

o G(s) I 0 in RHPL

o lc(s)l < (1 + lsl)tr in RHPL

o largG(s)llt - 0 on C¡1

Altowed G(s): -1, (1 * s)', uG-L)/("*t),"-{"'

Not atlowed e-"r, (1 - s)/(1 + s)

w(õ)dã
dã,

dlog lG(i-)l
ary, G(ù,)")- arg G(0) = I:

I



Bode's lntegral Formula

1+ I(s) no RHPL zeros, sL(s) -+ Ie

lo* 
,o{#',l dt¿ = trÐ *u o, - î,[1t "r(")

(any logarithm to 1 + I(s) in D)

I n"rce!+ 
t'( s -ie) ) -log ( 1 + ¿ (s+¿€) ) d,s ---+ 2rim¿*. orl

(use log(/(rr)) - tos(/(s1)) : ! f'lf d's)

o - 2¿l- to, (L + L(i/,))) d/,) +

ztrilR. p, - "i ,l¿y.-slog(1, 
+ ¿(s))

Proof

o = Iotog(1* 
r(e))ds

Nonminimum phase

lf G(s) has zeros and poles in RHPL

and arg G(s)ls -+ ? on Cn then

arg G(i,ut")- arg G(0) = Io* 
ry#w@)du

17*iÞzeros*Õpoles

where Õzuror(ø") ( 0, fÞpolur(r") > 0,

w.) 0.

Proof:
G(s) : Boþ)8,(s)e'"õ(s)

where lBoþu)l: lB,(iw)l: L.

Ex. Bo(s) : (" + a)lþ - ø)

What ¡f G(0) : 0?Bode's lntegral Formula îot T(Llju)

m_ L i

-=
--1+t,-t+l

But 1/I(s) no roll-off so use

r!/s)= - 
1-i-

L -r ïTLT;J

Hence if I(s) has at least one integrator

lo* 
,orlr¡li/'))ldu = rÐ *" 

*, -;"r'
where er= ramp error : lirrt"*¡ sl(s)

Contour lines of Re (1/z) : const

9



Zames-Francis Formula

lo* 
,orls(ia))ldw,(r) = TIog ls(z)l + log lB;1(z)l

where

w,(r) = L (ô(r, u) + ó(2, u))

(Bode l.F. follows by Re z --+ æ)

A nasty example

Poleinø)0,zeroå>0

ls(,ir)l- rffi
"_KG(s) =6ffi

Proof oÍ Zames-Francis

Poisson's integral formula

u(z)-YI:#h*
Proof

hri.f(z, I f@) r@)t: r ____________=d,w
' J u-z w+z

I f(w)(z + z)=Jff1, d-

Use on log l^91 where ,5(s) : Bn(s)S(s) and

lBr(iu)l: 1". Gives Zames-Francis

Cyber- N ichols

10



Outline

1. lntroduction

2. Fuzzy Logic

3. Fuzzy Systems

4. Nonlinear Maps

5. Fuzzy Models

6. Fuzzy Systems for Control

7. Conclusions

Rule Based Systems - The Basics

lermtnologY:

Propositions are characterized by sets'

Sets are specified by charecteristic functions

pt(*) =

THEN v is B
consequent

proposition

IF c is .4r
\-/.....J

premiae

1,, æeA
0, otherwise

Motivation - WhY FuzzY Control ?

lncorporate heuristics into control strategy'

- Example: Model operator's actions'

Define nonlinearities in an intuitive way'

- Rules and interPolation.

Fuzzy Systems,
Nonlinear Maps

and Control

"Bringing it all back home"

Mikael Johansson 
.

Department of Automatic Control

Lund lnstitute of TechnologY

Lund, Sweden
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Typical MembershiP Functions

Ga ussia n:

Tria n gu la r/Tra p ezoid a I :

Singleton:

What's New with FuzzY Sets ?

From true/false logic to "grades of truth"

ItA i æ -' [0, 1]

po(*) expresses to what degree "æ is A"

Example: "The water is hot"

Í¿¿ membershiP function

Probabilities ?

Fuzzy Rules

Mamdani-type:

IÊ l FuzzyPropositi'on > THEN y is B(i)

"Everything is fuzzY"

Sugeno-type:

IF < FuzzgPropos'i,tion> THEN, = ¡(i)1ø¡

only rule-premises luzzy logic expressions.

Logic and Fuzzy Logic

Fuzzy Logic

AN D FAtnAz(c) = min ( Par(æ), tt¡"(r))
OR pAtuAz(æ) = max (Udr(æ), p*@))
NoT p¡(s) -1- t"Ár)

. Generalization of logic.

AND, OR and NOT connects simPle

propositions into compound propositions:

'1 i' á[i) AND æ2 it 'a!r) OR"'

2



Approximate Reasoning

Modus ponens:

Observation :, c ís A

Knowledge: IF c is ,4. THEN g is B

Conclusion gisB

Generalized modus Ponens:

Obse¡vation : æis At

Knowledge: IF ø is ,4' THEN gisB
Conclusion yísB'

"The more B the B', the more.4. the A'."

ln terms of membershiP functions:

t'n'(v) = :åp 
Wt,(*) n pÁ*) n lrs(v)l

Reasoning with Several Rules

ln terms of membershiP functions:

pB'(y) = þB'$) (Y) u "'u ¡'t'B's1(Y)

lsBlF xis

lndividual-rule inference .

xlsA'

yisB'

followed by aggregation.

À
x

ræffi|

- Fuzzifìer : Numbers -r fuzzY sets'

- Defuzzifi er; Fuzzy sets --+ numbers

Krcwl€dge
Bos€

D€fu¿ziflsrF@lfler

Fuz¡y Sldsm

lnfêrêncê
Engln€

ArchitectureConnecting to PhYsical SYstems

Problem: lnputs and outputs numeric values.

Solution: Add interfaces.

- Fuzzifier : Numbers -r fuzzy sets.

- Defuzzifier; Fuzzy sets --+ numbers.

Fuzzy System:

o Knowledge Base

o Logic and lnference

o lnterfaces

3



Fuzzifi ers and Defuzzifiers

tuzzifier: Number st --+ luzzy set ,4.'.

- Common choice: Singleton 'fuzziÍier

P.n,(a):
L, D=æ'

0, otherwise

Defuzzifier: Fuzzy set B' ---+ number y'.

- Common choice: Center of GravitY

s

-l

, I" u - ItB' (tr) dw
Y = -E trB'(u) dw

lnference in Mamdani-Type Systems

Simplified inference for singleton fuzzifrer:

1. Evaluate rule-premtses

2. lnfer rule consequents

3. Aggregate individual rules' outputs

4. Defuzzify

¡

il\
03 tz^,--2-\

o.73

o¡

êl

o.r5

^el

0.ô

023

Rule 1 lF e ¡s zeÞ añd ¿e ¡3 z€þ THEN u is u Ro

2 lF e ls Posiüv€ and ôè i5 Pos¡Ùvo THEN u ¡5 Posiüv6

| .. o.æ0.32

Externally: A nonlinear maP

Fuzzy systems and nonlinear maPs:

o Rule <-+ Value

o Linear function R2 -t R: 2 rules

Fuzy Syslem

An External View

X

tnference in Sugeno-TYPe SYStems

Sugeno-type rules

IF æ is ¿(i) tilnp o = ¡(i)1ø¡

1. Evaluate rule-premises

2. Evaluate output functions

3. Output is a weighted average:

., - Ð[r P¡t'r (')/(r)(')s: 
-{rt,A,r1ù

xisAl

u = f(x)

wdghld

xlsA.

= flx)

Simple lnference:

4



A Table Look-up AnalogY

o Rule premises partition controller

state space into a set of intervals

-rí

õ

0.5
0.5

-o-5
-t

A Fuzzy PD Rule Base

Rules:

IF e is P¿ AND é is N.[ THEN u is .lf-[

Typical membership functions

PL
PL
ZE

ZE
NL
NL

PL
ZE
NL

\/ \/
\/

X PLNL

/\
I \ /\

lllustrated in a rule table

e

e

reto

NL ZE PL

-0.5
Enor,

PL
ZE
NL

A Table Look-up AnalogY

o Reasoning Process performs interpolation

(also influenced by fuzzifierf defuzzifier)

-l -1

õ

0.5

-0.5

A Table Look-up AnalogY

o Rule consequents specify nonlinearity at

interval endpoints

0,5

{.5
-t

5



Nonlinear Maps

o Very Common

o Difficult to represent

¡p' ---+ lR

- Homogenous discretization -lÍ

+ ¡l' parameters.

¡ Several approaches:

- Table Look-up

- Splines

- tuzzy Systems

- Neural Nets

- Wavelets

Why Overlapping FuzzY Sets ?

lnsight:

o Several active rules: interpolation'

o One valid rule: constant outPut.

o No valid rule : zero outPut.

\ I
\ I

o

-0.5

Example:

Fuzzy Systems and Nonlinear Maps

o Two representations

- Nonlinear Function

- tuzzy system

o Closed forms sometimes possible

¡ One-to-One

o Simple implementation gives restrictions
(lnference parameters, lnterfaces, Rule

format, etc.)

ai
i=1

- 
lF-part

,=Ií,tÐ
THEN-part

Function Approximation in Control

Compensation of static nonlinearities:

Nonlinear system identification:

æË+1 = f(rx,ux) * g(tr,r*) +.¡

Rule based controller design:

'tF &r lS À@üYr IHE¡¡ Cfl ûol lS l@liru

lf E d lS Zæ Dlã.lCmüol,S Zm

IHF,J Cfllrd ß P6liF'

Fuft¡lon Aqptuxiûatü NØl¡nêù Vaìve

6



Fuzzy System Nonlinearities ll

Triangular Membership Functions:

f(') = f ø(')r¡ = \s;(a)w;

Remarks:

¡ "Linear B-Splines"

o Piecewise multilinear

o Can be made exactlY linear

Formula:

MM

i=1i=1

Fuzzy System Nonlinearities I

Gaussian Membership Functions:

î(,)=äæu-,=ft;þ)w,

Remarks:

¡ Global formula.

o Continuously difFerentiable.

. j(r) e eã(a.'¿).

r Radial Basis Functions.

Formula

!
5

Fuzzy Systems are Universal
Approximators

Ar.t AppnoxiMATIoN THEoREM

Let

f ,U Ç tft¿ '--+ lR

be a continuous function de{ined on a compact

set U. Then, for each e ) 0 there is a fuzzy
system /.(æ) such that

Valid for Mamdani and Sugen o 'fuzzy systems

lf(,)-¿(')l <usuP
tê.U

Fuzzy System Nonlinearities lll

Sugeno-Type Models, Linear Consequents:

o Gain-scheduling: l(r) : Lrþ)æ

o Can be made exactly linear

î(,) - t)##Ã(rt;r)r, =äsr1'; (r'{r))" o

Formula:

Remarks

459

. 11,¡ e e; ({rt'r¡")

I



System Modeling using FuzzY
Systems

Modeling - A Rough Outline

1. Determine relevant process variables

2. Formulate heuristic knowledge as rules

3. Transform rules into nonlinear formula

4. Adjust parameters to fit data

(5.) Transform back to rules

Many important issues left out'

Relation to Neural Nets

Evaluation of a fuzzy system mapping

can be recast as a "feedforward" net

Basis for "neuro-fuzzy" systems.

Multi-layers, basis functions

/(") = f oi(r)r¡

Hk don l-o!€r Ot Þ, to\r'erhpur loyq

M

v

i=1

X¡

xz

:

xn

â11^

Stability ol Fuzzy Models

Let

ù = A(i)c

denote a family of linear systems where

A(i) €eo lntil¡, i = L,2,...,M

Then, the system is stable if there exists a

common Lyapunov function P, i.e.

pAl+(.at,t¡r pS-er

Searching for a P matrix is an LMI-problem'

Feels conservatìve

Para meter ldentification

Fit fuzzy model to -l{ measurements (tn,Ur)

Fix g;(æ;d), adjust u; (w¿ t.+ consequents).

Writing

f(') = Isr(r; o).,- ö'(*)*

Optimal parameters in LS sense:

u* = ó*Y

we have

w=þwY_

9w

M

!t
Az

i=1

ór (rv)

ö'(rt)
ó'(,r)

I



Example: FuzzY PID

Linear PID on velocitY form:

fr=x(+*l"ø*"#)
Linear mapping replaced by fuzzy rules

IF ê is ]V-t AND e is ... THEN rl is iV't

Linear filters also imPortant

Fuz¡Y PID Conlroller

tuzy SYslñ tlñú
tltq

lhd
Fllot

Cwml¡¡otbñ
Goh

Nomoll¡oion
Gohs

Stru ctu re:

ref

Fuzzy Controller

Posl-
tiner

Pre-

FInet Fuzzy Syslem

Fuzzy Controller Structure

"Atluzzy controller is a con-

troller that contains a nonlinear

mapping that can be interPreted

as a set o'f fuzzy logic based rules."

Pre- and post-filt.ering

o Signal conditioning

o Dynamic filtering

o Coordinate transforms

Fuzzy Control - Qualitative Design

Consider the sYstem

l;;l =Hl:l:;ìl

"Crafting" a nonlinear compensator

,,

Design by simulation ?

¡
è¡
a
ð

.[T]"

Fuzzy Control - Qualitative Analysis

... illustrated in the phase plane ...

I
i---'

--.-l

gives hints for operating regimes

A time response . . .

d
t

10



A Nonlinear Pole Placement

Consider the system

ùt=oz
'b2 = ts

ù*= f(æ) + s(æ)u

The control

1
tL = --1--- (-f (r) - Lr c ¡ t,r)

slæ)

gives the linear closed loop system

I o L-, I lo.lá=L _;;- l'*L,"I'
What if /(æ) and 9(æ) f 0 are poorly known ?

Fuzzy Gain Scheduling

Operating condition p schedules Parameters:

IF p1 is Ált) ¿no '.. THEN s- L()æ

ln many cases,

dim(p) ( dim(æ)

and parameter reduction is probable.

Goin
Scheduþ

Confoller
ttrEm6te6

Con|Ioller Pfæes
Output

OpeEting
Conditþns

Adaptive Fuzzy Control

On-line adjustments of model parameters.

Assume g(c) known, re-write f(æ)

f(") = -'s(r)

Use control

u = + (-ft,l + Lr æ* r"')
slæ)

Parameter update law from Lyapunov function

V(a;w) =,r P, * ! (* - **)' (, - .*)

and u.,* dentoes "optimal" parameters.

Not fully satisfactorY.

Model Based FuzzY Control

Approximate /(æ) and 9(æ) by Íuzzy systems

f(')*f(')+e¡(æ)
s(æ) ^r !(æ) + eo(o)

use approximate control

o=+(-ft'l +Lræ*'"')

What about approximation errors e¡ and en?

11



Laboratory Exercise

Design a fuzzy servo controller for a DC motor

Tools:

t Fuzzy Logic Toolbox (Matlab)

o Automatic Code Generation

o Pålsjö - Real Time lmPlemetation

Next Thursday.

Summing uP ...

Fuzzy Logic, Systems and Control

- lncorporate heuristics into control

- Extension of logic and reasoning

- Function synthezis using rules

- Related to Feed-forward Neural Nets

- Externally: a Nonlinear MaP

- Function Approximation

- Approximation-based control schemes

12



Several sensors

Several actuators

Communication between different parts

Greater requirements on safety-net, startup,

integrity to errros etc

MIMO issues

o MIMO Control

r Distillation column examPle

e MIMO tools
o Poles, zeros

o Nyquist criterium
o MFD
o Norms, singular values

Literatu re

r Maciejowski Ch 2-3-9, PP. 37-102

Lecture 7

MIMO SYnthesis

What models should one use?

How should one formulate specifications?

How should one do design?

Theory and tools for

o linear models, linear control

¡ continuous variables

o (small examples)

Challenge:

o nonlinear sYstems, control

o hybrid control

. more comPlex sYstems

Typical control Problems

Suggest control structure

Add sensors, add actuators, change process

stru ctu re?

Disturbance rejection

Robustness

Tracking

Decoupling

Reliability

1



Stability and the point -L
Multivariable NYquist

det (P(iø)C(iu)) should encircle -1 the

correct number of times:

Sum of encirclements of À;(P(iu)C(iu))
should equal number of unstable poles

Characteristic loci : \(P(iø) C (;u))

Synthesis SISO-MIMO

Loop gain L: PC

U =T(a" - r¿) + Sd+ ...

where T - LQ + L)-t and ,S : (I + L)-1

For frequencies where loop gain -[ is large,

(hence I + L large) we have ,9 small. Nice.

What does -L "large" mean in MIMO?

A high purity distillation column

Ref: Morari Robust Process Control

Y =T(c)Y, = PCG + PC)-LY

Desired : T x -I, good robustness, etc

P(')
0.878

1.082
-0.864
-1.090

1

= 75r.uT

Gain-phase relationshiP, MIMO

lnherent problem with Nyquist techniques

whv?

Use singular values or other norms

log | 
À¿ (G(út ))lw (õ)) dã)I.'* L(G(i/t)) = t r_

Mixes the char. loci (?)

t

2



Evaluation, simulation

Nice step responses' decouPled

Step responses

A Simple Design

Dynamic decoupling

c(s) = f{r{,1)-'
¿(") - P(s)c(s) =9!¡

This gives closed loop

7'= LQ + L)-'= # *'
Decoupled first order sYstems

Time constants 1.4s

Evaluation on real plant

Enormous interactions, 500% overshoot

whv?

Nyquist Curves

Good robustness (?)

,r

3



Directional gains

One large gain input direction and one small.

Physical explanation:

Distillation column, explanation

Assume some actuator imperfections

Change by more than 1000%

Pe(s) = P(s) 75s*1

Gives

1t.2 0

0 0.8

Ps(s)c(s) = T I

-0.691

-0.877

14.83

t7.29
- 1 1.06

- 12.83

1.054

1.298J=

MIMO tools - Ch 2

Theorem (Smith-Mc Millan Form)

P(s) rational matrix. Can find row and

column operations U("), V(s) so

P(s) = y(s)diag {ffi, ffi,..., ffi, 0,..., o}

det [r(s) and det V(s)unimad,ular

{e¡(s), r/(s)} monic, coprime for each i
e¡(s) | e¡11(s)

ú;+r(s) I út(")

Poles: ú;(s) : g

Transmissions zeros: q(s) : ¡

Mc-Millan degree= Ð¡ dug ú¡(")

v('

Problem w¡th Nyquist techniques

L(iu) : P(iu)C(iu) CAN give totallY

irrelevant indications of sensitivity and

robustness

Ex2

sy1 = u1 !bu2
syz = eur+ uz

Char. eq. with u: -Ai (s * i)2 - óe

Unstable if eô > 1, very sensitive if ó large

Not seen in char. loci

Nyquist plot for e : 0.

Use singular values instead of .\;(iø)

Distillation column

',ç
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Hence: three poles, one zero' third order

system

Example 4

= I/(s)
. s-l
f 6+-iFI -r\ GTÐ?

r(")
01

r,TÐt
0 a*2

¡*1

5¡ {1
("+Ðã
r-1

GTI)ã

Hence: three poles, one (non-min phase) zero,

third order system

Example 3

= I/(s) Y(')
01

GT-II'Ð
s-1
r+T0

L2;TT ,+5
11;+î ;TT

Polynomial design

Right-fraction Plant:

Y -- B {-tU.
d

Left-fraction controller

RU = -SY +W,

Not easy to choose RrS,T

RA(= RU = -SB(,+TYî
Y = B(RA+ SB)-LTY,

Matrix Fraction Descriptions(MFD)

G(s) =,4-1(s)F(s) = B(s),4'-1(s).

lcfl.f¡¡ctio¡ righl-frection

B(s),4(s)-1 = (B(s)x(s))(.a(s)x(s))-1

A("), B(s) "right coprime" iff

t ;[:ì J = [å:[:] ) '''' 
+ t/(s) unimodurar

.Ã(r), B(") "l"ft coprime" similarly

Á("), B(s) not unique:

Common factors

5



Multivariable Nyquist

Assumption: No "right-half plane cancella-

tions" in forming I(s) : P(s)C(s)

Feedback loop is stable ifF

det (/ + P(s)C(s)) = 0

has no roots in the RHPL. But

det (/ + p(s)c(s)) = ff{r + rr(p(s)c(s)))

Therefore count the number of anti-clockwise
encirclements of

À¡ (P(s)c(s))

around -1. Should equal the number of
unstable poles of P(s)C(s).

Why no contradiction with diagonal structure?

Definition The feedback system is inter-

nally stable ifF the transfer functions from

er("), e2(s) to ør(s), ur(t) are all asymptoti-
cally stable

Remark : Enough to look on u1(s) + e2(s) if
C(s) stable.

lnternal Stability

lnverse Nyquist criterium

Count the number of anti-clockwise encir-
clements of

Àr-1(P(8)C(s))

around -1. Should equal the number of
RHPL transmission zeros of P(s)C(s).

(Do not forget the large and small semi-

circles)

Sometimes easier to apply

Stable ¡f Ic € [-]..89, 1.25) or & e (2.5, oo]

Example 5

Mac. page 61

G(s) = Gr#rã t
s-l e

-6 s-2

6
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. Load disturbance attenuation

. Set-point following

. Measurement noise (Knr)

o Sensitivity, Robustness

Desirable to have a design variable

Specifications
=10 ¡¡=1.5 T¡=5 K=1.5

Tuning maps

=3K=t.5

-1 -1

_a

-1

-1 -1

-1

00 0

-1

00

00 0

-1-1

0

00 0

-1

0-1 0

-1 0

-1-1

-1 0

I( = 0.5

-1

K=1.0
-1

¡¡ = 1.0 =10 K=1.0 T¡=5

-1

K=0.5 =10 K=0.5

0

T¡=3

0

T¡=6

Example: ZN step response
method

Process:

Controller:

sp
0

20 30 400 l0

a

400 l0 20 30

G(s)=#ry

K = 5.50

?i = 1.61

T¿ = 0.403

Ziegler-Nichols' step response
method

Design criterion: Decay ratio 0.25

Two parameters: a and L

Controller K T¡ T¿

K

o
+

I
L

P
PI

PID

L/o
0.9/ø 3L
t.2/a 2L 0.,5L

2



Example: ZN frequency response
method

Process:
G(s) =

Controller:

sp
0

40l0 20 300

2

30 û200

K=4.8
?¿ = 1.81

T¿ = 0.44

1

G;]F

Ziegler-Nichols' frequency
response method

Two parameters: Ku and Tu

Design criterion: Decay ratio 0.25

Controller K T¿ T¿

Im 6(io)

Uìtimate point

Re6(iø)

o

P

PI
PID

0.5K"
0.4K" 0.8T"
0.6K" 0.5T" o.L2íTu

lnterpretation - Nyquist diagram

G"(iu,)= " (t 
+ i(ø,r¿ - #))

æ Ku(0.6 + 0.28i)

G"(ia¡) = Ku0.5

PI:

G"(iot") = Ku(0.4 - 0.08r)

Phase advance 25'

P

Phase decreases I1.2"

PID:

lnterpretation - Nyouist diagram

Im G(ia¡)

Re G(ia¡)
a

P

3



Modified Ziegler-Nichols method

Move the point

A = Gp(ia¡o) - rosi("+ø")

to the new point

B=G¿(iao)=yusi(lt+Qù

using a controller with

G"(iots) = '""iþ"

Solution:
rb

Ic 
- -ra

Q,=Qo-Q"

Modified Ziegler-Nichols method

PI:

r6cos(þ6- Q")It=+
ra

1
l;=-" (Dstan(Q" - Q6)

PID:

With a fixed relation between T¡ and T¿

T¿ = aT¡

we get

K- 16 cos (Q6 - Q¿)

ra

,, = #^(t"" 1p6 - þ") + 4a + tanz (0u - þ")

T¿ = dT¡

Problems with determining only
one po¡nt

0

-1
0

-1 0 0 20 40 60 80 100

0 I

-1
0.5

0

-1 0 0 100 200 300 400

0 I

0.5

0

-1 0

-

I

i:l
I

I-'-l-

-1

0 20 40 60 80 r00

Loop shaping

Use the third parameter to adjust the slope
of the Nuquist curve:

ImG,(iro)

-1"

Re Gr(lar)

1+ G,

G,(io)

4



Example: Loop shaping

Process:
1

G(s) =
G +lF

1
þt = 45"ru = ,þ,

Controller:
K=4
T¡ = !.9
T¿ = 0.75

sp
0

0 l0 20 30 40

2

0 i0 20 30 40

Analytical tuning methods

Specify the closed loop transfer function

G"
Go=

L+Go c

Solving this equation for G. we get

u" = Go 1- crt

Example: IMC

Warning: Pole-zero cancellation!

Modulus and Symmetrical
Optimum

ldea:

Make the transfer function between r
and y as close to one as possible for low
frequencies.

Ensure that G(0) = 1 and make
dlG(iat)l/da¡" = 0 at @ = 0 for as many /¿

as possible.

Modulus opt¡mum

Consider
G(s)= F**,

lG(ia)1z = + a2( - 2ø2) + øa

Choosing a1 = 1/Ía2 gives

a2,

q;ælG(ia)1z =

The first three derivatives of lG(lø)l will
vanish at the origin.

Gl.c) = 
a¡20

\ / sz+t/2tttss+@f;

G¿(s) = #&Ð
a!

s(s + vÆøe)

Modulus Optimum design: Try to obtain G¿

5



Symmetrical optimum

Consider

G(s) = . =ot- \'/ s3 + ø1s2 * (rzs t ag

It al = 2a2 and d?, = 2ap3, five derivatives
of lG(iø)l will vanish at ø = 0.

olso
G(s) = (s+ø¡)(s2 +ø.ss+øf;)

With error feedback

Gz(s) = Wr#rrrØ
With ô = 0:

^ otf;(2s + rls)rrt= ,zÇ¡26¡r T

Symmetrical Optimum design: Try to obtain
G¿

Pole Placement

Pl control of first-order process:

Process:
Go(s)=#

Desi red characteristic polynomial :

s2 +2Çøss + atf; = g

Solution:
K- 2ÇaoT - L

Ke
2ÇøsT - 1rF. _Lt - @8r

Pole Placement

PID control of second-order process:

Process:

ÍJ- Ko
"o - (1+s"1)(1+s?2)

Desired characteristic polynomial :

(s + øø¡)(s2 + 2Çøss+ øf;¡ = I

Solution:

K- T[2af;(L+ 2aÇ) - L

fn- _tL -

KP
T{2øfi(t+2aÇ)-L

T1T2acof;
T1T2ø¡(ø+2Ç)-Tt-Tz

Td= T{20tf;(7+2aÇ)-r

Model reduction

Poles and zeros that are much slower than
@o àtê approximated with integrators.

Poles and zeros close to øo are reta¡ned.

Poles and zeros that are much faster than
ú)s àrê neglected or approximated by a fast
pole or zeto.

6



Approximation of fast modes

Consider

rflc\ _ K(L+ sTù(L+ sTz) o-,,- \-'' (1+ s?s)(1+ s?a)(1+ s?5)(L + s?6) -

where

T = Ts + Ta + Ts + T6 - T1 - Tz - L > 0

It is assumed that L << T.

The transfer function G can be approxi-
mated by

G(s)= #*

Approximat¡on of fast and slow
modes

Consider

K 1+ 1+
G(s) = e-"L

(1 + s?s)(1 + s?a)(1 + s?5)(1 + s?6)

where
Ts>Ta>Ts>Tø
?5 > mâx (T¡T2,L)

Assumption:

11
rn"ot Tu

Approximations:

11
AJ-

1 + s?3 s?g

T =Tø-Tt-Tz-L

lf T is posit¡ve:

/at-\ - 
K

" \"'' - s?3(1 + s?¿)(L + s?5)(1+ sT)

lf ? is negative:

rrrcl _ K(1+ s")
- \"'' s?3(1+ s?a)(1+ s?5)

Dominant Pole Design

Place the dominant poles.

Ensure that they are dominant.

Ims

prX
Xpn

Ps 21 Res
Xpr

pzX

7



Dominant Pole Design

. Load disturbance attenuation

rn = 
lo* 

e(t)d.t = fr
. Set-point following

u = K(rr"" -, * + | "at -rr#)

o Sensitivily M,
Im G,(io)

I

RsCr(io)

Ziegler-Nichols' methods

The Step Response Method

K

T

a

L

Two parameters: a and L

Zieg ler-Nichols' methods

The Frequency Response Method

Im G(ia¡)

llltimate point

ReG(iar)

Two parameters: Ku and Tu

KT-Tuning

The Step Response Method

K

ø

I
L

Three parameterst ø, L, and K,

Normalized dead-timê; t = t' = r;Vt

8



KT-Tuning

The Frequency Response Method

Im G(iø)

llltimate point

Be G(iat)

(r)

Three parameterst Ku, Tu, and Ko

GainratiotK=lWl=¿n

KT-Tuning

The Test batch

e"
G;;TFG1(s) =

G2(s)=dry

G3(s) =

Ga(s) =
'J, - as
("*Ð3

Not included: G(s) = #

Also integrating processes

Pl - Stable Processes

aK vs.'r

1

0.1 10 0.5

T¡/L vs. r

0.1
0.5

. Compare with Ziegler-Nichols

. We need three parameters

Pl - lntegrat¡ng Processes

aK vs. t ðvs.ø

1 1

0.1 0.1

1 0 0.5 1

Lvs.r

0

.r'' --_.*+¡-.._.-

I



KT-Tuning

f (t) = Q.ggaLrløztz

M, = L'4
4.0 o.1 4.2

M, = 2'0
a0 a4 4,2

AK
T¡/L
b

0.29 -2.7 3.7 0.78 -4.1 5.7
8.9 -6.6 3.0 8.9 -6.6 3.0
0.81 0.73 1.9 0.44 0.78 -0.45

PID - Stable Processes

1
'I

0.1

10
T¡lL vs. r

1

T¿/L vs. r

\*
1 0.1

0.1 0.01
1

\,/
\/

Pl - Stable Processes

K Ku vs. rc
'I

0.1 1

0.01 0.1
0

T¿f Tu vs. r

o.'l

PID - Stable Processes

K Ku vs. r óvs.r
10

1

0.1

0. 1

0 0.5 1 0 0.5 1

T¿f T, vs. rc T¿ VS. K
1

1

0.'t

0.1

0
0.01

0.5
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Example 1

Ms = l.t= 2.o

M" = 2.0
= 1.4

0
0 l0 20 30 40

-l
0 l0 20 30 40

G(s) =
1

G;IF

Example 2

= 2.O

M¿ = 1.4M¿ = 2.0

I

M¿ = l'4
0

0 50 100 r50

-l
0 50 r00 150

o-5s
G(s) = GTIF

Example 3

Mc = 2.0 M¿ = 1.4

M¡ =2.O
= 1.4

0
0 50 100 150

0.2

4.2
0 50 100 r50

G(s) = Gå.

Gonclusions

Dominant Pole Design

o Gives good control

. Requires G(s)

With two parameters

o We have to compromise
o We can do better than Ziegler-Nichols

With three pararneters

o KT-tuning is almost as good as
Dominant Pole Design

11



Before you start tuning ...

investigate the process!

o Are there any scaling factors?

o Are they constant?

. Are there any filters?

. Cascade control - watch out for
windup!

¡ Controller series or parallel?

. Friction or hysteresis?

Friktionskontroll

0.4

0.2

0

0.4

0.2

0

0 50 100 150

0 50 100 150

Stick-slip motion

0.7

0.5
0 l0 20 30 40 50

0.7

0
0.5

l0 70 30 40 50

Hystereskontroll

0.4

0.2

0
0 50 r00 150

0.4 u
0.2

0
0 50 100 150
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Reglering med hysteres

0.5

0.4
0 50 ¡00 150

0.5 u

0.4
0 50 t00 150
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Nyquist-array methods

1970s methods

DNA (direct Nyquist array):

Make G(s)Ks(s) column dominant for
interesting freq uencies

Design diagonal Kr ro GKoKt has nice

Geshgorin bands

INA (inverse Nyquist array):

Make Ko 1(s)G-l(s) row dominant

Design diagonal K1 so KlrKlLG-l has nice
"Ostrowski bands"

Claim: Easier to predict influence of interac-
tion on closed loop with INA (?)

lllustrative example, INA

3 slides showing a succesful (?) INA design

4.8 AIRC example revisited

Fig 4.23: Not column dominant

Fig 4.25 G(s)Ka(s) column dominant

Fìg, 4.26-4.31 Design diagonal Pl-controllers
K"("), 3 SISO designs

Fig 4.32 Nice char. loci À;(G(iw)K(iu))

Fig 4.33 Nice closed loop singular values

Fig 4.34 Nice step response

Fig 4.36-37 Problems with input disturbance

Controller cancels badly damped process poles

Several plots are missing (control signal, . . . )

4.10 Relative Gain Array (RGA)

Measure of ineraction, Bristol 1966

g;¡ oPen looP transfer function

ñ4¡ transfer function when U* = 0, h + i

?i¡(s) :=
e¡¡(s)
hr¡(")

Easy to prove that (exercise)

t=G(s)"(c-t)*

(x stands for elementvise mult.)

Used to choose pairings of inputs and outputs
for diagonal control

Normally used only at s : 0.
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RGA

Niceifl:-I
Several problems if I has large or negative
elements

Large RGA =+ large condition number

Æ(G)>2llrll--1

lf 6(G) ( 0 then for any diagonal K(s)
either a) closed loop is unstable, b) loop j is

unstable if all other loops open or c) closed

loop is unstable if loop j is removed

See Robust Process Control, Morari for more
details

Linear Quadratic Control, LQG

See LQG course for details

o lntroduction

o The H2 notm

o Formula for the optimal LQG controller

o Software

o Example

ch. 5

lqgbox in Matlab

History

Computers

50-60s: Use optimization to find "optimal
controller"

Newton, Gould, Kaiser (1957):

ln place of a relatively simple statement of the

allowable error, the analytical design procedure employs

a more or less elaborate performance index. The

objective of the performance index is to encompass in

a single number a quality measurc for the performance

of the system.

Optimization based approach

"Optimal" controller

Absolute scale of merit

Limits of performance

"Euphoria" in late 60s

Classical article: "Good, Bad, Optimal"

4



LQG Theory

Wiener-Kolmogorov

Kalman-Bucy

Wonham, Willems, Anderson, Aström,
Kucera, and MANY others

Still many research papers each year

Why so Popular?

The first "automized" design method

Space program, Aircraft design

Good models

Stabilizing

LQ-control u: -Læ gives

o l1l2,oo]-gain margin

o 60 deg phase margin

Robustness

LQ-control robust

â Kalman filter robust (dual)

Output feedback (u: -Lî) NOT necessarily

robust.

Attention turned to "robust" control

Use frequency weights

Check robustness

Norms of Systems

I = G(s)U
y-g*u
ù=Aæ*Bu
y=Cr*Du

The,Lz-norm (LQG-norm):

llcll!,=It tl-tt,r$)t'at=tt

=tt I W,i1,)12d.¡z,r=
í ¡ 't-æ
fæ

= J_-trace 
G*(jø)G(ju)ù'tl2r =

H2: As Lz but with G(s) stable also.

5



lnterpretation of the H2-notm

u v

¿: stationary white noise, mean zero

E(u(r)u(r21r¡ = ó(rr - rr)I

then E(srs): llcll|

ur= ôr(t) y=g
:l,

(t)

m

llcll:,= | ltco,lt?
i=1

"Energy in impulse response"

P roof

ø(fù=E(tryf)=
= u I* s(t - r1)u(r1)o^ I:u?2)r gr (t - r2)d,r2

- u l* I--tn - r1)u(r¡)uï (rr)sr (t - r2)d'4d'r2

= r, l* cþ - r,)sr (t - r1)d,ry

tcll 2

Alternative

E(tr sf ) =r, I Sy(u)d*tl2r =

= | ,, G.(ju)5.(u)c(iu)du/2r

"Variance of output with white noise in"

How to compute the H2 norm

1) Residue calculus

llell| = Ð * t' *,, ç-,¡,Gi¡ (s)ds
rJ

2) Recursive formulas ala Äström-Jury-Schur

3) lf G(s) : C(sI - ,4.)-18 then

llClll = uace (CPC") = trace Br SB

where P is the unique solution to the Lya-

punov equation

AP+PAr *BBr =o

and ,S solves

SA+ES+CTC=O

The Standard Problem

Unified framework, became popular in 80s
z

u

u = Control lnputs

g = Measured Outputs

tu = Exogenous lnputs =

Fixed commands
Unknown commands
Disturbances
Noise

Tracking Errors

Control lnputs
Measured Outputs
States

z = Regulated Outputs =

6



The fI2 Problem

Closed Loop

u - K(s)y
z = Gtr+ GzK(I - GzzK)-rG2¡u) =T,.u)

The H2 problem:

Find K(s) such that the closed loop is stable
and

p¿'ill?i.ll,

is obtained.

Example, Optimal Feedforward

,l

Output
A=Gau-Gzd

d is a measurable signal d,: Gßa

Feedforward regulator

u=Kppd

Minimize a mean square of filtered outputs
and filtered control signals:

min E(z! zt * zl z2)

"=[[

-GsGzGt
0

Gt

( GsGs

l."n
0

ll

systm

The Optimal Controller

Let the system be given by

ù=Aæ*Btlø*Bzu
z=Ctæ* Dnu
!=Czæ*Dztw*Dzzu

under some technical conditions the optimal
controller is of order n and is given by

u= -Lã,
à - ,qA * Bzu+ K(y - Cã - D22u)

¡ = (DlrD12)-t(Dl2Ct + BT S)

K = (BLDTT+ Pq)@rrDT)-'

where P > 0 and,5 à 0 satisfy

Q = ^9á + Ar S + CTCL - r,r Dlrnt r,
0 = AP + PAr + BLBT - KDrLDT.KT

A-B2L A-KCz stable

"TechnicaI Conditions"

1) [.4, 82] stabilizable

2) lCr,L] detectable

3) "No zeros on imaginary axis" ?.1--+ z

(iuI-A -B"lrank l" 'l=n*m Va¡( Cr Dn)

and Dn have full column rank.

4) "No zeros on imaginary axis" tu --r g

. (iwl-A -Brìrank t- cz o'i ) ="*o Yu

and D2l have full row rank.

7



Software

Read about the LQGBOX in TFRT-7575

[K,P] = lqec(A,c,Rl ,R2,R12)

[L,S] = lqrc(4,8,Q1,Q2,q12)

1r = refc(ArBrCrDrL)

[Ac,By,Byr,Cc,DyrDyr] = lqgc(A,B,C,D,L,1r,K)

lqed, lqrd, refd, lqgd in discrete time

Works reasonably well

Qt Qn
AL Qzz

Rt Rtz

nT" Rz,

J=[
J=[

CT

DT,

B1

Dzt

It
l(

Ct Dtz

BT Dir)

Closed Loop

Loop Gain: L(sI - A)-'n
Return Difference: I * L(sI - A)-' A

Return Difference Formula

From Riccati equation:

Mr (-s)tut(s) =
(r + r(-sr - Ar)-LB)r Dr DQ * r(sr - A)-'B)

where M(t) - D + C(sI - A)-'P

lf no crossterms:

ff CrC : Qt, CT'D :0 and Dr D : Qz

Qz+ Br (-st - Ar)-LQt("r - A)-tn -
(I + L(-sr - ,{¡-t3¡r QzG + L(sI - A)-'B)

(/ + r(-sf - Ê7-t 3¡t QzG + L(sI - A)-'B) > Q,

Scalar Case

qz) qzll* L(sI - A)-'Bl'

therefore

l1+ r(s/ -,4)-1-Bl > 1

Gain Margin [1/2, oo]

Phase Margin 60 degrees.

Not simultaneously. No cross-terms. All states
measurable.

I



Gain Margin, MIMO

With
5=(1*L(sI-A)-tB¡-t

a(Qlt'sQ;'t') . t

l'î Q2 diagonal this gives nice MIMO
gain/phase margins, see LQG course.

Robustness against nonlinearities

Circle Criterion

Stab¡l¡ty with any nonlinear time-varying input
gain with slopes in (1/2, oo).

Scalar Case, no cross terms

lntrod uce

Qz=pI
G(s) = C(sr - A)-t n = B(s)lA(s)

I +.r/(s) = / * L(sI - A)-' a - P(s)lA(s)

Closed loop characteristic equation P(s) - g

Qz + Gr ç-s)c(s) = (¡ + n'?'ÐQr(/ + .H(s))

pA(- s)A(s) + a(-s)B(s) = pP(-s)P(s)

Symmetric Root Locus

s¡rmIocc, s¡rmlocd in matlab

Cheap control p -* 0

Eigenvalues of closed loop tend to stable
zeros of B(-s)B(s) and the rest tend to oo
as stable roots of

s2d = const ' P- t

9



Expensive Control p -+ oo

Eigenvalues of closed loop tend to stable zeros
of A(-s),4(s)

Example
minu2, 'i=æ*u

A(s):s+l unstable.

u: -2æ gives 
ù = -c

P(s):Á(-"):-s*1

High Frequency Behaviour

L(juI - A)-'a - LB/u = q;Lar Sa¡u

LQ-controller gives loop gain with "roll-off" 1

Same conclusion for

L(juI - A+ BL)-LB - LBlu = q;LBr Sa¡u

Rules of Thumb

8r = diag(ar,
q, - diag(Bu

, at)

, Þ*)

Let a¿ - (æi)-2 and B¿ - (u¿)-'where æ¡

and u; denote allowable sizes on state i and
input i

More ideas

Punishing
(i:¡ * aa;)z

"should" give å; - -o¿æí.

10



Moving Eigenvalues

Can move one eigenvalue at a time by using

Qt = qQr

where g is orthogonal to the A-invariant
subspace of the rest of the modes

Example

G(s) = 
1

= (s + 1X"'?T Ð

lncrease damping without moving pole in
s:-1.

0.7071 0,?0?1 0.{062
0 + 0.70?1i 0. 0.?07ri .0.{012
0 0 0.116õ

d=
0+1.0000¡ 0 o
0 0.1.0000i 0
0 0 -1.0000

Qt = e¡eï , Qt=
tll ¡ Qz=

2

0

-1

Example 1, p. 222, Anderson-Moore

6 state model of aircraft subject to wind gust
turbulence

Two outputs gr¡ and go forward and aft
accelerations

Open loop resonances at 1.5 and 21 radf s

LQCT
minPlyj +y?+o.zuz)

LQcz

minalyj + y2 + +c! + +ø.f;+ uzl

Plot control signal also !

Results, Examplel

Would not recommend the LQG2-design

/hone /f ul qg / Lqgg a lmat lab /f i gB22 . m

(Very ugly code)

11



Example 2, p.232 Anderson-Moore

ùy

ù2

(

1

0

1

1

1

0 )

tI
ît

Ø1

J-
J-

0 1u+ a
1 1

v-
^/owt2

minDlaj+ c|+ pu2l

What happens as p --+ 0 and o --+ 0?

Plots of p : o: 1, 10-2, 10-4.

Result, Example 2

Terrible gain and phase margins

/home/f ul qg / Lqgga /nat lab/ doyle . m

Exercises

Mac. 4.7, 4.9

Check the first example on p. 11 where
two closed loop eigenvalues are changed
without changing the third. What does
the closed loop eigenvalues converge to as

the control is getting cheaper? Hint: See

/hone/f ulqg/1qg94/mat 1ab / ex . m.

Check the turbulence example from Anderson-
Moore p. 222. Compute the eigenvalues of
the controller. ls it stable? Code available via
WWW

Verify the formula for the H2 notm given in
the lectu re

Home Problem

Evaluate the two designs done on the AIRC
example in Mac 4.4 and 4.8. Plot for instance
singular values for ^9(iø), T(iu), K(iø), step
responses including control signals. Study also
the influence of a initial state error in æ5. You
can find some code via the home page (AIRC
exa m ple).

Then use LQG to find a better controller. Try
to achieve

o Rise time to 90% in ls with less than
10% interactions (compare Fig a.la)

¡ Smaller control actions than the design in
Sec 4.4

o Better response on state error in ø6

Cooperation is allowed

72



Lecture 10

¡ More LQG, Ch 5
o Example, mutools H2-box
o Observer design
O LQG/LTR
o Example, Doyle/Stein
o Example, AIRC

o Modeling of uncertainty

Readings: Maciejowski Ch 5 + Ch 3.10

An example

Use mutools H2-box

[k, g,norms, kf i, gf i,hamx rhamyJ =
h2syn(plant,nmeas rncon) ;

Ilï{!l: 1qg2 .n

Violates "technical conditions", why?

Answer

Non-stabilizable, non-detectable modes

Solution: Change Lf s and tlþ2 + 1) weights

jul-A
Ct

-Bz
Dn

looses rank in s : 0.

No input noise will lead to Kalman filter with
Kopt - 0, which gives marginally unstable
Kalman filter.

Add input noise tu3 to process.

Dp not full rank

New punished signal: zz: pu

New system

1



tl wh¡te no¡se,

e white noise,

ú,=Ac*u
a=Cc*e

Eu(t)ur(t-") :,R1ó(r)

Ee(t)er(t - r): R26(r)

Short on stochastic differential
equations

State covariance

Eæ(t)rr(t): Ã(ú), R: AR+ RAr + Rl

Kalman filter

ã : æ - ã, Eæ(t)ãr(t) : P(t)

þ : AP + PAr * Ër - p1r R;tCp

" Equivalent" representation of y

À-t-_\A-KC)û+Ke
a=Cã+e

Reduced order observer

lf no measurement noise, Rz :0
K -+ oo,

Can use 3r directly for some states

Loss of degree of filter, direct term

cf. Linear system course

Example

ù,1 =a,2!u1
ùz=u*az
U=æt*e

'uL, 'uz, and e white noise

lncremental variance p2, l, and o2

Optimal filter as ø --+ 0 is

ñt=A
â^__p -.,ez - 

----:-;itt --------:!ps+t ps+1

ã2 x lu if p large

ã2 x sy if p small

lnfluence of an observer

Loop gain at (1):

Gt= L(sI - A)-tn

but at (2) (if Dzz : 0)

Gz = L(sI - A + BzL + KCz)-l KC2(sI - A)-L B2

Doyle: You may loose a// robustness

-Hmm, note what happens if K -+ æ

LQG/LTR I
Loop Transfer Recovery

Want to make G2 as robust as G1

References:

o Doyle and Stein, 4C79, p. 607-611

o Doyle and Stein, 4C81, p. 4-16

First LTR-method: Use fast (in a special way)
observer

Sacrifice "noise optimality"

Almost like using an inverse for reconstruction

Not applicable if RHPL Zeros

3



LQG/LTR 1

First LTR-method: Add fictious input noise :

R7.= ftr+ SBzBT

For square, minimum phase systems this gives
K --+ oo and

olg cro",s)G(s) - L(sI - A)-'r,,

Easy to try this idea, doesn't always lead to
good designs

Dont let q go all the way to oo

Same problem as with all designs with fast
observers

LQG/LTR 2

Second LTR-method: Punish more in output
direction

et:= et + sCT Cz,

(ie use "cheap control")

Makes loop gain approach

,lim- G¿ç6(s)G(s) = C(sI - A)-tXq+æ

ie the Kalman filter loop gain.

Same problem as with all "cheap control"
designs

Doyle-Stein, AC-79

WWW: lqg3.m

f

-1

-1 0
Ro

2

t
t

LTR polynomial interpretation, SISO

System

C(sI - A)-tA: ffi
Disturbance influence

c(sI-A)-'8"=ffi

and Ri : B,BI, Rz : I

Kalman filter identity

r + c(sI - .a)-t¿t(- '¡ - ¿,r¡-rçr
= [r + C(sI - A)-tK] [1+ c(-sr - t)-rx]'

,a(s),a(-s) * B"(s),B, (-s)

= [.a(s) + Ir(s)][¿(-") + K(-s)]
- A.(s)A.(-s)

or

4



LTR polynomial interpration

LTR-modification: RToo : R¡-+ q2BBr gives

C (sI - A)-t ¡Ynoa ç- sI - Ar¡-t çt
_ B"(s)B,(-") + B(s)q2 a?s)

,a(s),a(-s)

and

,a(s), (-s) -t B" (s)8"(-") + B(s)qz B(- s)

= [a(s) + K^'d(s)] [¿(-") + K-d(-s)]
= AT.dþ)AT"o(-r)

Looptransfer in LQ

L(sI - A)-'g= ffi

c(sl - A)-L BL(sI - A+ BL + KC)-tK = å(Ð {!'ì
,a(s) n(s)

Looptransfer in LQG

LTR polynomial interpration

Now for very large g

AT'd þ) AT'o (-") 
^, 

(-"r)' + B(s)q2 B(-s)

gives

AT"o(t) nv B(s),4¡(s), ,4¡(s),4¡(-s¡ = a;2((-s,)u+sr)l

where Iç : deeA(s) - degB(s).

Furthermore, the closed loop denominator is

A"(s)A!'d (s) =,a(")a(") + B(s)S(s)

and after considerable thought (for fixed s as
q -+ oo)

-R(s) nv B(s).A¡ (s), 5(s) æ c [á"(") - ,4.(")] = qZ(s)

so the loop transfer is now

B(s) s(s) _ I(') q B(s) _ ¿(s)
,a(s) .B(s) - ¡(,t.4fr(')4Ð - ,4(s)

and we have the nice robustness over most
freq uencies

lntegrator I
ccs 27L-273

Extend system with integrators

t=Am-A

!mln ,r Qp + ,tl Qzu + tr e3æ

gives (tr Z ). X"l.an filter as before.

æ noise-free so nonstandard LQG

(D21 not full rank).

lntegrator I
Use controller

u=-Lã-Læ+í,,"

(is this the limit as ø2 --+ QJ)

lncreased order model (A," in CCS)

Observer order (Ao in CCS) not increased

5



lntegratot,2

Extend system with fictious bias signals

Non-stabilizable states so nonstandard LQG

lntegrator,2

Use controller (for D : 0)

d^ (A
ã'= [o

"= - (r,
i'J*[iJ"+K(u-(c o)'l
t**r) ,

where .Lr.-,.1 is chosen to cancel bias at
outputs

c(A- BL)-L(B" - BLn+r) - 0 (for D = 0)

lntegrator 2

Controller has integrating action

Proof Controller has /. matrix (for D : 0)

( A- BL - KtC B, - BL*+Ll
l-KzC0)

which is singular. Hence pole at s : 0, i.e.
integrator in controller.

lncreased observer order (á")

Not increased model order (1"-)

Pre-specified factors in fi(s)

These approaches can be generalized to other
pre-specified modes in the controller

Change Lf s to a 1/Ä1(s).

6



Prespecified factors in S(s)

Want pre-specified transmission zero of LQG-
controller

Exercise

LQG, AIRC example

Wanted: bandwidth of 10 rad/s, integral
action, well-damped responses

o Start to design Kalman filter, Guess:

Rt : BzBT, Rz: !
o lntroduce integrator".: fr;,
o z colored noise: Ws- I +9æær

o lncrease bandwidth, Ws :: L00Wg

o Fix S(iu) at 5.5 radf s, see (5.119)

o LTR, cheap control, p: 10-8, fig 5.15

Fig 5.18 shows step responses (where is the
control signal?). Compare with Fig 4.14 and
4.34

Matlab code available via WWW

Resulrs, AIRC LQG
6nldbrF¡ñ, Læ

s
I
3
I
ß

to'

Results, AIRC Sec 4.4
ARc,6nhll.rh e 4,4

s
r7
¡
È
ù

to*

7



Results, AIRC Sec 4.8
ÁlRC, @nhllerh &4.ô

g

r
I

!
õ
'ð

Modeling of uncertainty

More info about "uncertainty", more accurate
analysis, better control

Use structural information

But how?

Linear/nonlinea r

Dynamic-static

H igh-freq uen cy/ low-freq uen cy

Time-varying?, slow/fast?

Complex/Real

Much research going on. Much more left to
do

Robust control - Adaptive control

Structure

Additive: G:Go*A
Multiplicative: G: Go(1 * A)

Fractional: G: (tr + Lt)l@ * Az)

etc

Note:

Physical parameters are real

The same parameter can occur at several
different places in the model

Standard representation

Fig 3.8

A(s) = diag{A1(s),..., A,(")}

After scaling: llA;11." < 1

A; can be

o Full complex matrix

o Diagonal real matrix, diag{61,...,6t}
o (diagonal complex matrix) complex

matrix

See examples in Fig 3.10, fig 3.12
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Lecture 12

o Robustness, lntroduction
o Stab¡l¡ty Robustness
o Performance Robustness

o Robustness Optimization (Rantzer)

Readings

o Maciejowski ,Ch 3.11-12, skip 115, skim

118-123.

o Packard 4., "Gain Scheduling via LFT",
System and Control Letters, 1994, 79-92

¡ Helmersson A., PhD-thesis "Methods for
Robust Gain Scheduling" 1995.

The standard problem

Given knowledge of possible À construct
controller K(s) which minimizes closed loop
norm.

A

c(')

K(')

Small-gain theorem

The closed loop system is stable for all stable

A. with
llallllGll< 1

There is a destabilizing complex matrix A
with

ll^llllGll= 1

Structured U ncertainty

Let B D6(m!7rTL2r,, . rn"L.Lrlrr,kr, . . .,k,,)
denote the set of block diagonal A. with
rn : Ðrn; blocks, each block being repeated

rn; times and having dimension Ie; x h¿.

Example: BD(L,5, 1, l-, 1, 7)

ó1

A_ 6zIa

Ag

The first block has rn1 : Lrht: 1, the second

block(s) has rn2:5,lcz: 1 the last block has

TTL¡: trlss - 7

Make sure you understand how to formulate
robustness problems this way. îee Example 3.2.

1



Structured singular values, ¡,c

The system is destabilized iff

det(r-Qrrjr)L(ir))=O

for some c¿ and L, e BDr

Definition:

-1
p(M): mrn

AEBD* ["r(A):det(.I-M^)=0]

0t@) is defined as 0 if det(/ - ML) f 0lor
all A € BD*)

More about ¡.1

Large M means that a small A can destabilize
the system.

p(M) : o{M) if there is onlY one full
complex block.

Generally p(M) < o{M)

¡r is not a norm

How to compute p

Hard to compute exactly

Even harder to find the optimal controller that
minimizes p.

Note that p, only concerns stability

Lower and upper bounds on ¡.4

rnax p(U M) = p(M) < inf o1(DM D-L)

where LI is any unitary matrix and D is any
matrix which commutes with all A e BD (ie
LD : DL)
The left hand side is a convex optimization
problem.

Numerical solution, p,-box in matlab

(Mac. unnecessaríly restrícts D to (3.141)?)

Performance Robustness

Previous discussion only concerned stability

Trick: introduce extra As-block

See Fig 3.18

Theorem 3.2: llQll- ( l for all A €_BDr
same .r ll8ll, < I for all (4,s, L) e E-nt

2



syste¡nnames = 'process I,l1 !ü2 controller';
inputvar =' [pert0(2) ;pert1(2)]' ;

outputvar = '[l¡11 ; W2)'i

input-to-process=' [pert 1-controllerJ' ¡

ínput-to-lit=' lProcess] ' ;

input-to-1,I2=' [-contro].lerl' ;

input-to-controLl,er=' [pertO+proces s]' ;

sysoutname = rex35'i
cleaaupsysiç = tYes'i
echo off;
sysic;

omega=J-ogspace (0,2,40) ;

%define uncertainty and performance blocks
b1k=[2 2;2 2);

cJ-p-ex35=frsp ( ex35 , omega) ;

[bnds 1, d.ve c 1, s ens t, rp1l =nu( cLp-ex35,blk) ;

vplot ( ,liv,n' ,bndsl) ;

Wcrrvti t*i4
J

f qt'*r¡f

l-'X,¡át},'ù''år" coa,{*b,î "I

'&'¡t, €..

The p,-box in Matlab

See example 3.5 p. 127

aLfa=l;
U1=nd2sys( [1 1l , [alfa 0] ,1);
I,l1=daug(lJ1 ,ll1) ;

T=0.001;
Il2=nd.2sys ( [1 1] , [alf a*T alf a] ,1) ;

Id2=daug(l,l2,l{2) ;

¡ç4= [] ¡KB= [] ;XC= fl ;KD= [0.118 1 ; 1 -0. 118] ;
controller = pck(KA,KB TKC,KD) ;

¡=[0 0 ; 0 0J;
B=[10 9 ; 9 8J;
C=eye(2);
D=zeros(2);
process=pck (A rB ,C,D) ;

Do the second part of Exercise 3.L1 with the
help of the ¡.r-toolbox in matlab.

Prove the lower and upper bounds on ¡r given

in the lecture.

Exercises

lo'

Results f"

3



Robustness O ptimization

r Example: lnverted Pendulum

o ff--optimization
o Robust Performance

o Gain Scheduling

o Pendulum Revisited

Example - Inverted Pendulum

0

I

u

d2e

dt, = sind * t¿cosd

Rotating pendulum

# =sin o(1 + coz cos d) * u cos d

Global Linearization

l;;l IT ll i:;l . [T] þ*w*e)

0=cr

,= (#-t),*(cosd-l)u
e process noise

Karl's Nonlinear Pendulum Observer

Pendulum equations

d lctl i
¿r l,rl: I

Az

sin ar * u cos æ1

Observer equations

#lïl =[
ã2

sin ôr * u cos ô1 ] 
. lï] t', - ù,* n)

1



A

G(")

K(")

General Synthesis Setup Pendulum Diagram

u
0

0 e

0 u

cosd - 1 1
0

sin 0

00
1171 7=
11

;ã:î p--1

117= 7=

17=
1

7i
17=

1

K

Optimization of Stability Robustness

-U nstructu red U ncertainty

"ä"lla +T2??',ll*

^

T + T28Ts

f/oo-optimization !

Robust Pendulum Stability

0 u

cosd-1 1
sin d

e

0 17=
13=

1

1

71
1

v=l

0

(s

Minimize gain from u to (0,u)l

2



ùr

6r*I

Tt + TzQTa

Optimization of Robust Performance

0Dy

D

0 D^

Non-convex!
Hard in general

gl'å llD("l + rzQ%) D-L ll*

Gain Bound on Perturbation

Plot ff - L versus cosd - 1:

1 1
0

42

lcosd-11<1

sin 0

Gain Scheduling Setup

A

AB
CO

K

A¡¡

Redrawn Scheduling Setup

A
0

0

Ar

AO B O

000/
c 0 0 0

0/00

K

3



Optimization of Gain Schedule

ä"rll" (if ;l . l; :l " [í i])" 'll_

Convex (LMl) optimization if Ar : A!

A¡¡ larger than A does not improve!

Performance block not needed in A¡ç!

A
0

0

A¡ç

l.l l"l
AO BO CO
00 OI 0/

The robust performance criterion is achievable
iff there exist block structured X > 0, y > 0,
compatible with A, such that

"î (,[i l]*- ii Tl),'.0

"'@li :l ,- li il)"t.'

Theorem

0
XI
IY

Main Lemma

-Q,U,V,Ut,[ such that It/ Ul
I
I are invertible, U*Ur : 0 and
I

Q+VXV+(UKV). <o

is solvable for K if and only if

uiQur < o

vlSvi < o

Consider

"n¿lvI'Vtvv¡-s
Then

Pendulum Model Revisited

0 I 0

0

1

0

uO

0

0

A

'u)

æL

C2

T

u

AB
CO

aL

!2

ù1

ù2

cosd - L

0

0

-1 0
_ts-
0

0

0

-ls-l;l
u!

az

it1

ùz

v

sin 0-0-
0

0

0100
0000
00us0
usue00
0 1 0 -1
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o Iloo-optimization for stability

r Gain scheduling mathematically tractable

o Copy nonlinearities in controller

o Several open Problems:
Observer i nterPretation
Copy saturations, hYsteresis, etc.

Other performance measures

ConclusionsPendulum Controller

--K
AL

!z

tL
tz

u

1cos

Lil
,UL

0

0

0

'ù2

AL

tz

*e-t o

0 s-1

00

0

0

8-1lälI
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Lecture 13

o Robust Control 2
oH*
o p, D(G)K-iteration

¡ Model Reduction

Readings: Maciejowsk¡, Ch 6
Green,Limebeer copies

The fI- norm

ilcil- = :H H4í,11, 
= ,,,i;,å,Itc,il,

llcll- = sup (ø1(G(jø))) .

Lemma

How to compute the fI* norm

First method: Grid ø.

Second, more theoretical, method: Given

G(s) : AþI - A)-tn with '4' stable and

7 > 0. Compute

Gt=
A {\BBT

_t-r1rC _¡t

llcll"" < z <+ G,y has no imaginary eigenvalues

<+rx r o, 
I 
Arx + 

B!&+crc !T,r) .t

Linear Matrix lnequality

mu-box: hinfnorm(sys,ttol)

f/oo control

Open loop

z=Gn(s)w*G12(c)u
g: Gzt(s)w * Gzz(s)u

ù,=Aæ*Btw*Bzu
z=Ctæ*Dnw*Dtzu
A=Cza*Dztw*Dzzu.

1



Closed loop is stable for all stable A with

llall-llGll- < 1

Small-gain theorem

A full complex matrix

f/- control

Closedloopø:K(s)g

z - T,-(s)w = (Grr * G2K(I - GzzK)-LGzùw

Find K(s) that minimizes:

min llf,.ll-.

Suboptimal problem: Find K(s) (if possible)

so that
ll""ll- < r

Easier

Can then iterate on 7

Solution to -Fl* suboptimal control

Theorem There is a controller K(s) such

that ll?,-ll- < ? if and only if the Riccati

eq uations

o - xA + Ar x + cT ct - x (nral - ¡2 nlnl) x
o - AY +vAr * BßT -Y (cTc, -¡'c{c')v
have positive definite solutions X and Y
such that 'y2Y-t - X > 0 and such that
A - (B2BT - {'B;BT)X and ,4.r - (CT C, -
{'CTCr)Y arestable.

"Tech nical Conditions"

Same as for LQG

1) [,4, 82] stabilizable

2) lCz,A] detectable

3) "No zeros on imaginary axis" 1-L -+ z

(iuI-A -Bzlrank [,-;, 
-- 

;,; ) = n.tm vø

and Dp have full column rank'

4) "No zeros on imaginary axis" tu --+ !
(iuI-A -Brìrank l"( cz ;,:)="*o vø

and Dzt have full row rank.

2



Robust control toolbox:

[ss-c P,ss-cL, H I N FO,TSS-K]-
H tN F(TSS-P,SS-U,VERBOS E)

Mu-box:

frrnction [k, g, gf in, ax, ay,hamx,hamyJ =
hinf syn (p,nmeas, ncon, gmin, gmax,to1,
ricmethd,epr,ePP) ,

Software

5,2)i
6.0000

rtho'xy p/f

'ic,2,2,0.8'6 
'0.0gamm¡ i=

hanx'eig xiafeig hamy'eig yiafcig
2.3.-02 7.2c.O7 2.3c'O2 0.0e+00
2,3e.OZ 1,3ê.Ol 2'3e'02 O.0c+00
2,3e-02 1.3c.0? 2.3c'02 0'0c+00
2,3e.02 L,4e-Ol 2.3.'OZ 0.0e+00
2,3¿-02 1,4c-07 2.3e-O2 0.0.+00
2.3.-02 L.4ê'OI 2,3e'02 0.0e+00
2.3e-02 1.4c.0? 2.3c-02 '3.0e'14
2.3e-02 l.1c-OI 2'3ê'OZ 0.0ê+00

Ik1,g1,g11]=hirfsYr(him¿l
lfe¡l bour¿lr: 0.E000 i

g¡mm¿
6.000
3.400
2,r.00
1,450
1.750
1.6E3
1.636
1,674

0.0626 P
0,2020 p
0.5?9E P
r.46?8# f
0.E961 p
0.9EES p

1,061e# f
r.0025# {

One such controller ("the central") is then

given by

i = ,+a * Bzu+ ¡zvclcLã +YCT (s - Czã)

u. - -al xzô
z = (I - {2Y X)-t.

Equivalent form

à, - ¿.¡ * Bzu + {2 B;BT xù, + zY cT @ - czú)

u" - -al Xt.

The forms are connected through ð : Zû. lf
1D : 'u)* ¡'..1 

: 1tr* tð(0) : æ(0) then l:(t) : æ(t)

so å has the interpretation of a state estimate

in that case.

Remark: The LQG controller is obtained by

letting ? --+ oo.

Central Controller

Make W2 ProPer, see (6.218)

ConditionsLand2ok

Make Dp full rank, see (6'220)

Cond. 4 not ok. Change poles in zero in G
and Wt (6.222-3)

Example, AIRC

Ch 6.8, p 306

Minimize ll
W$
WzT J"-

Wt -WtG
0 WzG

T_G
Pn Pn
Pzt Pzz

wz(s)=Q1#aqET,T,,(s)=#ffi

See figure 6.17

Warning

When ,y ---+ 'fopt bad things can happen'

Numerical problems, high-gain regulators,

controller order reduction'

This can be an indication of a bad problem

formulation.

For instance, minimizing ll,9ll- usually leads

to infinite-gain controllers

lmportant to have a good Riccati solver

3



Lower and upper bounds on ¡"c

maxp(UM) = p(M) <inf o{DMD-t)

p-designResults

^fqt:3.5, Yoo : Q

See Figure 6.19

Punish S more, change W1::4W1

See Figure 6.20

See Fig 6.2L for steP resPonses

Better control signals than LQG design

Controller of degree 17

Notch design

Real Parameters

Exists version for real parameters, called DGK

or YZK-iteration

Pete Young, Anders Helmersson

ldea: LMl-formulation

IiJ.ti *] tiJ 'o
Can be extended to

[i J. l,i. :,] t i J 'o
¡f Y^ * A*Y* : 0.

Example A,: 6I real and Y* : -Y

Method: Minimize the upper bound on p'

Dont know if this gives good P, but it might

One of the exercises gives an example with

arbitrarily bad upper bound.

1. Fix D and find K using -Fl*

2. Fix K and optimize D(ir) for each ar

3. Approximate all these D(ir) by a dynami-

cal system

4. Include D(s) and D-t(r) into G

Iterate from 1 until convergence

High complexity controller? Do model reduc-

tion

minoíDMD-r)
D,K

DK-iteration

4



Example, ¡.1-design

mudems in Matlab

Explanation in figure

This shows the correspondence with previous

discussion

New Mu-box manual has more discusslon

rL

lic- 612 <lic- 1.12

-1

-xc

1

can be written

t;l î) [;)"
.I

Error bounds

Assume stable system G(").

Balanced realization "twice the tail"

llô(') - G(')ll- 12(o¡¡y *... * ø-)

Balanced singular perturbation ô10¡ : G(0)

Stochastic Balanced: Relative Error Bound,
preserves min-phase

Hankel Model Reduction:

lle(") - G(s)ll- 1ot+t * ...* ø*

Model reduction

Make llô - Gll small

Respect stability, G(0), etc.

Balanced realization
Optimal Hankel norm apProximation of a

system
Frequency weighted balanced realization of
a system matrix
Stable frequency weighted realization of a

system matrix
Balanced realization of coprime factors of a

system matrix
Stochastic balanced realization of a system

matrix
sysbal Balanced realization of a system matrix

ba lrea I

hankmr

sfrwtbal

sfrwtbld

sncfbal

srelba I

5



Example, model reduction

>> [kk4, sig] =sysbal (k4) ;

>) sig
sig =

1.6999e+01
1 .5399e+01
2.22Q2e+OO
2 .0056e+00
4.9289e-01
2.1384e-01
1 .7140e-01
9.4974e-O2
2.7353e-O2
2.E79Le-02
2,1279e*02
1.0651e-02
4.6374e-03
3.8297e-03
2 .5818e-03
2.1740e-03
4. 1439e-05
4.6069e-06
2 .2060e-10

>>kkk4=ha¡rkmr (kk4, sig, 10) ;

See copies from Green-Limebeer

Open Problems

Truncate systems with "small" nonlinearities

or time-varying parts.

Ra ntzer-Andersson

Result

!3
I

tot

tot

ro't lot
Fr@H(.atuss)

-I¡
,

to_r rot

rd

t 
'o'?

I
çrooI

ro_t Frryq(rå('dsl

I
!
g

,!

to

Exercises

Ex. 1 Run the demos in

M ubox: mudems

Robust: mudemo, mudemol, mrdemo,rctdemo

Ex.2 Check the AIRC -tl""-design done tn

Ch. 6.8 using the mubox in matlab. Compare

the controller amplitude with previous designs.

Dont forget to plot the control signals and

responses to load disturbances.

Mac 6.5

Mac 6.7

Ex. 3 Show that ¡r, : 0 for the sYstem

000
001

0

0

0

0

-1

1

0

1

0

0

G_ 000
100
010

where tr : diag[6]2,6212,63]. lt can be shown

(LMls) that the upper bound is u(M) - 2.

6



Design by numerical optimization

Newton-Gould-Kaiser (1957) "Analytic Design

of Linear Feedback Control Systems"

Mayne-Polak

Boyd

Many others

Matlab-toolbox. NAG. Several others

r Design by optimization
o Q-parametrization
o ,L1 design
o Mixed Hz - H*
o Multi-objective LQG
o Minimal risk
o Decentralized control
o FRLS design

Readings: Maciejowsk¡, Ch 7.1, 7.3-5

Hand-outs on Ly Q-parametrization and

Lilja's thesis

Lecture 14

Optimal control course

Optimization course - math dePt

Mayne-Polaks articles

Boyd-Barrat's book

More informationDesign by numerical optimization

Choose criteriu m /criteria

Choose controller structure

Choose optimization method

Optimize controller parameters

Well formulated problem?

Analytical solution?

Avoid local minima

ln{initely many constraints

ldea: run on real system-evaluate response-try

better parameters
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Controller para metrization

P, PI, PID, PIP, PI2

RST

Q-parameterization combined with e.g.

8(,)=s, ,, 
,,'- 3,(s+ø)i

or (impulse response)

8(") : Qo * q1s-1 + ... + g¡vs-tr

Q-parametrization
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Q-parametrization

K(s) stabilize P(s) iff if it can be written
on the form above with r : e(s)e with
I - DrzQ(oo) invertible. We then get

G,-(t) = ?,. (") + 
"," 

(s)Q(s)"". 1r¡

where the stable transfer functions Tr-, T,
and T"- are defined indirectly bV (t) and (1)

Polynomial version (SISO)

S'
R!

slA. - AlA". #fu
R/A,+ BlA" Éfu

See handout

Another parametrization trick

Can rewrite optimization over dynamic
controllers of {ixed order

u - -K(s)y

into optimization over static controller

u- -Ky

where K constant matrix
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.L1 optimization

Same set-up as always, 'u,r!,rzrU

Find controller that minimizes (induced .["")

llc(")ll¿, =,,,j131, ll,ll-

where
lltr,ll_ =:lB ,To lr¿(¿)l

"Minimize the peak-value of the output when
disturbance has peak-value less than 1".

Slso llc(s)ll¿, = l"* lg(t)lat

MlMo llc(")ll¿, = [* mpxt ls;¡(t)l¿tJo ,T

^L1-design

The optimal .L1-controller can be nonlinear
(MIMO example by Stoorvogel 1995)

Suboptimal linear controller can be found
via linear programming

See book by M. Dahleh

Matlab-code available (no manual)

An -L1 design

See hand-out

Mixed Hzl H* design

Many difFerent designs with this name

H2-norm good to measure stochastic perfor-
mance

f/oo-norm good to guarantee robustness

Combination? How?

Bernstein-Haddad

Doyle, Bernhardsson-Hagander

Khargonekaar, Rigby et al
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Mixed HzlH* design

Rotea et al

minllG,",-"llz under the restriction llG,,,.,ll- S f

Bernstein-Haddad, replace ll . ll, with upper
bou nd

Jou,(G,7) = Trace lO,C'el

Other setups

/r = min max ø llrll'' K llall-lt u,

,I2 : n1!n..max. ø llrll'Ìl llulll<1 uo

J3 - r4inmax n llzll2 - y2llwLllz (min-mix)
^u7úo

/n : Ti".o13cp,T.i" ll"ll' - f ll-Lll2

Min-mix HzlH*

Often results in several coupled Riccati
eq uations

Optimizes upper bounds

S ufficient/necessary ?

Min-mix HzlH* design, solution

Conditions:

o There exists X such that

Ax + xAr + cl cr + x(t-z BtB{ - a"øf¡x = o
X ) 0 and A. z= A + (t-2 AßT - B2BT)X is stable

¡ There exist -t, Y and P which satisfy

Y(LD2|DT| * BoDIo ¡ ecl +
+t-2PXB¡DI)+f'pv(Br + LDII)DTL =o

Y.4r¡ * ATmtY +YftY + F"-F = o

)f 2 0 and A^1 * ñY is stable

(/rnt * Rv)P +P(,4rn¡ * Êv)r +(Bo +¿D20XBo* LDzo)r = o

where

ñ. = 1-2 (81 + LDzù(h * LD1¡r
Amt = A ¡ 1-2 alal x * L(Cz + {2 D^Bl x)

F = -BlX

When these conditions hold, one such controller is

I((a):= A^t+BzF | -L----f----rõ-

M ulti-objective ,[/2

Not all LQG-problems can be written in
standard form

llT" 
"- "ll7 

* llT,,*,llZ

Back to LQG ¡f zo: zL

z Tro-o Trr.,
ur0

ul)

Similarly if ws:Ix,
I.9Pì

Example: minrr I I

IKSJ
Can be solved e.g. with Q-parametrization
and completion of squares.

Minimal order of controller unknown (2n?)

4



Minimal risk criterion

z scalar, critical signal

(.min Prob
¡r(r)

sup lz(r)l > c
<t<T

Nonlinear controllers optimal

Can find suboptimal linear controller by one-
dimensional search and Riccati equations

ø(zz) r pE(à")

Optimal controller close to minimal variance if

E(zz) << c

See Anders Hansson's thesis

Decentralized control

Example: Control of power systems

,brr (') 0 ,t13(s)

krz(t) o

&az(r) ,bss(")

u 0

0

g

yl u v
I

u.
I1

Communication

Choose control structure? Combinatorial
problem?

For analysis one can always assume diagonal
structure u¿: K;(s)U; (thint¡

K, K.
I

K*

System

Decentralized stochastic control

Assume fixed structure

Decentralized LQG : Optimal controller not
linea r

Witenshausen:
communication

Can use control signal for

lf u :0 is optimal, send instead

u = 0.000ærtzts. .

where ín1æ2 is a message to other controllers

Hard to find analytical solutions to interesting
problems

Can find suboptimal controllers

Strong results upcoming (Johansson 1996)

Decentralized sta bilization

Wang-Davison

u; = K;(s)y;
.g = {diag(.9r,..., 5¡y) I 5. € A-t"r,1

Theorem System is stabilizable by decentral-
ized dynamic output feedback iff

ll ,(¿ + BSC) c co
5€.5

"lf one can move eigenvalues (by decentral-
ized static control) then it can be moved any-
where (by dynamic controllers)"
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Lilja design

Find reduced order controllers

Frequency domain least squares

v = G(s)u
R(s)u = -S(")y * ús,4¡(s)r

y* - G^(s)r

o,G"t-c-(")=i_,,¿(s)
"- G"I

Linear in Slts and Rftsl

n(")
ts

+r"(r)f

FRLS design

Choose order of ^9(s) and ,?(s)

JV

*i+ Ð lv(,ùl,5'.R'to i-

where zi ate some interesting frequencies

Lilja's thesis, help frlsbox

LSRSTC Fil¿ ¡ co¡linuon¡ limc co¡l¡olle¡ lo a rpecified clorcil
loop nodel givcn a frequeucJr ¡clpo¡se of lùc p¡oces!.

[R,s,T,THE'ERR'OR]=LSnSTc(FR'BM'ÀMrÂO,NR,Ns,R1,SI,WcT)

Thc frequeacy ¡e.po¡sc FR, oB lba forn [w G(iw)]
i¡ u¡ed lo¡ ler¡l rqE¡rc. fflti[6 of co¡l¡ollc¡ p¡¡¡mclc¡t
il ¿ coul¡olle¡ ll¡uclu¡c givcl by Ru = Tr. Sy.
Thc clo¡cd loop !y!lem (r -¿ y) ir rpeciflcd
by lhe i¡¡rrfcr furclio¡ BM(r)/ÂM(r). For couvenicrcc, lhc
poìyromial BM ir multiplicd by ¡ co¡¡lÀrl f¿clor ir ordcr lo
get e clorcd loop llòlio!¡¡y g¡i¡ of I (i.c. BM(0)/ÂM(0)=1).
F¿ctor! lo be iucl¡ded i¡ R ¡¡e rpcciñeil by lLc polynomial R1.
Similarly, S1 pre"rpeciñcr f¿clo¡¡ of S,
Deg R = NR aad dcg S = NS. Thc ob¡c¡vc¡ polyaonirl ir givcr b¡r
AO (T = corrl.*.4.O). Dcf¡ull WêT ir uniiy wci6hlirg
whilc Rl ¿¡d 51 bolh dcfrull! to 1.
The magritudc ol thc (weighled) clorcil toop lrarrfer
ftrtrclio¡ ertor ir givea by THE'ERROR.

Example

See handout, appendix in Lilja's thesis

What we haven't talked about

High-level control

Adaptive control

Nonlinear control theory

Numerical algorithms

Discrete-eve nt systems

Hybrid control

Expert systems

Neural networks

lmplementation (real-time)

Diagnosis

Manual control

6



Bladvinkelreglering av stora
horisontalaxlade vindkraftverk

Sven Erik Mattsson

lnstitutionen för Reglerteknik
Lunds Tekniska Högskola

lnnehåll

1. WTS-3 i Maglarp

2. Reglerkrav

3. Modell

4. Reglerbarhet

5. Observerare, mätbrus

6. Olika väder och driftfall

7. Simuleringar

Mål med bladvinkelreglering
T l%l

200

WTS-3 i Maglarp

v1

. Drift vid vind i.Z4z.Z m/s-- -

. Märkeffekt 3 MW, nås vid 14.2 m/s

. 2 st 39 m långa glasfiberblad

. Roterar 25 varv/minut

. Hydraulisk bladvinkelreglering

. Flerstegs planetväxellåda, 1:60

. Synkrongenerator, 1500 varv/min

. B0 m ståltorn, diam 3.8 m, 4 cm gods

Overgripande reglermål

Opti mal effektproduktion.

. maximal energikonveftering
inte reglera nätet

. jämn drift

- laster i blad

- utmattning

- mekniska resonanser

. konstant spänning

Reglermöjligheter

. rotororientering

. bladvinklar

o Çêñefâtorns magnetisering

100

0
-tf, 0-10 5 5

o¡
ß.,.

Under märkeffekt

. Extrahera maximal effekt

. Flackt maximum

. Skatta Ue statiskt från PB och p

över märkeffekt
. Undvika höga mekaniska laster

. Urkoppling vid 4.2 fVlW

. Hålla konstant effekt, 3MW

t

uo

0

2t, 22 20



100

1o-1

10'

't0 -

1o-¿

Från aerodynamiskt moment
till elektriskt moment Vilken bandbredd behöver

bladvinkelregleri n gen?

Hur mycket störningar orsakar vinden över
en viss frekvens?

0.01 0.1 1.0 10.0 mdls

IIAUr!.anI Stãnd¡rd d.v¡¡tlo¡3 ø(ôPE;wp.ó) pt of fgl. Th6 ùold Iln. ¡r¡tor thG

opên ¡oop systêm. Thc lhln llnc lr tor ¡n opcn loop rystcE w¡th ¡ rlgid dr¡vc
traln,

0
d e9

-t00

-200

30

20

t00.1 1 10 100 rod/s

E!4¡g3J: Bod. plot of lh. traßlcr tuñctloû (¿16) troñ Al¡ to Âtê lor thc

wTs-3.

0

[t= ó,ozt y,+
k = ó.an JX'ó'o'sr , LI

L-2s
Nå¿

J

6

too - 2l -- ?,iP
l.ô,2ó

wo-l,t =ô,wP
S - 6,2.1

&n,R"hr

Modell

A

AT >-
Þs

Rotor: t,o# + n,tff + K,a,y = LT

Effelçt: APe - ,tro(D,L# + K,Ly)

varvtal: ß! = Lydt dt

Btadserv", # = (þ,-þ)/Tu,

Aerodynamiskt moment:

AT = TpLþ +Tuauo+rv|#

Designmodell I

^y; =AAx+Bnp,+B,w

u - (ry 
^uo/roo ^# ^y)

Vindmodell: Gaussiskt vitt brus filtrerat med
tidskonstant 20s.

A_

För Uo = IBm/s:

-2.5 0

0 -0.05
2.0 4.7

00
3-(2.5 o o o)'
B,=(0 0.0057 0 0)t
ow = L.Bm/s

0

0

-1.5
0

0

0

-0.74
1

I



Resultat vid ti I lståndsåterkoppling

LQ-kriterium

Straffa

1. effektvariationer

2. servorörelser, men ej position

þt*'
Servot får tidskonstant: T6,l(1+ l)

ú)c = bandbredd i loopsnitt efter servot.

qþ=

qp=

qp=

qp=

qB=

!).

5:

10:

15:

30:

Lt
L2

Ls

L¿

Ls

5.85

4.60

3.26

2.62

L.73

3.85

2.39

t.2I

0.79

0.34

= ( 1.46

= ( 0.94

= ( 0.38

= ( 0.11

= (-0.26

4.83 )

2.54)

0.e5 )

o.4e )

0.10 )

dp
dt

2

h*q'BAP*¡in'-)ooJ_E ,4

# = (p,- þ)/ru,

e = L (Mw¡-t

Aþ, = -LLx

Mätningar och observerare

Kan mäta effekt, P¿ och varvlal, 
dV
dt'

Lg

4.2

0.85

0.25

1.3

10

Svårt att mäta medelvind

. Vindkraftverket stör en lokal mätare.

. Koherenslängd och turbindiameter av
samma storlek.

. Korrelationen mellan medelvind Uo

över turbinen och vinden i centrum är
ofta under 0.8.

Vi måste rekonstruera vinden från andra
mätningar på vindkraftverket.

Modell för design av Kalmanfilter

Ly; =AtLx+B7¡8,*B*1w

Ly = (LPE*/t}u AV*)'

Lx = (ruoTroo ^# ry) = ctvx + e

e är Gaussiskt vitt brus, okorrelerat med ¿u

Lt Lz Ls LaStorhet

0.65

1.7

0.06

3.2

0.97

1.5

0.08

2.7

1.7

1.2

0.13

2.1

2.4

1.1

0.16

1.8

o(Pn) l%l

oçff¡ ¡'r"1

"(#t rxt
ø. [rad/s]

l1 t2



I t0 .l00 rodls

E!!Cr!_{¿: Powcr spcctrub to¡ lh! cl.ctrlc¡l powcr P, [MWl fron r.rlE t,

d

t o-s

1 0-6

ß-7

to-8

t o-s

t 10 100 rod./s

E¡Í!¡!..!!!: Powc¡ sp€clrum tor th. turbin. spcert $ [rad/st ,rom 5.rl¿s t.

Brusmodeller

Vitt brus betyder R,l!,\f = 2nÞpn,.

Använd spektra från mätningar.

Ret = diag (2'Lo4 1' l-06)

Rez=diag(2'Lo4 3'106)

Rû = diag ( 2'L04 oo )

Fi lte rf örstärkni n gar:

/ o.2L 0.24 0.06 \ îK''= I I- \4.75 4.94 0.46 /
/ 0.29 0.38 0.08 \ "Ko= f I- \2.17 2.54 0.26 /

Ks = ( 0.40 0.55 0.11)r

ro-2

itr3

ro-¿

ttrs

t0-6

13 14

Regulatorstruktur

^l

Wlôd

Sar vo TurblnQ

tl

od.-tr2 13 kt 0bsa.vo r

Ls Ls

K7

Ls

K2 Ks

Ls

o (P ø,w) l%)

, ru) ["/s]

, Ps,) ['/s]

,') ["/s]

at" lradlsl
A^
Q* ll
dzp

s2p ["/s/(m/s)]

dp

4þ

8þ

8þ
dt

o(

6(

o(

o(

['/s],l/r)t

71

1 2

2

1

1

2

3.4

1.3

0.48

0.74

1.6

2.8

3.6

37

1.68

5.3

3.8

1.3

0.75

0.67

1.6

2.7

3.3

35

1.66

4.7

4.2

1.3

1.1

1.7

2.6

2.9

34
1.59

4.1

Flqura 5.7: Cont.ol CoDligur¡tlon.

ÁP-Eñ

ó'e

t6 l6



Hur påverkar mätbruset servot?
deg

H u r dämpas effektvariationerna?

0

0.01 0.1 1.0 10.0 rod/s

Fl(urê 5.3: st¡nd¡rd dêvi¡l¡ons o(Par;o,æ) [f of Pul. Thr bold l¡nc lsllor lhc

clo5.d loop tyJtcñ whcn L3 and Kt ¡rê us.d. Thc th¡n llnê b for thè opcn looP

3yrlcE.

2P störningar

Stora störningar vid 2P (5.2 rad/s)

o roterande sampling av vindvirvlar

. tornet blockerar vinden

Antag sinusformad störning vid 2P

. för PB är amplituden 1-3'/" av PB

. motsvarar vindamplitud på 0.3-1.1 m/s

50

1o-l 100

200

ro-3

0.01 0.1 1.0 10.0 rod/s

El8!f9_¡4: Bodè ptor of tho r¡Èf.r tuDct¡on trom Pro [!l of PB] to Äô [./sl for
thc closêd loop systcm wh¿ñ U¡ ¿nd Kl ¡rê G.d.

10

0.1

0.01 0.1 1.0 10.0 rod/s

Esglglé: Bodc plot ot thê tr¡ßlcr functlon lroB ú. fr( "f $Bl to Aô f/r¡ tor
thê clos¿d loop syslcm wh.n L3 ¡nd Kl ¡rc uscd.

2P -v ariatio nern a måste beaktas

Vår design

. förstärker PB med a2p = 1.7

o ger onödiga servorörelser

. förstärkningen från ÀUs lill Lg.
vzp =s.s'lrllrÅJ. 

-"" "" - dt'

. servot svänger 0.3-1'
med hastighet 1.5-6'/s

-100
deg

-200

0.1

300

0.01 0.1 1.0 10.0 rod/s

E!¡,c¡91é:8odc ptol ot rhc trãn'tcr funct¡on frod AUO [E/rl to Ad [./s¡ for ûr€

closcd loop systcm whcn L3 ¡nd Kl ¡rô u3êd.

1o-'

t

3

2 deg

100

L7

100

s
o
!
Jg
o
E

<d
o
oc
o-

2

1

0

0
60 120 lB0 s

EbgLg-.!J5¡ ErtlÞãlês tor heà5urcm.nl scr¡c5 l. Tho lorgcltlhg f¡clor ) :¡r¡t 0.99
:¿nd th. 5¡ñpllnf pcrlod h w¡! 0.1 5,

0

[*\ ,,,LÅ",
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10

0.01 0.1 1.0 '10.0 rod/s

-50

-r00

0.01 0. 1.0 rod /s

Ekgf.gl3: Bodè ploE ot rho trensfcr tuncrlo¡ troÞ aUo [n/sl to ÂP" ['. of P"l.

Thê bold linca ¡r! tor thê closcd loop ¡ystcÞ wh¿n L3 ¡nd Kl ¡r. uscd, Th. thin

¡inê5 ¡r. tor th6 opcû loop syrtcm,

deg

50

0

2L

1. Notchfilter

* dzp minskar till 1.07

* gzp minskar från 5 till 0.5

- o(Pø) ökar med 1%

- A* minskar till2-2.5

- Q^ minskar lill27"

2. Frekvensberoende straff pä #
o get något bättre resultat
. kan lägga till fiktivt brus på

insignalen för robusthet

3. Se 2P-störningarna som mätbrus;
färgat och korrelerat mätbrus

4. LS-skattning är sämre

Vad göra med 2P?

Analys av mätdata visade att störningen
inte är en ren sinus.

1.' Sätta in notchfilter

o spektrum är 100 ggr större vid 2P

' tag ((,¡lÇù'= o.oL

. (x = 0.03 och (o = 0.3 ger bra bredd

lo-2

ro-'

-3
10

10

to-u

0 0.1 1.0 rod/s

Tornsvängn¡ngar

1. Tornets böjmod har grunfrekensen
O.85P

2. Perfekt effektreglering ger instabilitet.

. konstant varvtal, konstant moment

. men trycket på rotorn varierar

. tornet svänger

. regulatorn tolkar det som vind-
variationer

3. Aterkoppla från tornrörelsen.

4. Lägg straff päYl.dt'
5. Orealistiskt att rekonstruera torn-

rörelsen från varvtals och effektmät-
ningar.

^
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Fuzzy Control of a DC Servo
- A Laboratory Exercise in Control System Synthesis

Mikael Johansson and Johan Eker

rntroduction. The purpose of this lab is to get some practical experience
of fivzy control design. The task is to design a position control system for a
simple DC-motor.

o

)

11995-10-18 17:40
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1. Laboratory Setup

Y(s) : rG#øúr(s) := p(s)u(s)

A Sirnple Motor Model

Fbom a torque balance for the motor axis, the following model is derived in
Lab2, CCS:

G:iil) 
: (: -iä) (;;liì) -( ,1,n) 

(u('l)+'ø'('l)) (1 1)

1-.1. Laboratory Equipment

The process is a DC-servo with a flywheel that will be controlled to follow a
desired angular position. Ideally, the controller should be designed to give a
fast set-point response while having low sensitivity to noise in steady state.
All signals are limited to the interval 110y.

The fazzy controller will be designed and evaluated in Matlab/Simulink.
The fiizzy system mapping is crafted using Mathwork's Fuzzy Logic Toolbox,
and the controller is tested in Simulink. When the simulations indicate a
satisfactory design, real-time code is generated automatically.

The code is compiled in the Pålsjö environment, which runs on Sun'Work-
stations connected to VME boards. This enables us to evaluate t]ne fazzy
controllers on the real process.

L.2. A Simulink Model

where ø1(t) is the angular position and æ2(ú) is the angular velocity. The
corresponding input-output description is

-) (1.2)

The motor model is implemented in Simulink as illustrated below:

2L995-l-0-L8 17:40

Figure 1.1 Simulink model of the DC-motor
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Control Systern Sirnulation

The motor model along with controllers is implemented in the Simulink system

)) servosim

Figure 1.2 The control system simulation model.

Along with the motor model, the Simulink system implements the following
features:

¡ Controllers (linear and fiuzy PD in pa,rallell)

r Signal Generators (reference and disturbance)

o Plotting Tools (process output, control and controller phase plane)

The linear PD controller is included for comparison. What controller
should be active is selected using the ',select,, constant:

L Activates the ünear PD controller

-L Activates t}rre fitzzy PD controller

Thus, in Figure 1-.2 the linear PD controller is currently active.
In the remains of this chapter, the implementation of the linea¡ a;rrd fuzzy

PD controllers are explained in further detail.

A Linear PD Controller

The linear PD controller is implemented on the form

C(s) = ls + k¿s (1.3)

The proportional gain & and derivative gain Ic¿ ca;nbe set by double-clic.king
on the t'Linea¡ PD" block.

The reference signal is not used when forming the error derivative, and
in the discrete time implementation, the derivative is approximated by for-
wa¡d differences. The discrete time implementation of the PD controller is
illustrated in Figure 1-.3.
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Figure L.3 Discrete time version of linear PD cont¡oller

A F.uzzy PD Controller

The main purpose of this lab is to design a lazzy PD controller for the DC-
motor. Similarly to the linear PD controller, the fazzy PD controller ca¡r be
written in the form

u(t)=t("fr't,#)

)

where /(.,.) denotes a mapping defined by fiizzy logic rules.
Examining the Simulink implementation of the fizzy controller shown in

Figure 1-.4, we notice that two ner\¡ components have been added, the normal-
ization and denormalization blocks.

Figure 1.4 Discrete time version of.fitzzy PD controller.

Recall that we use the fuzzy rules to "craft" a nonlinear controller mapping.'We can only defiae this mapping on a limited domain of the fuzzy systeminput
space. It is often convenient to define the finzy mapping on a normalized
domain (often taken to be [-1,1]'), and map the physical domain of the
inputs onto this domain.

Defining t}.''e fiizzy system mapping on the normalized domain [-1,1]'
means that the fuzzy sets of each input variable should cover the interval
[-1,1].
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Mapping an actual inputs onto the interval [-1,1] is accomplished by the
introduction of a normalization gain. Normalization gains a,re implemented as
saturated gains. This assures that signals which after scaling fall outside the
normalized domain are mapped onto the appropriate end point.

In terms of the fiizzy system mapping, the normalization gains scale the
nonlinea¡ity in the input directions:

u(t) = ¡ k"e(t),k¿
de(t)

dt )
The role of the normalization gains is illustrated in Figure 1.b.

Physlcal
Domaln

sat(kn-e(t),1)

Normalized
Domain

-1
I

-1/kn

-1/kn 0 l/kn

Figure 1.5 Illustration of the input scaling performed by the normalization gains

The normalization gains define a "windoïr" in the controller input space
for which the active part of the nonlinea,rity is used. For a pD controller, it
is a good exercise to think of how this "window" can be illustrated in a step
response.

The denormalization gain is a linear gain which scales the fiizzy system
mapping globally:

u(t) = e/(., .)

e(t)

1/kn

'3

)
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2. Exercises

The purpose of the lab is to design a controller giving both

o Fast set-point response

o Low noise sensitivity in steady state.

Linear PD

Design a linea¡ PD controller for the servo.

I'uzzy PD

Design a fiizzy PD controller for the servo. Design a fuzzy PD controller using
the E\zzy Logic Toolbox in Matlab. The toolbox is described brieff.y in thã
next chapter.

"Stream-ljned" design procedure:

1. start the F\rzzy Logic Toolbox (>> fuzzy FazzytD in Matlab). This
automatically loads the pre-defined file F:uzzylD.

2. Alter fitzzy set, definitions a^nd rules.

3. 'When satisfied, save your system to a file.

4. ïhy the finzy controller in a simulation (FuzzySin in Matlab)

5. Iterate steps 3-5 until you feel satisfied

6. Apply f is2pal to your fuzzy system.

7. Tby the controller on the real process.

The following "Karnaugh-1ike" map can be useful for representing the rules:

Nt
e(r)

ZF,

':\.t

NSai PS PL
PL

PS

¿(r) 7,8

NS

NL
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3 A Sample Session

3.L. The Main 'Window - FIS Editor

The Fuzzy Loclc Toolsox is started by typing

)) f.ttzzy

at the Matr,an prompt. This command starts up the FlS-editor (The won-
derfully selected acronym FIS is short for Ftzzy Inference System).

Figure 3.1 The Fuzzy System Editor.

using the menus at the lower left part of the window, it is possible to
specify the inference engine parameters. We recommend you to use

)

.:.i::l

l

I

l.-J
And method

Or method

Implication

Aggregation

Defuzzification

Product

Max

Product

Summation

Centroid
)

In the upper part of the window , the fiizzy system knowledge base is illus-
trated. The knowledge base parameters are divided into three classes;

Block Contains

hrput Variable Block Input va,riable names,

associated membership functions,

and their names.

Linguistic descriptions of the rules

Output variable names,

associated membership functions,

and their names.

Rulebase Block

Output Variable Block
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The names of the input and output variables can be altered by activating
the block and enter the name in the edit box located in the midd.le right oi
the window. A block is activated by clicking once on ihe block illustration.

A double click on any oftheblocks calls an associated.editor; double click-
ing on the variable boxes calls an membership function editor while clicking
on the ruLe base box calls the ruie base editor.

3.2. The Membership Function Editor

Double clicking on a variable box calls the membersh-ip function editor:

FIS Varlable¡

MNNI Conlrol

iÆ
0Ê

Figure 3.2 The Membership Function Editor

For our purposes, it is convenient to work with membership functions on
the normalized domain [-1,1]. This can be accomplished by changing the
"Range" and "Display Range" from the default [0, t] to [-1,1]. These edit
boxes are located in the lower left corner of the window.

By clicking on the boxes in the upper left corner, it is possible to cha^nge
ed.it-variable. Initially, membership funciions are created by selecting ,,Add
MFs. . . " from the Edit Menu. You can now enter the number of membership
fi:nctions needed and their shape:

Figure 3.3 Adding membership functions.

Clicking on a membership function activates the attribute editor located
in the lower right corner. It is possible to change the name, firnction class and
shape parameters. For triangular membership fi:nctions, the parameter vector
is on the form

[tett base, center, right base]

i)

)
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3.3. The Rule Editor

The fazzy-logic based rules are entered in linguistic form, as illustrated in
Figure 3.3. The rules can be parsed by pressing ctrl+Enter. the F\zzy

Logic Toolbox ¡llevs for three rule formats; verbose, symbolic and indexed:

Rule Format Example

:3

l)

Verbose

Symbolic

Indexed.

If (e ís Pt) and (de is Pt) TIEN (u is pt) (1)
(s==PL) & (de==PL) =) (u=PL) (1)

5 5, s (r):r

The (1) in the rules a¡e weighting factors. They are included for some ob-
scure histrorical purposes, and altering a rule weight is firnctionally equivalent
to altering the rule's consequent.

Please observe the useful features of the "Options',-menu.

3.4. The Surface Editor

Since we try to design nonlinearities, it is useful to now a¡rd then take a look
at the fuzzy system mapping. The F\rzzy Logic Toolbox supports this through
the Surface Editor:

I

1¿. lt
'13. I
t4. I
15. tf
16. lf
17. I
18. lt

2. tf
3.il
4.il
5.I
6. tf
7.1
8.il
LI
10.
11.

and
and
and
and
and
and
and
and

and
and
and
and
and
and
and
and
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Figure 3.4 The Surface Viewer.
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