Course Control Theory
WiSe 2019720

Room: SG 135
Time: Fr 3.00—-6.30pm (lecture and exercise)
Practical exercise: 2nd part of semester

Assistants: Mark Spiller, M.Sc.
WEB:

Manuscript

Notes:
The collected material is prepared for the use only in connection with the lecture.
It is not allowed to use this material outside the lecture of Prof. Soffker.

The reprinted figures are taken — if nothing different is mentioned - from the textbook of Prof. Lunze
and are free for use in connection with this textbook-based course.

Any distribution and any publication is prohibited on the basis of the restricted rights of use. To avoid criminal and civil law

consequences, the Chair SRS explicitly prohibits any use or use of the documents not related to the individual, personal,
non-commercial use of this course.
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URL oft he http://www.uni-due.de/srs/v-rth_en.shtml
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Veranstaltungsablauf WiSe 2019/20

Winter term time table
(Leitung/Head: Univ.-Prof. Dr.-Ing. Dirk Soffker) (VO, August 2019)

Lehrstuhl Steuerung, Regelung und Systemdynamik

Chair of Dynamics and Control

Verantaltung Kalenderwoche a3 43 a4 45 46 47 i — 50 51 5 Prufung
Course Calendar week Exam
Systemdynamik v-sd £
Control Engineering v-ce 5
Control Theory v-cth :
Functional Safety v-fs _
Notlauf und Diagnose v-ndts

(Soffker/Wolters) e
Prozessautomatisierungs- v-pat

technik (Jelali) P e
Advanced Control Lab 1% p-acl B — oS ;
Praktikum/Practical p-rt .
Exercise SD/CE* Attestatio
Praktikum/Practical _ .
Exercise CTh/RTh* p-cth/rth Attestatio
Vorbereitungspraktikum/

Preparatory Practical p-pce

Exercise CE

Mechatroniklabor/ '
MachinelLab/ _

Teamprojekt/ I-me/ma/te/pr v : tat . .

Praxisprojekt

Legende:

Vorlesung,Ubung/Lecture, Exercise

Veranstaltung, geblockt/Blocked course

Praktika/Practical Exercises

Labor/Labs

Prifung,Antestat/Exam,Attestation

Course Control theory

* Bitte beachten Sie den gesonderten Veranstaltungsablauf fiir die Praktika Regelungstechnik und
Systemdynamik, Regelungstheorie sowie Advanced Control Lab.
Please consider the separate time table for the practical exercises Control Engineering and System Dynamics, Control
Theory as well as Advanced Control Lab.

Dirk Soffker
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Praktikum Regelungstheorie (RTh) Lehrstuhl Steuerung, Regelung und Systemdynamik

Practical Exercises Control Theory (CTh) Chair of Dynamics and Control

(Leitung/Head: Univ.-Prof. Dr.-Ing. Dirk Séffker) (VO, August 2019)

Wintersemester 2019-20 / Winter term 2019-20

Semesterwoche/-week 1 2 3 4 5 6 7 9

Anmeldung/Registration

Antestat/Attestation

Preparatory e

Versuche/Labs Wiederh. RTh Lab La?l:l-a:p:e-dg;nb:-its h

CE (hs)* fiRgs-=ng

Vorlesung/Lecture Lecture CTh

Sommersemester 2020 / Summer term 2020

Semesterwoche/-week 1 2 3 4 7 9 10 11 12 13 14 15

Anmeldung/Registration HISinOne

. Resits
Antestat/Attestation CTh
. RTh: ip, de, brt

Versuche/Labs Resits CTh sprache: Deutsch

Vorlesung/Lecture Vorlesung RTh

Wichtig! In der 5. und 6. Semesterwoche muss die Anmeldung im Priifungsamt zum Praktikum erfolgen. Ohne giiltige Anmeldung ist
keine Teilnahme am Praktikum madoglich! Eine Abmeldung vom Praktikum ist nur bis spdtestens 1 Woche vor dem Antestattermin
per Mail an praktikum-srs@uni-due.de méglich.

Important! In the 5th and 6th week of the term you have to register at the Examination Office for the practical exercise. Without valid
registration a participation in the labs is not possible! You may unsubscribe from the labs date at least 1 week before the
attestation date only by mail to praktikum-srs@uni-due.de.

* Registration for the Preparatory Practical Exercise is possible by mail to praktikum-srs@uni-due.de until October 25th, 2019.

== B ~ Course Control theory Chair of

g gy Dirk S&ffker Dynamics and
!! al LU-O: Preliminary remarks Control
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Let's talk about the problems (today: challenges)

- What is so difficult about control technology?

- Why seems the subject particularly difficult for some students?

- Why is it annoying me (Soffker,) if students need more time for their studies due to delayed
exams in System Dynamics and Control than necessary?

- Why do some students tell interesting stories and then do not know how simple and schematic
lectures, exercises, and practicals are organized, or suffer from perceived disadvantages?

Short answers:
- Who is not being present, can not listen.
> Personal and mental presence in lecture and practice are strongly recommended
- Control engineering and system dynamics contents are different and seems to be for many
students an (affordable) challenge.
- | am sometimes disappointed because we know the problems, give many hints and offers,
and these is not perceived by some people, eg. Due to non presence, not reading documents
and not preparing in a suitable manner, or even appointments (practicals) are simply ignored etc.

What is the optimal strategy for fast study and good results?

(if necessary: wake up), being present and listening, read the material and recommend books,
learn continuously, take all/most of the SRS offers and prepare properly for the exams (attestation
for practical plus exam > take time (10-14 days if you are continuously working, if not: 3-4
weeks).

Course Control theory Chair of
Dirk Soffker Dynamics and

LU-0: Preliminary remarks Control
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Detailed answers related to challenges with respect to System Dynamics and Control
What is the problem and how to overcome this?

£0p 01 1Yy

e Strong formal, method-oriented nature of the content
e Strong mathematization

e Constructive teaching content
> exponentially rising speed of course

%

e Mathematization leads to a very strong level of abstraction
e > Transferability of the content vs. practical understanding
* Mathematization requires mathematical understanding

e > Mathematical understanding necessary

e WATCH OUT! This subject is different.

* Invest time, take advantage of ALL offers of the chair.

e >> Understand exams and content. >> We are happy to help.
* Take no semi-knowledge (from anywhere).

Course Control theory
Dirk Soffker
LU-0: Preliminary remarks

Chair of
Dynamics and
Control
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What are the offers of the Chair Dynamics and Control?

(in german: Steuerung, Regelung and Systemdynamik (SRS) System-
dynamics

Control theory

Control Automatic control

engineering Automation
Human-Machine
CPS/Industry 4.0

Directly to learn
Exam relevant Formal aspects

- Exercises
- Tutorials - Master solutions - Moodle-free course

- Consulting hours (defined exams) - NEW: Course

(during semester) - Exam collection for frd  in every semester ... for your success outcome.
- NEW: Repetitorium - Weekly consulting - Access to
- Tutorial material hours up to oral german -speeking

for home examination course
- 'Time management'

B Course Control theory Chair of
R Dirk Soffker Dynamics and
Control

[\
l LU-0: Preliminary remarks
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Lehrangebot Lehrstuhl SRS (empfohlene Veranstaltungsfolge, Stand 03.11)

12

I emin
en teh
Sommersemester /\ Sommersemester

/4. Semester \/ 5. Semester \/ 6. Semester \/ BA Abschluss \/1 Semester \/2 Semester \/3 Semester
Sensorik und 5 I | Regelungs- . Regelungs- Notlauf Q2 ognilfive
A Systemdynamik s Bachelorarbeit 0 - Jechnische
isktoik gl @ 3 é?I:‘)mglmse Systeme
f—————s
Prozessauto- Mathe matische
System I | Control Bachelor f Control e
- : e = gs- Method d
Dynamics /| Engineering @ Thesis 3 technik R:ge:)“:.;""er
. litati litati Control in
— B R @ B
Praxisprojekt :‘:‘I‘-,zl:“m"ik' ;nctl:':leihs-

saster

/ MA Abschluss \

a Masterarbeit

a aster Thesis

\

\Sommersemester Wintersemester Sommersemesteyk
Agenda
- : . PR Vorausgesetzte
Veranstaltung Veranstaltung Praktische Motwendige Fol L Rrpaichie Qualifikaticn Qualifikation
v/i v/IU+P/S v talt |
(v/u) ( ) eranstaltung Empfohlene Folge Emplatilene

Qualifikation

Course Control theory
Dirk Soffker
LU-0: Preliminary remarks

Chair of

Dynamics and

Control
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- Observers, Control, Fault Detection, Fault Diagnosis > Robustness

- Cognition (Integrated Learning, Planning, Decision Making, ... > Modeling

- Filtering, Classifikation, Fusion (signals, information, ...) > Reliability,
Safety

- Modeling using automata - Acoustic Emission - Knowledge-based and individualized
> Sensors assistence of HMS

- Adaptive and reliable > Filters : : (example: driver assistance)
classification, able to learn > Fault diagnosis - Situation recognition of

> Prognosis complex situations
- Observers

- Fault detection i
- Nonlinear dynamics e e e Situated automata, able to learn

- Power management of - Wear and aging - Safe actions and interactions

hybrid powertrains/ > Data-driven modeling
wind energy systems

- Safe- und lifetime-
oriented operation

Course Control theory Chair of
Dirk Soffker Dynamics and

LU-0: Preliminary remarks Control
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LU-1 Introduction to MIMO systems

1.1 Characterisctics of MIMO systems (MIMO: Multi Input - Multi Output) 7 SISO (single ... )

Inputs and Outputs:

Complex dynamics:

Coupled systems:

Result:

Practical examples I:

- Heat exchanger

Number of in/outputs >1; (=)

L4
. - - -_YL..
Several inputs are connected e
3 . y.
to several outputs > L2

Abb. 1.1: Mehrgrofensystem
Small / individual subsystems

are effecting each other

Expression / modeling is necessary to
analyse the couplings and their relations
to inputs and outputs

— Internal states :Ju—%E}¥] (()
: Uy Y,
PR = _-,!4__1..
Heizmittel § aufzuheizendes
Mittel
— _——

Abb. 1.2: MehrgréBenregelung eines Wirmetauschers

1/9

Course Control theory Chair of
Dirk Soffker Dynamics and

LU-1-2: Introduction, description, behavior Control



LU-1 Introduction to MIMO systems

Practical examples II: 2
- Elastic beam (robot beam) 21~ 1
Z2
| /
e s e '
A €1 £ Z5
| a0 a & |
T~ //,_77*..! @ __, \ L+) _Z- ~ 905_
S5 e
AR AV A f
I~ /};‘r—‘—-‘,,_ ) /R“I’ a
. +“ - \ State space description:
Element matrices —— 1
4, ¢ = Az + Bu
- Stiffness !fn 24|
M >z 773 y=Cz+ Du
- Mass
f}.; L; p
W

- Damping Migt<—
/FVE:\‘ h .
= Overall system matrices M, D, K %‘M T =
‘ i |

G|
M:+Dz+Kz=f(t), |- M
Z, z: 'é(t:O)ZZU; Z(),éo, 3 0 bi > 0
2(t) = [21, 2y 220 2y - 250 4] H N [—M—lx —M—lD] H " [M—l f]
2/9
Course Control theory Chair of
Dirk Soffker Dynamics and
Control
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1.2 Representation of variables

- m-dim. input vector u(t) - r1-dim (r-dim). output vector y(t)
(73] Y
u(t)=| : y(t)= | :
_um_ _y’rl_
- r2-dim. vector of reference w(t) - p-dim. disturbance vector d(t)
Wy dy
w(t)=| : d(t)= |
_w! 2 | _dp_

> written form

> spoken form

> A special case: the SISO system

3/9
Course Control theory Chair of
Dirk Soffker Dynamics and

LU-1-2: Introduction, description, behavior Control



1.3 Analysis and control goals in the context of MIMO systems
- SISO control design goals : stability, reference control, disturbance compensation, dynamic requirements
plus
- Analysis of the dynamics - Goal: Use of couplings > decoupling

- Analysis of the inner couplings - What acts how?

(- Guaranty of the functionality of the control loop) - Robustness against failures of actuators and sensors)

1.4 Transformation/Use of the SISO methods to analysis and synthesis of MIMO-systems possible?
- Description (state space (1:), transfer function G(s), weighting function g(%))
- Description tools to describe the dynamic behavior (poles , Zeros , Hurwitz )

- Signal models (internal model principle ) (=2 works for single transfer pathes)

- Root locus
- Frequency domain-based control approaches (= but: more complex relations)
1.5 New ideas and methods:

(1:) z = Az + Bu

- Analysis of internal couplings

y=Cx+ Du
- Design of control structures using internal couplings 4/9
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LU-2 Description and behavior of linear MIMO systems
2.1 Description techniques for SISO systems

- Differential equations a”yW)+—mpqy““4)+.‘.+cuy—kaM/:15uW)+...+(mu

. sla—1) 4 . il
- Transfer functions g(s) = bys s b (g—-1}* .t bis+bo . y(s)

anb(”)—+'a(”*1)5“‘ D+ . +as+ay u(s)

- State space description & = Az + bu, Yy = cx + du
—_— S———

State equation  Output equation

2.2 Description techniques for MIMO systems n m

. . . . d/y; dlu;
- Set of linear differential equations E i g E E b IA, CESTH PP
) ) ) , dt’ dt
> Vector differential equation j=1 k=1 I=1
Pi 4= i =0,...,n—1
zﬁj(f— )_‘MLU =0, ...,0— 1)

Resp. equations describing inner states
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- Canonical regular form (diagonal canonical form) x : State vector
> (effect of inputs, effect of outputs, modal measurements) Input vector
_ d : Disturbance vector
& = Az + Bu + Ed Y : Output vector
y=Cr+ Du+t Fd A : System matrix
B Input matrix
C : Output matrix
D : Transmittance matrix
E,F : Disturbance input matrices
> Calculating modes (eigenvalue equation: eigenvalues,
eigenvector equation: eigenvectors)
det (A T—A) 0
Ai
Av; = A\v;
vV = [t,’l vy ... uu} (Modalmatrix)
> Decomposing the system (calculating the modes)
= AV = Vdiag[\]
VAV = diag|\
B=VB, C=CV
6/9
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2.3 Description of the MIMO-system in frequency domain

T = Axr + Bu y(s) = Cx(s) + Du(s)

sz (s) = Ax(s)+ Bu (s) 7 y(s) =|C (sI — A B+ D|uls)
(sI —A)x(s) = Bu(s) |- (s —A)! g [ ]
z($) = (sI — A" Bu(s)

- Transfer function matrix (be careful > MIMO-case)

G(s) =28 _ [0(31 — ATy D]

u(s) | |

~

Transfer function matrix

- Frequency domain description of a MIMO systems
> elementwise analog to the SISO case

y1(s) _gu(s) cee e e Gimls) uy(s)

i i e i i : qz (S o 5[]!)
yls)| =1 & o ogyls) .. uj(s) gij(s) = ki In_,'} ,

: : : c. i : (:'l ("9 - Si)
_;Ur(=5')_ _grl(s) .o s R grm(s)_ _U”,(S)_
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- Connections between the frequency domain and the state space

A B
G B

T = Ax + Bu
y=Cz+ Du

— G =

> Transfer behavior in state space: Rosenbrock system matrix

(s —A) =B| [z(s)] | o ; x (s) _ | ®o
Rz O ] B Y
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2.4 Parallel and series network of MIMO transfer elements

| |
| — &6
uts) +| - al 5,1‘ e y(i) G(s)=G1(s)+ Ga(s) Feedback:

| (;/1(\)

| RO G(s) =Gy (s)-[[+Ga(s) Gy (s) "

y | ) 77 L k) G(S):GQ(S).Gl(S)
uk) =T @0y _G:niéhib

2.5 (Time-)behavior of MIMO systems
(of the state-space description)

- Equations of motion

!
z(t)=0¢(t) o+ / ot —7)Bu(r)dr, ¢(t)=eM, zy=uaz(t=0)
Jo

p - >
-~

Convolution integral

- Output equations of motion

ot
yﬁ%—Crﬁ%—C@Hﬁm+Ij/ ¢ (t—7) Bu(r)dr
Jo

- Instationary (transient) and stationary (# constant) behavior

xr (t) = Ltrans I Tstat
N—— N—
Transient response Stationary behavior
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