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The basic idea of control

Physical world

Algorithm

Sensing

ñmaking sense 

of the worldò 

inference and 

data science

Acting

ñmaking 

difference to the 

worldò 

automation and 

control
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Our way

Start in modeling

é go to system analysis

é pass by linear control 

methods

é via optimal, robust 

and adaptive 

é to predictive!

Not explored everything 

but enough for today
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On the map of control

05 Heading Copy

Å Copy derferecus mint esequiam

Å Erum volum quibeaque

Å Uatus alis velluptatem nihit pe

06 Heading Copy

Å Nimintis et, iderum eture, que natur

Å resecto volorepudae laborum

07 Heading Copy

Å Onestia voluptae vendant pos quatet

Å Bea dolorrum endam quas

08 Heading Copy

Å Dolorrum endam Ipsum est

Map of Control ð Engineering Media

https://engineeringmedia.com/map-of-control


Dynamical system

Longitudinal Beam Dynamics | SpringerLink

https://link.springer.com/chapter/10.1007/978-3-319-18317-6_9
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Dynamical system

Å Dynamical system is a system in which a function describes the time dependence of a point in an 

appropriate state space

Å Ordinary differential equation (ODE): 

Å Implicit

Å Explicit

Å State space representation

Å Nonlinear

Å Linear

What is this?

ñSystem is not 

dynamic, but regards 

dynamicsò
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How to derive y?

Time

domain t

Frequency

domain s

s: complex valued frequency

G(s): transfer function

g(t): impulse response

fl: Laplace transform
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Classification of dynamical system

Å SISO vs MIMO

Å Time-invariance

Å Causality
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Classification of dynamical system

Å Linearity

Å Static
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Example

Å ODE of pendulum

Å State space system

A tour on control theory | Annika Eichler

Pendulum
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Pendulum continued

A tour on control theory | Annika Eichler



Page 13

Pendulum state space

A tour on control theory | Annika Eichler

damped oscillation undamped oscillation
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Nonlinear vs linear

Nonlinear state space model 

Linear state space model 

Ą Nonlinear systems very difficult for simulation, analyses 

and controller design 

Ą Very often a linear approximation is sufficiently 

good around equilibrium point 
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Very often a linear approximation is sufficiently good around equilibrium point 
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Linearization

Nonlinear state space model 

Equilibrium point:

such that

Taylor approximation around equilibrium point:

with 
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Very often a linear approximation is sufficiently good around equilibrium point 

Taylor approximation
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Linearization

Å Nonlinear state space system

Å Equilibrium points

A tour on control theory | Annika Eichler

Looking at the pendulum
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Linearization

Linearization around lower operating point
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Looking at the pendulum

x1 = - 3 ,́ x2 = 2 x1 = 0, x2 = 2 x1 = 0, x2 = 0.5 
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Difference vs differential systems

Å The physical world is time continuous

Å Controllers are implemented discretely 

Å Either design a continuous controller and 

discretize or discretize system for discrete 

synthesis

Å Be careful: 

Å Different discretization methods exists

Å Methods have advantages and 

disadvantages (discretization does not 

preserve all important properties like 

stability)

Å E.g. linear discrete state-space model

A tour on control theory | Annika Eichler

Time discrete vs time continuous
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Dynamic system in particle accelerators

Synchrotrons

Å Transversal betatron oscilalationĄ 1ms

Ą Controlled by multi-bunch feedback, acts within a 

turn (damped betatron oscillation Ą 0.3 ms)

Å Orbit control

Ą Magnet power suppliesĄ 0.1ms, sampling turn by

turn

A tour on control theory | Annika Eichler

From the viewpoint of electron accelerators

Linear accelerators

Å Electron with speed of light

Å Normalconducting RF cavities - open loop 0.05ms

Å Superconducting RF cavities - open loop - 10ms

Limiting factors

Å Time constants of actuators and sensors

Å Sampling interval

If you are too slow, dynamics appear static for you!



Feedback control
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What is the goal?

Å r: reference

Å e: control error

Å u: control input

Å d: disturbance

Å y: system output

Å n: measurement noise

Å ώ: measured output

Goals

Å Stability

Å Performance

Å Robustness with respect to

Å Stability

Å Performance

Performance

Å Tracking

Å Disturbance rejection

Å Noise suppression

Å Low actuator usage 

Å In what metric?
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Why feedback

Feedforward

A tour on control theory | Annika Eichler

Feedforward vs feedback

Feedback
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Why feedback

Feedforward

A tour on control theory | Annika Eichler

Feedforward vs feedback

Feedback
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Why feedback

Feedforward
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Feedforward vs feedback

Feedback

Å Measures disturbances variables and take 

corrective proactively.

ÅDisturbance variables must be measured 

on-line

Å Approximate system model 

Å Corrective action in case of set point deviation.

ÅRequires minimal knowledge about the system.

ÅNo predictive control action to compensate for the 

effects of known or measurable disturbances.
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Stability

Å Stability: an equilibrium Øis stable if for every ʀ πthere exists a 

ɿʀ πsuch that 

Å Attractiveness: an equilibrium Øis stable if for every ʂ πthere 

exists a ɿʀ πsuch that 

Å Asymptotical stability: an equilibrium Øis asymptotically stable if it is 

stable and attractive.

A tour on control theory | Annika Eichler

Autonomous systems



Page 28

Lyapunov stability

Å Ø πis a stable equilibrium point if there exists a 

continuously differentiable function ὠand a constant 

ὶ πsuch that

and

Å Ø πis an asymptotical stable equilibrium point if

Linear systems:

Å Lyapunov function :

Å Stability condition:

Autonomous systems

A tour on control theory | Annika Eichler
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PID control

Å P control 

Å I control

Å D control
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Proportional Integral Derivative
Industry engagement with control research: Perspective 

and messages - ScienceDirect

IFAC Annual review in control 2020

https://www.sciencedirect.com/science/article/pii/S1367578820300080
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Stabilize pendulum in upwards position

A tour on control theory | Annika Eichler

P can not damp the oscillations PI can not stabilize
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PID

A tour on control theory | Annika Eichler

Can swing up and track well 
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Delays

A tour on control theory | Annika Eichler

What happens?
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Limitation of PID

Å Time delays Ą Smith predictor 

(model has to be known)

Å PID is only reactive (so not the best 

choice is reference and/or 

disturbances are known)

Å MIMO

Å Cascaded control

Å SVD control

Advantages

Å Super easy to implement

Å No dynamics need to be known

A tour on control theory | Annika Eichler

When does it not work

Example 2: Cart pendulum

2 measurements

Å Linear displacement

of cart x

Angular displacement

of pendulum phi
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Cascaded control

Å Assumption: System can be separated 

Å Idea: remove disturbances before it propagated to other parts of system

Å Separation in time scales: Inner loop should act much faster than outer one, time scales should not overlap

A tour on control theory | Annika Eichler

Separable system
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SVD controllers

Å Assumption: System can be diagonalized

Å ñsmallò controller can be designed in independently  mode space 

Å For optimal model controller, optimality is preserved (invariant under unitary transformation) 

Å Assumption on diagonalizability is quite strong

A tour on control theory | Annika Eichler

Diagonalizing system
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Fast orbit feedback 

Å More sensors than actuators

Å G(s) is not squared

Å Regularization is needed

Å All magnets have to have the same 

dynamics, otherwise diagonalizability is 

not given

Å Generalized SVD in case of multiple different 

magnets

A tour on control theory | Annika Eichler

Challenges


