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GKN Powder Metallurgy — Origin of GKN Hydrogen
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GKN Hydrogen = Green H, Energy Storage

Europe

Research & Development
Application Engineering
Supply Chain
Manufacturing

Project Management
Service

Tokyo, USA

Japan = Application Engineering
=  Project Management

= Service
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Hydrogen Timeline - From R&D to Industrial Scale

2013

2019

2021

2022

2023 &
Beyond

2024

(o) ) | ) -?--O-O--O-

: R&D launch in :
i partnership with GKN

Installation of initial
proof of concept

Virtual launch of GKN
Hydrogen and HY2

Launch of digital
monitoring platform

Powder Metallurgy product

GKN POWDER METALLURGY

Power-2-Power

#1 Global Producer of
: Powder Metal Parts :

#2 Global Producer of
Metal Powder :

A Langley Holdings Company

product suite
HY2MINI, HY2MEDI & - : "
HY2MEGA storage ~ : &o

GKN Hydrogen

.l‘ lb" i becomes a separate
HY2MINI HY2MEDI legal entity
: \L
oy WRE E f‘ N

HYZMEGA ‘ rv, o ‘\o

Launch of GKN HYDROGEN

The information in this presentation is copyrighted and confidential and may not be
disclosed to or used by any third party without the permission of GKN Hydrogen
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Metal Hydride Storage = How it works

® & j

Hydrogen Charge
Metal Compacted H, storage
« H,gasis fed to the metal alloy at powder pellets section
pressure up to 40 bar @

» Alloy reacts with hydrogen, creating
metal hydride and releases heat

<20°C(68°F)
w~ _ Usable Heat
NN LONG-DURATION
Q Q.. STORAGE
&.\.‘. « Stored without losses indefinitely
ntil needed
PO o

+ ~96% chemically bonded/ solid
and safe, only 4% is gaseous H2

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be
A Langley Holdings Company disclosed to or used by any third party without the permission of GKN Hydrogen

Hydrogen Discharge

» Metal hydride is heated
* H,isreleased safely

>60°C (140°F)
Heat In

>

0000,
oooﬁ

)
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What we offer

Hydrogen Storage Y aMEGA

T |
®HE ?Zgi.% : |
|

Modular System

Functional Modules

H2 Storage Pack TMS
o (optional)
Mini 30kg None
HY2MEGA storage units with 250 kg H2 capacity each — + If customer supplies hot and cold

water according specification. then
Mega Container is self sufficien

Medi 60kg Standard

“ + If customer supplies hot and cold NOT

according specification (i.e. too high
pressure/temperature, oil instead of
Maxi 150kg water/glycol, etc.)

- -
150kg
+ If customer has not or not enough

heat and cold energy for Mega s
Mega 250kg operation A ega system

* Reversible heat pump is integrated

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



Metal Hydride Hydrogen Storage (MHHS)

Outer tube Tube-in-tube concept
Heating/Cooling shell

+ Length:51m
» Total weight: ~230kg
Storage capacity: 2,5 kg H2

i | (AR
G
i il

Inner tube
Discs of Metal Hydrid

il
i

12

-

T * 100 tubes
= « Collector for H2
» Collector for heating/cooling
fluid

» Total weight: ~35 tons
» Storage capacity: 250 kg H2

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be GREEN' SAF E' CO M PACT'
A Langley Holdings Company disclosed to or used by any third party without the permission of GKN Hydrogen



Metal Hydride Hydrogen Storage (single tube)

Inner tube d114,3x4mm Outer tube d129x2mm
filled with Metal Hydrid Heating/cooling shell
Activated MH

Structured like porous sponge
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N

|« 5100mm 5
Void volume inner tube: Gaseous H2 volume:
Vyr=m/4 x d? x L = 45.26dm3 21.82dm3
Mass of FeTi filled into the tube: MH volume:
130 discs x 1.091kg/disc= 141.83kg 23.44dm3

Volume of FeTi : Ratio gaseous H2/total volume:

Density FeTi = 6.05kg/dm3
~ (o)
Veeri = Mlp= 23.44dm3 48 . 2 A)




Motivation

For loading/unloading actions

« Storage to be prepared upfront
in order to minimize reaction

times
« Time and energy consuming

» Storage behaviour heavily
depends on current operating

point

» Heating power is limited

A Langley Holdings Company

Challenges

Reduce undesired waiting

times
Avoid H2 overfilling
Ensure H2 customer flow

Minimize self-

consumptions

Applicability on PLC

Idea

By having future information on
customers H2 demand/production

Predict storage behavior based on
mathematical model

Keep storage pressure within its limits

Minimize required heating power using
optimization

Model Predictive Control (MPC) and Local
Linear Neuro Fuzzy Model (LLNFM) [1,2]

GREEN. SAFE. COMPACT.



State of the art

« Currently applied
* ON/OFF control combined with thresholds (temperature/pressure)

e Literature
* PI/PID-Control strategies [3,4,5,6]
» No prediction of storage behaviour
» Future load profile not taken into account

* Model Predictive Control [7,8,9]

* multi-reactor application
« Offline optimization

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



Control strategy

mpg

2
'ﬁin,set

MPC [—» Thermal Managment System (TMS)

ﬁin

ﬁout

Y water inlet

Inner tube: filled with metal hydride

water outlet

Outer tube: Heating/cooling shell

. specific heat capacity of water

. water mass flow

hydrogen mass flow

. vessel pressure

. state of charge

ﬂmh
/ﬁout
ﬁin

ﬁin,set

. outlet water temperature

. set point of inlet water temperature

temperature of metal hydride

inlet water temperature

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be
A Langley Holdings Company disclosed to or used by any third party without the permission of GKN Hydrogen
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Linear MPC [12,13]

Linear discrete time system

Xkt1 — Ax; + Bu; with
yir = Cxp up = Up_1 + Auy
Prediction:
[ 37'T = [Y{_H yg+2 yg—knp] J
Optimization:
4 ) 4 N\
nAlip (éTQé +A1_1TRA1_1) with
st.: U< Uy e=y—y-r
> Ty @ = [l ... ul,, ]
|Aﬁ| S Aﬁmam
\ \ J

A Langley Holdings Company

The information in this preser
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x' =21 72 33 24 25| = [Powr P Umn SOC Pu
. T = ﬁin
Linear MPC [12,13] L
d =mm,
Linear discrete time system y' =y y[=[p Pul
Xpr1 = AxXp + biuy + bady, with
Y = ka Up = Up—1 + Aug
Prediction: e
)7T = [yg-u yg-|—2 yg—l-np] J
\.

Optimization:

N B i N )
min (eTQe —I—AUTRAU) p <
Au -
e with
st.: U< Umax
U 2 Umin €= 12
|Aﬂ" < Aﬂﬂmcm: al = [uz Th ug-Fnc—l]
@1 S pmafc \_ y.
\_ @1 2 ﬁmin

.
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Control strategy

mpg

2
'ﬁin,set

MPC [—» Thermal Managment System (TMS)

ﬁin

ﬁout

Y water inlet

Inner tube: filled with metal hydride

water outlet

Outer tube: Heating/cooling shell

. specific heat capacity of water

. water mass flow

hydrogen mass flow

. vessel pressure

. state of charge

ﬂmh
/ﬁout
ﬁin

ﬁin,set

. outlet water temperature

. set point of inlet water temperature

temperature of metal hydride

inlet water temperature
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Local Linear Neuro Fuzzy Model (LLNFM)

P,
1 output of the form: &
M n m LLM,
[y’“ =2, ("’w +2 [ +2 ] ) (ﬂ
=1 = =1 UL,k
|:1m,k} ) % @2
- Yk
U u »( >
) LLM,
* minputs o 1
M local models of order n -
* LoLiMoT-algorithm [10] .
« 1 LLNFM for each control variable P
u*k
LLM

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



State space model based on LLNFM

Rewriting: M n m o
Yk = Z (wzo + Z [wﬂyk—i + Z w,? Uj’k_i] ) Qi (u*y)
1=1 i=1 j=1
Parameters: {}
M M M
wg‘ = Zwlo@l(u*k) bzﬁ’_zk — Zwﬁj@g(u*k) An_ifk = — ng;‘l)l(U*k)
=1 =1 =1

Extension:
U

m
(_ani,kyki ot E bnj_z-,kuj,ki) + wiug

=1

Yk =

(2

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be GREEN' SAF E' CO M PACT'
A Langley Holdings Company disclosed to or used by any third party without the permission of GKN Hydrogen
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State space model based on LLNFM

n m h
-
Uk =D | —@n—ikyr—i+ D b7 pusik—i | +wiug
1=1 j:l
J
. “
State space representation: Xpt1 = Apxg + Brug + bigug
78
=cC.X
System parameters: Yk = Ck Xk y
C b pum
0 --- .o 0 —ao.x T 0,k 0,k
. . Bk ~
1 - X —ay,k—1

w1y Um
bnfl,k:fnJrl bnfl,kfnJrl

>

o

Q
jam)
o

0 —an—2k—n+2 b1, ~
0 -+ 0 1 —ap-1k-—n+1] 0

d
Wi _
\ kE—n+1

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be
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Modelling approach

Performance depends on model quality

Proper excitation over entire operating range required

Problem:
 excitation on real world system exceeds available capacities (cost & time)

Solution:
» Generation of identification data via simulation using a detailed physical model

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



Simulation Model for MHHS [14]

. E Peo =P\ (Pmax — p for absorption _ _
mg =k - exp (R : T) . <PEQ te) 10 — ppin for desorption « Dynamic behaviour: release of hydrogen
0.0 05 10 15 2.0 «  Heating of storage by glycol

«  "self cooling" due to chemical reaction of
releasing hydrogen

Pressure vessel

MH

| glycol
pressure [bara]

Glycol flow

storagecapacity [%,,]

MO} |09A]D

60°C

e averaged
Cw = 1,25%,, . pressure in
40°Cc  MH ¢, =0,70..1,25%,,

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be GREEN' SAF E' CO M PACT'
A Langley Holdings Company disclosed to or used by any third party without the permission of GKN Hydrogen



Modelling approach: work flow [1]

* Modeling of the MHHS in Matlab according specification

« Generation of the identification data by simulation

* |dentification of LLNFM using LoLiMoT [10]

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



|dentification of the LLNFM
 Excitation based on 3211 piecewise constant sequence [11]

* Applied on several operating points 1 30 2rTT

 Further signal types to be considered .
+ APRB signal (open) eqf=====7F =] -
* Shifted chirp (open)

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



Problem configuration

my
—2u—b ﬁin,set
Inputs: > MEC —> Thermal Managment System (TMS)
. LLM
- Inlet water temperature Yy, set — ‘I
Pout

water inlet water outlet

Outputs:
* Vessel pressure P

 Outlet water temperature  19,,+
- Temperature of the metal hydride  ¥,,,1,

. Hydrogen state of charge SOC Inner tube: filled with metal hydride

Outer tube: Heating/cooling shell

Measurable disturbance:

» Desired hydrogen flow  7i,

« » GKN HYDROGEN The information in this presentation is copyrighted and confidential and may not be GRE EN' SAF E' CO M PACT'
A Langley Holdings Company
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Validation of the physical model

Templn Vet
TempOut ¢
TempMH
— — — TempOut dy; (phys. model)
— — — TempMH ¥, (phys. model)

Comparison:

* Measurement vs. phys.
model

Temperature [°C]

Pressure [bara]

Error:

« Water outlet temp.: <5°C | I | ] | -
» Metal hydride temp.: <9°C j J IR

* Pressure: <7bar ’ : ‘ § T e " " A K

H2Flow [kg/h]
o

SOC [kg]
- N}
<\
| |

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.



Generation of LLNFM

Water outlet temperature 19°ut, 2 local models, n=2

g l l l l l Phys. model
S .
Seo WV == — U —— o
©
g
€
5 40 | | | | | | | | | | |
0.9 1 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9
Time [s] %108
Vessel pressure p, 35 local models, n=2
= | | | | | I I
gl 50 Phys. model | ™|
o T LLNFM
:?_) l |
4 : N SN SN N = e =\ ‘) o
T | | [ |
0.9 1 1.1 1.2 13 1.4 15 1.6 1.7 1.8 1.9
Time [s] %108
Temperature of metal hydride ﬂmh, 3 local models, n=11
©'100 | | | I | : :
E‘ Phys. model
2 R —_ A A — - | T LLNFM
‘ | (LTI — : NS
Q.
g | | | | | | | | | | |
= 0.9 1 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9
Time [s] x10°
State of charge SOC, 3 local models, n=2
2F | | | | ] E—
o) Phys. model
X
= rMN N SNAT YN g NN T e LLNFM
8 1 —
%) W
0 | | | | | | | | | | |
1 1.1 1.2 13 1.4 15 16 1.7 1.8 1.9
x108

0.9
Time [s]
« ) GKN HYDROGEN
A Langley Holdings Company
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Simulation results

o]
o

T 40 T T T T
E 60| 'E' 30 —— Pressure p
o E Limits
> — — — — Predictions
® 40 <€ 20
a 3
E D T(’mPI“ ﬂm..-ul’ E
|9 20 TempOut o, 7 o 10
Tt-mpMH 19_\1”
0 i 1 i i 0 i - I i i
0 5 10 15 20
Time [h]
0.1 . .
2
= = 18
o — ‘ 2
o167
3 O
L L 14
(' o™
0.1 1
s T
121
0.2 : : . 1 . . L :
0 5 10 15 20 0 5 10 15 20

Time [h] Time [h]
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Simulation results

120 T T T T T 40 T T T T T
100 | | P
—_ . — L ——— Pressure p J
E. 801 ,—. f\/ 4 o 30 g Limits
o ! | E ‘:j’ — — —Predictions
= i \ | o 2
® eof M | \ ] @20t
5 ] | | 2
j=3 / \ \ w ;
E 401 f —Templn &, ... ! 1 o -
ik} | = o
= TempQOut 1, 10 7
20+ TempMH o ;5 g -
[ = N I !
0 . . . . . 0 . . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Time [h] Time [h]
02r 2.5 T T T T T
o4t
= —
5 g
=
Q
z 0 o
o
o W
& o
T I
011
0.2 n . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Time [h] Time [h]
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Outlook

Short term
 Validation on the physical model (model deviations)

« Validation on real world system

* Mid term
« Extension for customer applications
« Extension for variable water mass flow

* Long term “>> /“‘:_
» Online application for model adaption b e ||

..........

GKN Hy Dy
HYamEroROGEN a

« >> GKN HYDROGEN GREEN. SAFE. COMPACT.
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Thank you for
your attention!

Daniel Schwingshackl, Advanced Engineering

Daniel.Schwingshackl@gknhdyrogen.com
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Il. A Path Following Model Predictive Controller for Autonomous
Truck Navigation in Off-Road Environments
presenter: Hamid Didari



ﬁ Hamid Didari, Gerald Steinbauer-Wagner ﬁTU
Grazm

SCIENCE
PASSION
TECHNOLOGY

A Path Following Model Predictive Controller for
Autonomous Truck Navigation in Off-Road

Environments
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ﬁ Introduction

« Challenges of Using Human Operators in
Truck Logistics

* Health Impact:

* Increased risk of musculoskeletal disorders from
vibrations and poor seating posture in off-road
environments.[1]

* Regulatory Restrictions:

* Limited to a maximum of 9 hours of driving per
day.

* Mandatory break of at least 45 minutes after every
4.5 hours of driving.

[1] Influence of particle damping on ride comfort of mining dump truck. In 2020.

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ Introduction

« Benefits of Autonomous Trucks in Logistics

» Continuous Operation

* Cost Reduction

« Safety Improvements

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ AlS Navigation Stack][2]

 Global Planner

« Utilizes earth observation data to plan a path
toward the goal.

[2] An event-based approach to autonomous navigation. In 2023

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist

Path Evaluator

Controller
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ﬁ AlS Navigation Stack[2]

 Global Planner

* Local Planner

Path Evaluator

 Considers obstacles detected through
perception and plans a path that follows the
route provided by the Global Planner.

[2] An event-based approach to autonomous navigation. In 2023

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist

Controller
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ﬁ AlS Navigation Stack[2]

 Global Planner

" . . - . :

Path Evaluator Controller

* Local Planner

o Controller

* Generate the control command to follow
the local Path

 Path Evaluator:

« checks if the current local path is safe.

[2] An event-based approach to autonomous navigation. In 2023

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ Controller

o Standard controller for AD from DARPA
Grand Challenge|3]

« Computes the cross-track error and heading error.
« Combines cross-track and heading errors to generate a
steering command.

* Limitations

« Control gains must tuned manually.
 Ignores future trajectory points.

* Does not handle constraints such as acceleration
limitations.

[3] Autonomous automobile trajectory tracking for off-road driving:
Controller design, experimental validation and racing. In 2007

Institute of Software Technology — Working group: Autonomous Intelligent Systems 7
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

» Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body)

ICR

© Rheinmetall

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

» Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body)

ICR

ICR \@

(>, y)

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

» Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body) g

46

» Bicycle Model Position Update Equations:

»
Ors1 = O + AS At ICR \

X1 = Xi + v cos(@y + 6p) At 6
Yi+1 = Ve + Vgsin(eg + 6x)At

Uk
Pr+1 = P+ A tan(dy)At

(x,¥)
Vik+1 = Vg + akAt

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 10
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

» Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body)

» Bicycle Model Position Update Equations

* Error Definition

6, £ argming (x —xP4"(6,),y — yP*"(6,))
C

ef 2 sinpgg,) (x —xP"(8,)) = costhga,) (v —y7*"(65))

Oq ~ 6, + VAt (xPAR(8,), yP (0,

. Yo,

Institute of Software Technology — Working group: Autonomous Intelligent Systems 11
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

» Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body)

» Bicycle Model Position Update Equations

* Error Definition

Hp =~ 9pt_1

el 2£0,-6,~—cos) (x — xpath(ea)) —sing,) (y — ypath(ea))

e€ ~ Sinlp(ga) (X — xpath(ga)) — COS l/)(ga) (y —ypath(ea)) (xpath(e ) ypath(g )) e’ cq
p): p

(PR (), yPH" (64))

+ vAt

Y(o,)

Institute of Software Technology — Working group: Autonomous Intelligent Systems 12
www.tugraz.at/institutes/ist
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ﬁ Controller

* Model predictive control (MPC)
* Model

Truck can be modeled as a bicycle (Inertial symmetry, Rigid
body)

» Bicycle Model Position Update Equations

* Objective for MPC Cost Function:

vl feNT fq. 0 0\ [é N fr O\ (a
minz el 0 ¢ O et ] + ( k’) ( N ) ( k)
= | \ev 0 0 ¢/ \é& o) N0 73] \0%

- - el
a< ap<a, §< 8,<38,A5< AS,< AS (xPeth(6,), yP (0,0 €/

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist

(PR (), yPH" (64))

Y(o,)
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ﬁ Controller

* Model predictive control (MPC)
* Model
* Velocity Adaptation

)
6avg — Zl kl/N

_ Smax — Savg

Vscale = S max

VRef = (1 — Vscate) * VRef

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 14
www.tugraz.at/institutes/ist
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Simulation Environments

The simulation is done in Model.Connect.

« CARLA _
* Simulates the off-road environments. e Ros-Clock 'EW
« AVL VSM™
« Simulates the truck's physics.

ngt&:ﬂ. front_streeing

i
[ J ROS Driver Comm and| Wheel FeedBack
i

* Runs the navigation stacks.

CARLA
s

CARLA Veciorg f sy
v 4

Raycast_Vector

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 15
www.tugraz.at/institutes/ist
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ﬁ Controller Results

© Time

Pause | Synchronization: | Off - | ROS Time: 1722931303.84 ROS Elapsed: 2058.95
P
“19-m/s — 1.6X

S Time:

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 16
www.tugraz.at/institutes/ist
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Controller Results
Path
— REF
— MPC_10m/s
300 1 — MPC_20m/s
— ST_10ms
200 7
Zé 100 4
ol
—100
—4'00 —2'00 6 260 460
X Position
Institute of Software Technology — Working group: Autonomous Intelligent Systems 17

www.tugraz.at/institutes/ist
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Controller Results

Path

300 - \o—

[

200

100 ~

sition

MPC_10m/s
MPC_20m/s

\5
[11]
9q

T T T
0 200 400
X Position

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 18
www.tugraz.at/institutes/ist
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ﬁ Controller Results

— MPC_10mfs
— MPC_20m/s
— sT_10ms

Stanley MPC(20m/s) | MPC(10m/s)
Max €cte 412 m 2.7m 1.04m .
RMS €c¢e 1.12m 0.72m 0.3m

T T T T T T T T
o 100 200 300 400 500 600 700

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 19
www.tugraz.at/institutes/ist
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Controller Results — Delay
MPC
— MPC
300 7 —— MPC_delay_1s
—— MPC_delay 2s
—— PRef
2007
é 100
ol
—100 1
400 200 0 200 400
X Position
Institute of Software Technology — Working group: Autonomous Intelligent Systems 20

www.tugraz.at/institutes/ist
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Controller Results — Delay

MPC

300 7

2007

on

— MPC
—— MPC_delay_1s
—— MPC_delay 2s
—— PRef

T T T
0 200 400

vvvvvvvvv

X Position

Institute of Software Technology — Working group: Autonomous Intelligent Systems

www.tugraz.at/institutes/ist
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ﬁ Controller Results — Delay

- CTE [m]

‘v'v“u‘v‘v“vmmv*“';0”

Distance[m]

Institute of Software Technology — Working group: Autonomous Intelligent Systems
www.tugraz.at/institutes/ist
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ﬁ Obstacle Avoidance

© Time L

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 23
www.tugraz.at/institutes/ist
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ﬁ Future Works

» Utilize a more accurate model for the truck that considers tire friction.

* Apply Model Predictive Path Integral (MPPI) for the local planner to account for truck
dynamics.

* Include obstacles in MPC optimization to ensure they are avoided in the lower-level
controller.

This work has been funded by the Austrian defense research program FORTE of the Federal Ministry of Finance (BMF), as
part of the SIMPAS project.

Institute of Software Technology — Working group: Autonomous Intelligent Systems

S : 24
www.tugraz.at/institutes/ist



lll. Innovative control to suppress sloshing in fast transport of liquids
presenter: Stefan Jakubek
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Sloshing occurs when transporting liquids quickly

o |

* Sloshing is a complex phenomenon in fluid

mechanics

Sloshing can be problematic in applications, such
the handling of liquid cargo or industrial
production involving liquids:

- Chemical Industry

- Food Industry

- Biotechnology

- Pharmaceutical Industry

Understanding and controlling sloshing is crucial
for ensuring the safety and efficiency of liquid-
carrying systems, as uncontrolled sloshing can
lead to instability.



Sloshing occurs when transporting liquids quickly

B&R N ACOPOS 6D by B&R Industrial Automation GmbH

the ABB Group



Sloshing sensitivity of liquid containers is high

Even small movements of a liquid container cause significant sloshing!
Liquid sloshing modes generally have very little damping!




Modeling liquid sloshing dynamics: Fluid field equations

Assumptions: irrotational, incompressible fluid Velocity potential function
. . . . e q=—-Vo —>| Laplace’s equation
with negligible viscous dissipation V2P — 0
Continuity equation / _
V.g=20
- A
}.L, Euler equation: Vv P — + 1q + g7 — 0P =0
I p 2 ot
fr n(R.6,1) Boundary conditions:
' - at cylinder walls and bottom: (9_@ =) a_q) —0
or|,_p ¢ C=—h
! h - linearized free surface: o _ _@ \
ot O ()
. b 0
a1 gn =
| Y . : . :
Natural frequencies of the i-th asymmetric sloshing mode:
: h )
wfz gf?htdnl] (51?‘}?) with &;; = 1.841, 5.335, 8.535, ...



Eigenmodes of liquid sloshing dynamics

Animation of different Excitation of the 2nd sloshing mode
sloshing modes

p—4—a-¢-

3
o 1= 3-:
5

n




Control-oriented modeling of sloshing: Forced container oscillation

Forced harmonic oscillations of container:

u |
The hydrodynamic pressure at any point due to liquid
sloshing is determined from SSEESiZ.
_ @ Sreages us :
pP=p at e s
= pX092 cos 6 cos Q- - H
oy i 2R J1(&nr/R) cosh[é,, (2 + h)/R]
el (512,“ — 1)(&)%” — Q2) Jl (fln) COSh(glnh/R) XO sin ()t
The overall lateral force on the container wall then becomes
27 0 o0 2
1 2R
F, = / / pcosO RdOdz = mrXo0?sin Ot |1+ tanh(&1,h/R)
0 z=—h / ; glnh’(&%n o 1) (w%n o 92)

Ibrahim, R. A. Liquid Sloshing Dynamics,(Theory and Applications). Cambridge University
Press, 2005.



Control-oriented modeling of sloshing : Forced pendulum oscillations

Pendulum with harmonic excitation of pivot:

;

L 4oLy oL _ oS,
| o > I dt \ 0g; O 0q; ‘

hil2

0o Q2
Fx = XoQ2 sin Q¢ {mo + Zmn [m + 1] }
n=1 n

hi2

2 o N 02
M~ MY s+ 50 ()

Ibrahim, R. A. Liquid Sloshing Dynamics, Theory and Applications.
Cambridge University Press, 2005.



Control-oriented modeling of sloshing : Equivalent pendulum model

* Some part of the liquid acts as if it was a rigid body (m,, 1;).

* The rest undergoes complex liquid motion, which can be

Ve :
R expressed by several eigenmodes,
R each represented via 2"-order dynamics
Ve - interpretation as mathematical pendulums!
I O S n(R,0,1)

* First and second mode are sufficient to describe the

' $ dominant motion well!
Lo .

h * Pendulum parameters (m;, |;, L;) are obtained from:
: 1. eigenfrequencies
¥ OBNC N N | 2. total mass and total inertia
L\ Y 3. center of gravity
\  my, Iy 4. reproduce total reaction forces and torques

between liquid and container walls

™ o m



An old but effective idea: The Moroccan waiter’s tray

Support the container by a freely moving tray
(pendulum-like motion):

control input

When only the pivot is moved, then sloshing is greatly inhibited!




Solution: Let’s suspend the container on a virtual pendulum!

Control input = acceleration of pivot: u© = Xy

State vector: x=|v (u1 o X0 U o )’co]T

AN

liquid sloshing modal coordinates
Effects:

1. The resulting dynamic system is differentially flat,
the flat output coordinate is found as:

Yr = To + o) + ary + aothy

2. Selecting the virtual pendulum length L; appropriately
makes the 1%t sloshing mode uncontrollable by X,
i.e. the first sloshing mode is eliminated!




Virtual tray length L is adjusted to suppress 15t sloshing mode

Equations of motion:
& = A(L1) @ + b((La])#0(1)
Key idea:

1. Modal analysis to identify dominant sloshing mode:
Find mode with largest magnitude in Y4
- eigenvalue A,(Ly), left eigenvector zI (L1)

2. Adjust virtual pendulum (tray) length L; to violate Hautus
controllability criterion for this mode:

Lqf: z5(Ly) b(Ly) = 0

- This mode is now uncontrollable by u = X,




Virtual tray length L is adjusted to suppress 15t sloshing mode

1st sloshing mode
is controllable:

z5(L1) b(Lt) # 0

1st sloshing mode
is uncontrollable:

Zg(LT) b(LT) = O

| - Analogous to a
silent/muted bell

© Baugesellschaft fir elektr. Anlagen Emst & F. Wiebel (Ed.)

Virtual tray

e 1st sloshing mode

2nd sloshing mode

™ s m



Virtual tray pendulum approach: Experimental validation

Model of Elimination of Rest-to-rest

: Virtual tra : Flat output .
sloshing : Y 1st sloshing p trajectory
suspension formulation :
modes mode planning




Analysis of dynamic liquid pressure distribution during transit

FE
Water pressure
in Pa

Flatness-based feedforward

Experimental :




What if... the container shape is more complex?

* Wave motion decisivly depends on container geometry

* Sloshing motion can easily become unstable
in shallow liquid containers

* Owing to their boundary conditions, complex container
geometries do generally not have analytic sloshing models

e Control oriented pendulum models can be created
from high-fidelity finite element (FE) models through
matching in the frequency domain

© Adobe




Complex FE sloshing dynamics is used to calibrate pendulum model




Complex FE sloshing dynamics is used to calibrate pendulum model

Reaction forces and moments during harmonic
sway/pitch motion of container are extracted from
FE-model, e.g.

o ( 40 Pendulum model parameters are fitted to achieve
z p-i€z- n) equivalent force/moment frequency responses:
02
4 H i .
.72.,',;! 4 ‘.'-;:-‘._('\I-“L: R ;"’ 4 .';:-.:' ;/ ; ;/
w& RN %‘% PN z z L
R X 4 q o N ”_‘E—’ :
Ry P % 5%
’h’ > — ABC
<17 220 :
h# qc) T : — Aonly
h’ _ g -- Bonly
%&l; 0 : : : —— Conly
Efé?‘"’ - 24, B C e data points
* T | * T T | *
B 0 2 4 6 8 10 12
- - 2
Y Nondimensional frequency w*R/g
g

— 0.0e+00 m




Complex FE sloshing dynamics is used to calibrate pendulum model

60 T uil T T T

40

/7£R2X0

20

g, g p————

analytical (zero damping) O experimental (X,/R = 0.1666) O experimental (X/R = 0.0048)|

Dependence of liquid sloshing on lateral excitation
frequency in a circular tank for h/R.2.0.

in Abramson, H. et al. "Representation of fuel sloshing in
cylindrical tanks by an equivalent mechanical model.”
ARS Journal 31, no. 12 (1961): 1697-1705.

Frec

Pendulum model parameters are fitted to achieve
equivalent force/moment frequency responses:

4 :/
5 4 :
— A,B,C
0 — Aonly
---- Bonly
—— Conly
24 B : e data points
T | T T | *
0 2 4 6 8 10 12

Nondimensional frequency w?R/g




The resulting virtual tray pendulum motion

WIEN 22 m




Analysis of dynamic liquid pressure distribution during transit




Example of high sloshing sensitivity: The Martini cocktail glass

A small disturbance of the robot trajectory causes massive spilling:

WIEN 24 m




What if... the container cannot be pitched?

* Container motion is restricted to translation, i.e. =0

\ \ll * Therefore, the first sloshing mode cannot be fully eliminated
" anymore during container motion.

/ /w' But:

* Flat output can still be found: ¥f = To + @191 + @21

* Rest-to-rest trajectories now show excitation
i of first sloshing mode during transit,
but all sloshing is stopped

/ when the container has reached its final position
Lo
™ s m



Rest-to-rest maneuver without pitching the glass: 1D case




The concept can be easily extended to two-dimensional motion




An industrial application: The ACOPQOS 6D system

e A product of B&R Industrial Automation GmbH
* Magnetic levitation transport system

* Mainly planar movements

. m
* Maximum speed Vg = 1?

. . m
* Maximum acceleration: a5, = 10;

§
B&R A member of

- the ABB Group

™ s UM



Spatial expansion: Flatness-based feedforward control without pitching

Two flat outputs:
Y1 = Ts + l19n Yf2 = Ys T (104

— Decoupled and physically interpretable:
linearized tip position of the liquid pendulum

Container motion can also subjected to constraints:

Examples:

9 )
|5’33 -+ ys| < Qmaz = Maximum shuttle acceleration

|¢1| < wl,maac

‘91| S el,maa:

- Maximum sloshing excitation during transit




High dynamic sloshing control: The “swifty eight”

0.48

0.72




The “swifty eight”: Comparison with uncontrolled case




1999 European Control Conference (ECC)
31 August - 3 September 1999, Karlsruhe, Germany

MOTION PLANNING AND NONLINEAR
SIMULATIONS FOR A TANK CONTAINING A FLUID

Francois Dubois Nicolas Petit, Pierre Rouchon

Parameterization of the motion Every quantity of
0 the system writes in terms of V and V. Thus V is a “flat

output” — see [5] and [9] for details. At first order:
0=z [V(t + é) . %)] (13)
h(l,2) — — — — o) % { D(t) )+ V(t — x_—CD(t))] (14)
by~ - ’ b+t ht,z) =T+ \if (wt )

™ 2 m



Thank you for your Attention!

Rothenbuchner, Lukas, Christoph Neudorfer, Markus Fallmann, Florian Toth,
Alexander Schirrer, Christoph Hametner, and Stefan Jakubek.

"Efficient feedforward sloshing suppression strateqy for liquid transport.”
Journal of Sound and Vibration (2024): 118542.

Toth, Florian, Andreas Scharner, Alexander Schirrer, Christoph Hametner,
and Stefan Jakubek.

"Rapid sloshing-free transport of liquids in arbitrarily shaped containers."
Acta Mechanica, in press.
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IV. Modelling, Control and Monitoring of a Renewable Flow Battery
presenter: Thomas Reiter-Nigitz
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Why renewable flow batteries? @

=  Flow batteries have large storage capacity and can balance the electric grid regarding
fluctuating renewable energy sources and fluctuating energy sinks

+71 - &

b

p
l
p

= But flow batteries typically use materials that are not renewable and not local

» Ongoing research to develop renewable flow batteries

2



Alm @

=  BPTI from TU Graz found electrolyte that can be synthesized from plant-based resources
(o)
b * ™ 2e, 200 ] -
— _— /)
o” +2\e\,{zw
OH

= Further research for electrolyte at demonstration level requires a control and monitoring strategy

» Aim: Develop control and monitoring strategy
for research demonstrator of renewable flow battery



Research demonstrator 1/2

Output 5kW
1 V )
Storage .
CapaCity ZOkWh I A | Potentiostat .
\ 0 95 o
I Battery ®
% stack 5
i i
Positive Negative
electrolyte electrolyte




Research demonstrator 2/2

"_—A — % [

Potentiostat

804

®

g Redox probe

Positive
electrolyte

Redox probe

Negative
electrolyte

®

Electrode felt

I charge

Carbon
Membrane

7

V. v

Ncells

Ncells

Ustack

Ncells




Control and monitoring tasks 1/2

Vv
———— A ‘®——«
' Potentiostat
® 1@ ®
I Battery ©
2 stack Q
o o
s a
¢ >
S ;
i i
Positive Negative
electrolyte electrolyte

W

@ @

Ustack

v, Ol e
. Electro-
V- chemistry @
Icharge
J
|
Plant



Control and monitoring tasks 2/2

=  Potentiostat controls the
electric circuit

»  Simplification compared
to grid operation

= Control task:
Develop hydraulic control

= Monitoring task:
Develop state-of-charge
(SOC) estimator

| [

W)
®©

V., P+ p-
upump+
.. Hydraulic
control
Upump—
SOC V.
/4

SOC Icharge
estimator E
+

E_

Ustack

O O,
Electro-
V- chemistry @

Icharge

Ustack




Main content

=  Hydraulic control

©)

©)

©)

Hydraulic model
Control design
Validation of hydraulic control

=  SOC estimator

©)

o O O O

SOC definition
Concentration model
Electrochemistry model
SOC observer

Validation of SOC estimator



Hydraulic model:

Overview for one hydraulic side

hstack,out

Pn2

[ X

htank,in

htank

O ©@
3
_pgAhreturn +
Apreturn (V)
hstack,in
AN
</

hpump
Pn2 T Pg (htank_hpump) °_®_

» Next: Model pressure rise by pump and
pressure drop over pipes and stack

4
® =
C§9 ®' L5 \\5:2)
........ Hydraulic ™
®
-d
v
pgAhstack +
Apstack (V)
! p
Pn2
pgAhfeed.'l'
Apfeed (V)

—



Hydraulic model: @

Pressure rise by pump

= Model based on affinity law: =

Appump (Un, V) = aud + pu,V + yV2 0.6 {’—"\u\‘\’\
N

=  with non-linear correction,

o
o

most likely necessary due to = o e
pure feedforward pump controller g 04r * Uoump™Ymax
5 g upump_Umax
— = 03F =8V
Un = Upump SN f_r\r\_.\_. upump-av
<] Ypump™
8 = 0.9 0.2 P upump=6V
upump=6v
011 upump=4V
upump=4v
0 1 1 1 1 J
0 500 100(.) 1500 2000 2500

V in -2

min

10



Hydraulic model: @)

Pressure drop over pipes and stack

=  Model pipes with turbulent flow = Model stack with combination of
laminar and turbulent flow
o\ - o\ . -
Appipe (V) - unadV Apstack(V) - RlinV + unadV
0.3 0.2
% pos. electrolyte measured 0.18 % pos. electrolyte measured
0.25 | pos. electrolyte model ) pos. electrolyte model
% neg. electrolyte measured 0.16 % neg. electrolyte measured
_electrol del neg. electrolyte model
.02 neg. electrolyte mode —-—
8 &
= o5 E 0.12
3 g o1
~<5 0.1 <]g' 0.08 |
S Lite 0.06
0.04 |
0 -
0.02 |
_0.05 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1
11 0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800

V in ml / min V in mi

min



Hydraulic model:
Quasi-stationary case

= Sum of the pressure differences along
the hydraulic circuit

pg (htank - htank,in) + au% + ﬂunV - Rstack,linV + ()’ - Rfeed - Rstack,quad - Rreturn) VZ=0

Rges,quad

=  Solve equation for quasi-stationary volume flow

2
Vs(un) — .Bun - Rstack,lin + \/(ﬁun - Rstack,lin) +

2Rges,quad 2Rges,quad

au, — pg(htank - htank,in)
Rges,quad

— 0
Up = Upump

» Hydraulic model describes quasi-stationary case
sufficiently well

12

V in ml/min
=
8

Putack.in 111 bar

Patack out in bar

O

anolyte side quasi-stationary

x

measurements
model

”p ump in V

upump in 'V

10
Ui AV



Hydraulic model:
Dynamic case

>

13

Dynamics are approximated by second order
delay P27

: . av
Ve(up (t — tgead)) =V + 2TD—-+T*—7

Hydraulic model
describes dynamic case sufficiently well and
can be used for control design

timeins

— e
( |
| l
|
’ |
,7_,, RPN O - Yo v
Il
A -y
‘ quasi stationary value ' .
I measurements
Esa simulation g
400 450 500 550 600 650 700 750 800 850 900



Hydraulic model:
Summary of overall model

= Influence of the pump speed on the volume flow

£ )

@ @

au, —pg (htank - htank,in)

2
) U, — R - u, — R -
Vs (un) _ :B n stack,lin + \/ (:B n stack,hn) +

2Rges,quad 2Rges,quad
. | dv) v
Ve(uy (t = tgead)) =V + 2TD— =+ T~

= Influence of the volume flow on the pressure

R ges,quad

Pstack,in 7/~ PNz + 08 (htank - hstack,in) =+ Appump ( V) - Rfeed V2

14



Control design: @

Goals

V. P+ P- ® -
Upump + p—— @ @
—| - Hydraulic Hydraulic 7.
control e
Uy @
=  Reference tracking = Reducing pressure difference
of a desired volume flow across the membrane
o Ensure enough reactants in the stack o Avoid mechanical stress
o Avoid unnecessary power consumption o Avoid inverse osmosis

at the pumps
15 » Develop flow control » Develop pressure control



CO N t o I d es | g n. U, (V) = _i—z + \/ <§—Z> - %(PQ (Pank — Peankin) — RstackinV — Raes quaaV?)
Structure (V) = [u )P

Consider process dynamics
in set point for Pl-controller

P S @
Flow ®
control Fllter
ref - uff(Vref) ..............................
Pressure 0 o P »é »@ o 1
control )

16



Validation of hydraulic control

17

Setpoint for volume flows
changes stepwise

Flow control ensures good
reference tracking

Pressure control keeps
pressure differences small

O

1500 T T T T T
N f\
- '
. -
—
=
ey
— —
= 1000 -
=
A .
} \ reference
i : measurement
500 ! ! ] 1 1
1400 1500 1600 1700 1800 1900 2000
tins
05
pos. electrolyte inlet
17, O e e _.. |7 pos. electrolyteoutlet | o
‘ \ 1 ) \
; neg. electrolyte inlet
. 03k TS neg. electrolyte outlet
5 0
=
2,
-0 1 ] ] ] ] 1 J
1400 1500 1600 1700 1800 1900 2000



Main content

18

SOC estimator

o O O O

SOC definition
Concentration model
Electrochemistry model
SOC observer

Validation of SOC estimator

®



SOC definition: General description @

SOC = charge currently stored @
v " maximal storable charge Q4
. Potengﬁosta, ' = The SOC is NOT directly measurable
I
charge v
SOC, SOC
@ —
SRR : =  The SOC changes due to
—* ® ® >* the electric current I¢pqrge
I Battery
\ %i stack g = Positive and negative electrolyte hold
3 g individual SOCs
i x > The lower SOC limits the total
%@7 storage capacity, i.e.
SOC = min(SOC,,SOC_)
Positive Negative
electrolyte electrolyte

19



SOC definition: Detailed description @

I Ustack
charge — R—
loss SOC )
SOC,.|—
MH + - SOC_}—
QS > MQS+zH™ + ze SOC  Q, |—
+
— c. L
AQDS + zH™ + ze™ —> ' def|n|t|an Q- ::
max,+
Qmax,— —>
I _ Ustack
charge Rloss
=  SOC definition for both sides based on the concentrations of the species
50C, — CMQS)cell Vstack + CMQS tank Viank zF Q4
(eMQs,cell T CMHQS cell) Vstack T (€MQS tank + CMHQS tank ) Viank  2F Qrnax s
B CAHQDS)cell Vstack T CAHQDS tank Vtank zF Q_
SOC_ =

(CAHQDS cell + €AQDS cell) Vstack + (CAHQDS tank + CAQDS tank ) Viank  2F Qo —

20 » Next: Model concentration of species in stack and both tanks




Concentration model: Single species in one cell @))

I _ Ustack

charge Rloss
Vi/ Neets —> MQS+zH" +ze~
V_/ Nceus AQDS + zH* + ze~ » AHQDS wis

Ustack

I charge —
ge R
loss

Change of concentration

Change of concentration 0 15 electric current

Volume of one electrolyte

- d volume flow
in one cell ue to volume Tio { A |
U
{ . \ Ich _ stack)
Vstack\dCMHQS)stack Vi ( charge™ R,
= C — —
U § —
chHQSstack V+ (Icharge— ;;;ik)lvcells Vstack
) = C _ C _
21 dt Vstack ( MHQS,tank MHQS,stack) ZFV stack



—1V+ Concentration
- _ — model CO)
Concentration model: (. = &
. .
All species in stack and both tanks 1Y
Linear system, if volume flows are constant Electric current only acts on
[ L - concentrations in the stack
AT 0 0 L. 0 0 0
Vstack ‘ Vstack ‘
0o —= 0 0 0 L 0 0o | ]
c i Vstack Vstack CMHQS, stack
MHQS,stack 0 0 -V 0 0 0 v 0 CMQS stack
CMQS’StaCk Vstack Vstack C ’
CAQDS stack 0 0 0 v 0 0 0 v AQDS,stack
a CAHQDS stack | _ Vstack Vstack CAHQDS stack —cers (I — UStack)
dt| CmHQStank | | Vs 0 0 0 -V, 0 0 0 CMHQS,tank ZFVstack 0 charge Rioss
CMQS,tank Vtank . Vtank ‘ CMQS,tank O
CAQDS, tank 0 Vi 0 0 0 Vi 0 0 CaQDs,tank 0
| CAHQDS,tank | Viank ‘ Veank . CAHODS tank 0
o o = o o o = o |-AHeDStank e
Viank ‘ Viank .
0 0 0 = 0 0 0o =
Viank Viank -

. With Vsiack = Vritiing — Veank



Electrochemistry model: @

Overview

: Voltage model is quite complex.
_— V+ Concentration SOC,.— / - No further details here.
— I model . _ SOC
g Icharge ' ' definition
g Ustack SOC_—
Ustack Ustack
o> Ci @ — > — V+ @ s S
Voltage . Electro-
— —
model 2 chemistry ®E
> Icharge — Icharge —>
Nernst-Equation P
E. =E, 4 By £Mes.tank l Redox
" T2F cmmostan 4w potential E) >
o RT CAQDS,tank model
EF_=E,_ . +—In—————
0 +ZF nCAHQDS,tank @ >
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Electrochemistry model:

Validation

24

Volume flows are kept constant

Electric current alternates between
charging and discharging

Redox potentials and stack voltage can
be described by the electrochemistry
model

The developed models can be used

for SOC estimation via SOC observer

Model error at high SOCs

Icharge

o>
+

R

Ustack
N cell

charge current in A

o
(2]

inVv

cell voltage

dox potentials in V

(=]
v N
1

o
T

o
i
T

o o o
- ) t
T

o

05

o

v, Ol ummnd C’j
Electro-

V- chemistry © [ \O)

Icharge —

w
%

1 1 1 1 J
4 6 8 10 12 14
time in h

— /Jﬂxmp ,\/\/\\\/A—

E, simulation

E, measurements
E_simultion

E_measurements

—— —-’___—,/l\x_‘\—_l e _-_’1/\*— /'/1\ |
0 2 4 6 8 10 12 14
time in h
| /{ /h /
oo =2 ___f"f S —
/ oy P / B \‘_\\ J J
\' \\‘ \ measured
simulation
| 1 1 1 1 1 J
2 4 6 8 10 12 14

time in h



SOC observer: Components

1.

25

Use concentration differences between stack and tank, e.g.: Acygs = Cumgs,stack — CMQs,tank

dAcpos X 1 1 N U
Qs _ . ( + )ACMQS 4 cells (Icharge _ stack)
dat Vstack  Vtank ZFVstack Rioss
Asymptotically stable error dynamics
- Use as Trivial observer for all species
Measurement transformation using Nernst-Equation
C (o z
y, = MQS,tank __ — e RT(EJr Eo+) and _ _©AQDS tank — e RT(E_ Ey-)
CMHQS tank CAHQDS tank

State transformation

CMQS,tank 7] B
CMHQS tank

Ac Z,(1+ z
1 Vtank MQS 2( 1)
CMQS,tankTCMHQS tank dz 0
CAHQDS tank A 1 +
CAQDS tank C Z ( YA )
1“1" Vta K AHQDS 44 3

L CAQDS,tanktCAHQDS, tank ] L 0 .

Y+ = 21,Y- = Z3

Non-linear observer is quite complex = For detailed description see publication

Thomas Puleston, Andreu Cecilia, Ramon Costa-Castell’'o, and Maria Serra. Nonlinear
observer for online concentration estimation in vanadium flow batteries based on half-cell
voltage measurements. Computers & Chemical Engineering, 185:108664, 2024.

Vs

e

Trivial
V_ oy
observer ag,
Icharge
Ustack
— E, V4
Measurement
transformation
— E_ y_

Inverse state
transformation

> Z cltank
-Vt _
Non-linear
Y- observer 4
— AC;




SOC observer:

Structure and combination with SOC definition

SOC observer estimates concentrations
of all species in stack and both tanks

®

E, v+ v, Inverse state
Measurement Non-linear transformation SOC
transformation observer Z|—*Z Citank SOC,
~ SOC_
E- y—¥- A soc  q,
Ci  definition Q_
Vi Trivial ~ Qmax,+
. ACi Q
V. observer ag, max,—
Icharge
Ustack
|
SOC observer
26 !

SOC estimator



Validation of SOC estimator

Comparison
o of charge Q from SOC estimator <

o with charge Q from coulomb

counting -
t

charge

Q) = Ncellsf Icharge (7) dt 1,
0
o Measurement data is chosen such
that Q(0) = 0 is a valid initial 6

condition for the coulomb counting.

Electric current alternates between
charging and discharging

SOC estimator provides information

time in h

——Q, from SOC observer

Q_from SOC observer

Q from coulomb counting

about both electrolytes

- Initial mismatch until

SOC observer converges

time in h

Effect of model error at high SOCs



Conclusion and outlook

= Conclusion

@)

Hydraulic control tracks
setpoint of volume flow and
keeps pressure difference at
membrane around zero

SOC estimator provides
information about both
electrolytes

=  Qutlook

28

@)

Transfer hydraulic control to
demonstrator with different
hydraulic configurations at
next scale

Use information from SOC
estimator to provide optimal
setpoint for hydraulic control

| [
V., P+ Dp- @ 1
Upump + > @ @
p- Hydraulic o f Hydraulic 7
control e
Uy @
. ; Ustack
SOC V. v, V1
SOC, a 7 Electro- @
SOC_ ~— chemistry

SOC Icharge
Q. :

estimator E
Q— +

Qmax,+

E_

Qmax,— Ustack

Icharge




V. Observer design for nonlinear heat and mass transfer systems
presenter: Alexander Schaum
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I_

/} LED Heater

(stationary)

MikeRun, wikipedia \/

n Zones

» Process :j—v
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2 nournary  Process modeling

Mass and energy balances

According to the first law of thermodynamics it holds that
dU =dQ +dw with U= [ pudV

Furthermore, it holds that  du = ¢, (T)dT

In consequence one has that dU = fV p ¢, (T)dTdV
and thus

v j v
ar ) PV
|74

FordQ = f, dgndAandthus <%= [, gndA= [, divg dv

aw

Finally, the dissipated power is given by i fv ¢ dv,

leading to

or
j{pcp(T)E—dlvq —gb} dV =0

%4

» Process U—'
—_Analytics

Fourier's law of heat flow states that
q=—A(T)gradT

In summary, one obtains the heat equation
orT
pc,(T) 3 div [A(T)grad T] — ¢ =0

plus boundary conditions..
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Case example: heat conduction in a rod of radius R: lf,
Balancing over cross sections yields ‘\

B 27

T(z,t)= / / T(z,r, ¢)drdy Adding suitable boundary conditions one obtains

0
om oT 0 ( 9T\  -,.=
8T il il L
pcp 875 / / (2,7, p)drde Pr oy = 5, ()\ 82) +o(T) + Z;bz“z
oT _
= A— = —Te
8z(8)+¢() 0z |2=0,1 o )

Including local control inputs with shape functions, e.g. and measurements

L
bi—{;e’ zelC—eCe yi(t)zf ci(2)T(z,t), i=1,...,m
0

0, else
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Classically, observer design is addressed using a simulator-corrector structure, following the
Luenberger observer design

or o (. oT
pcpat_az(Aaz) +zbuz Zl (Cot) — 1y (1)

BT
Ao

= o Zlbg (G5,t) = (1)

The observer gains are designed using, e.g., backstepping [Smyshlyaev, Krstic, Deutscher, Gering, etc.],
spectral decomposition [Curtain, Hagen, Dubljevic, Schaum], or other approaches.

Implementation then uses finite-dimensional approximation using numerical discretization
schemes (e.g., finite differences). This approach is called late lumping.

» Process :j—>
—_Analytics
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Alternatively, so-called early lumping is possible, where first the PDE model is approximated
in finite dimensions leading to

= Agx + Bygu + ¢ y(x)
y=Cx

followed by finite-dimensional observer or (extended) Kalman Filter design.

x = A4k + Bgu + ¢4(&) — L(Z,y,u) (Ci — y)
Potential drawbacks in this approach are
* loss of information in the design step due to lumping
» uncertainty regarding convergence (stability) with the PDE model

» potentially high dimensional lumped system



(g UNIVERSITY OF . e e e . . B
& » nonenuelM  Pointwise injection observer design L, Anr:IC;:s J
= 5

The main idea

Use pointwise measurements as local drivers for the observer by directly imposing the
measured value at the measurement location.

Observer Observation error dynamics
or o (. 0T\ - : -
G S Wl or o oT ~
oT = oT .
A— — T — Te O =
0z lz=0,1 a( ) )\&2201 ol
T(Givt) = wit) O(T:T) = o(T +T) - §(T)
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The main idea

¢ii nonenuriv - Pointwise injection observer design

Use pointwise measurements as local drivers for the observer by directly imposing the

measured value at the measurement location.

Observation error dynamics

T o (AGT)+$(T;T)

Pep ot 0z 0z
oT .
)\5 z=0,1 = ol
HT;T) = (T +T) — ¢(T)

> _Process

— Analytics

or o Aa:i* )
Prat = 8z \ " 0z
HT;T) [

AN
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By construction the domain is splitted into two parts, so that

Tl(zat)a z € [OaC)
T(Z7 t) =10, Z = C
T2(Zat)a z € (Cv L]
where each of the dynamic components satisfies
of, . -
— +o(T)

with approciately defined operators A;, which are assumed

to generate C,- semigroups of contractions S; with growth
bounds w; < 0 so that

1Si(B)]] < e

It follows that

Ty(t) = S:(t)T3(0) + / Si(t — 7)B(TA(7): T(7))dr

» Process

— Analytics

AN

I--..]
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In consequence it holds that

5 t

St (Ti(0)+ 5=
T;(0) + O Si(—7)(T;(7); T(7))dr

3,

Izl |

(|

< Il \

<o (1o + e ST T ar )

Assuming that ¢ is Lipschitz continuous uniformly in T with
Lipschitz constant Lg, i.e.,

|o(T;); T < Lyl L), ¥ t20,T

it follows that

t
IT:(@)] < e (IITz(O)I +/0 e LCBIIT@(T)IdT)

A vy
VO

=i (t)

» Process j"
— Analytics
I

|--..]
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For n; in turn it follows that

M = win; + e e Lo || Tl < (wi + Ly)mi

From Gronwalls lemma one concludes that for w; < —Lg one o o [ ofF
has that in turn it follows that n; — 0 and by definition it thus el r (‘3‘%) R
holds that 0 < ||T;(©)|| < n:(t) - O.
The growth bound w; in turn depends on the sensor location.
Thus, the observer design consists in adequately determining NT;T)  ——
the sensor location ¢ so that the above condition holds true. T

T

In case that Ly is too large, additional sensors can be included
to reduce the associated w;.
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Example: Unstable heat equatoin [2015]

~ With pointwise measurement injection
or  9*T - 8
- = —— 4+ kT T T T
ot 0722 50

7(0,t) = T(1,¢) = 0

with m < k < 4m?. Sensor locationat { = 0.5 (L =1)

Without measurement injection

T T T
O L
'
2+ \“~\
\\\
~q 45 b
1l N
Ay
Bt “
Z N
-8t ‘\
A}
1
10 : : L :
t t t 0 0.2 04 0.6 0.8 1
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Example: Multistable diffusion-convection-reaction system [2015]

I_

dyx(2,t) = 8%z (2,t) — yd,x(2,1) — ax(2,t)(1 — z%(2, 1))
d.x2(0,t) =~x(0,t), d.z(1,t)=0
x(2,0) = zo(2), y(t) ==z((.1).

P : P -057 i : .
L B A Without measurement injection
T - R TIRN ey
B S 0.5 . 0.5
05 = 0.5
0 0 Spacez Time t 0 0 Spacez

Time t

With pointwise measurement
injection

Estimate

— T

05 5
Time t 0 0 Spacez Time t
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Transport reaction systems

Adding the mass component

Case study: Tubular reactor models [2016, 2017]

o= 2 (G2

ot ox ox ox

oc 0 dc oc

o = D RN —v/T
ot Ox (D (93:) e rle)e

yi(t) = T(¢, 1)

With sensor located before the before the temperature hot
spot (ca. 0.3) exponential convergence can be established.

Il &1l

T 1]

» Process j—v

— Analytics
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I_

Adding the mass component

Case study: Tubular reactor models [2016, 2017] For the case of boundary perturbations, if an additional
sensor is put at the corresponding boundary, a perfect
cancelation is ensured (unknown input observer [Schaum 2018]).
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1 T T T 17 T T T
sl || e — e —
2 = B EKFI 04 I:‘.L_...l-".l CEECEEE] EEF
4
TR - o6t £ ,
lecll llecll | 7
L 04t i
0.2 0z :é’v-/‘-.\—,—.m_—;
! [1] 2 4 f— E B i | cl'::' 2 4 [ B i
- i
1.2
— P Pl
L eo— Eeell i ] e EKF
08
ller|| o8 ller||
0.4 F
UE | P g e A BT o g e B B g e R B o g 0 S RS
o —— I— == naSs -
0 2 4 & B o 4 3} B 10
4 i

Lack of convergence in some scenarios due to multi-stability of tubular reactor model
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f'\ Sensor -!:raL!.

n Zones

: Walfer

(| (rotating)

Heat equation in polar coordinates (assuming
angular homogeneity) [2021, 2022]:

- k. 4 i

LED Heater ~ i3 i
I

I

(stationary) ; >

0 5} 0
pep(D 3 = 15 (r k(D 37) + ¢(D) + 37_, by,

oT aT
5-(0,t) =0, —(R,t) = 0,T(r,0) = To(r)

. y;(t) = T(p;,t),p; € (O,R),i=1,..,m




T horenirn  Rapid thermal processing of silicon wafers ﬁﬁ'ﬂ"

T
Kirchhoff transformation: k(T)a—T — @ s ) = / k(T)dr -Ir.;ral'!-
87" (9?“ T.
This leads to the simplified model
06 10 00 k .
. — v— — _ —_ Observation error
at ~ “ror (TGT) Tv(@), a pCy

with the associated transformed measurement

o
y(t) =
yo(t) = / k(T)dT 3
Ty =
For 6 a pointwise measurement injection observer is

designed. Under the assumption that a is constant
exponential convergence can be established [Schaum et al 2021].

0.05

¢ in min 00

If a is not constant this assumption leads to a distributed
disturbance...
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Based on the previous result, for the case of a distributed disturbance w

or o oT
Perar = 3 (k(T)B_a:) + (1) +w

using the Lyapunov functional

V(T = /0 ", ( fT " k(T)dT) b

it can be established that, if the sensor locations are
appropriately chosen, the observation error dynamics
Is input-to-state stable (ISS) w.r.t. the disturbance w

dV —
< (k= DIT| + Alw*)?

implying robust observer convergence [2022].

» Process
—> Analytics

TU

Grazm
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Stefan problem

Under the assumption that parameters only

Toven vary on time (only approximately true...) it
holds that
oT A O (0T
— L(t

x ot pcpaa:((‘?ac)’ z € (0. L(1)
TCTUSt A 8T

L e ——(L(t),t) = aL (Topen(t) — T(L(t), 1))

p
Teore T(Oa t) = Thase (t)
Thase Measurement: y(t) = T((,t)
—— T ]

with ( either fixed or time-varying. ..

21
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Baking proceses

Toven

»
»

Stefan problem

x
Normalization of spatial coordinate: s = —

L
oT N 0T  LoT
= = _ g2 1
ot pc,L? 0s? ‘Tas °F (0.1)
OL 1ty = 2Pl (7, () — T(11))

Os Y
T(0,t) = Thase(t)

Measurement: y(t) = T(o,t)
with o either fixed or time-varying. ..

Process

—_Analytics

AN
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Baking proceses

Toven

Stefan problem

Assumption: L, L are known

or _9°T  LoT
=\ ==

ot 7 0s2? L 0s
oT _
%(1,15) = (Toven(t) o T(l’t))
T(O,t) - Tbase(t)

heat equation with the two unknown
time-varying parameters: A, a.

Problem of joint state and parameter estimation
for a time-varying PDE system

» Process

—_Analytics

AN
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Model approximation through finite differences and
Toven combination with extended Kalman Filter for joint

state and parameter estimation, ignoring changes
in the size implying a distributed disturbance...
X
Tcrust L
rmse < 1° K
Tcore
Tbase 5
oT _ {0°T LoT
—_— _ — 55— —
ot 0s? L 0s

oT

— (1 =al(l —T(1

68( ,t) a( oven(t) ( ,t)) ~
T(O’t) = Tbase(t) ' 24
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0.8
(0]
—
3 0.7
B o Next steps:
(0]
Q
=
o 0.5
-

* inclusion of volumetric changes, ISS analysis
regarding distributed disturbances,

« different sensor localizations (constant versus
time-varying, known versus unknown...)

time
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Conclusions

* Nonlinear heat and mass transfer models (with time-varying domains) are frequently found in
different areas of application

 Different solution strategies can be employed to address such problems, including early and late
lumping strategies

» Crucial design degrees of freedom include the sensor location and choice of observer gain

« Pointwise measurement injection observer design provides a direct means for sensor location
without the need to design an observer gain, and has been successfully employed for different
applications so far.

Outlook

» Extend previous results to include time-varying domains (Stefan problems), spatially varying
parameters, explicit ISS criteria

» Further experimental validations for different applications

26



VI. Observability and High Gain Observer Design for Polynomial
Systems
presenter: Klaus Robenack
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Structure of the Talk

Nonlinear Observability
Polynomials and Varieties
Observability Test

High Gain Observers

Summary
TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems , (A‘
UNIVERSITAT  TUD Dresden University of Technology // Klaus Rdbenack and Daniel Gerbet Slide 2 of 35 S
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Nonlinear Observability




Nonlinear Observability

Nonlinear state space system

f(x) (system dynamics)
h(x) (measured output)

T
Y

(1)

defined on M C R"

Usually, the full state = is not measured (dim(z) > dim(y)), e.g.

e Encoder: measures the angle, but not the angular velocity
e Tachometer: measures the angular velocity, but not the angle

State Observation Problem
Rekonstruct the state x from the measured output y.

s this possible at all? =  observability
How to do that? —>  Observer design

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems ) (A‘
UNIVERSITAT  TUD Dresden University of Technology // Klaus Rébenack and Daniel Gerbet Slide 40f35  DRESDEN

concept
DRESDEN 23" Styrian Workshop on Automatic Control, September 9 -11, 2024, Schloss Retzhof, Austria R



Nonlinear Observability

Definition (Indistinguishably)

Two states z(0), z(0) € M are called indistinguishable on an

interval [0, 7] with T > 0 if

vt € [0,T]: h(z(t)) = h(Z(2)).

Otherwise, the states are called distinguishable.

Distinguishable MgR” , ()

-
————
-

states: L
()
.-" (1)

— h(a()
T h(a(n)

T t

R. Hermann and A. J. Krener. “Nonlinear Controllability and Observability”. In: IEEE
Trans. on Automatic Control 22.5 (1977), pp. 728-740. DOI: 10.1109/TAC.1977.1101601.

Observability and High Gain Observer Design for Polynomial Systems

TECHNISCHE
@ UNIVERSITAT  TUD Dresden University of Technology // Klaus Rdbenack and Daniel Gerbet
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Nonlinear Observability
Lie Derivative and Lie Series

e Lie derivative of a function h along
the vector field f

L¢h x
shiz) = o (x) f(z)
e Higher order Lie derivatives !
[
k+1 _ k 0 _ L h
Ly*th(@) = LpLih(), Lyh@) =h() 3" wme)
\ ‘
\
e Series expansion of y(t) = h(x(t)) " h(a()) Y (=A@ (®))
with z = f(x) yields Lie series !
>
0
o
tF
y(t) = Z wl
NIVERSITAT U5 Sreaian hiers, of Techmoby 1 ous Rovencik ot Ooniceroet "> sice soras  oxeson (™)
DRESDEN 23" Styrian Workshop on Automatic Control, September 9 -11, 2024, Schloss Retzhof, Austria -



Nonlinear Observability

e Observability map: Taylor coefficients of the output trajectory

qr(x) = (h(:c), Lyh(z), L3h(z), ... ,Li_lh(x))T

e Two states x,z € M are indistinguishable if the output trajectories
are identical

q(x) = q(z)
e Set of indistinguishable pairs of states
T = {(z,7) € M*|q(z) = q(7)}

e Set of identical pairs of states

E={(z,z) e M* |z =2} CT

TECHNISCHE =~ Observability and High Gain Observer Design for Polynomial Systems

UNIVERSITAT  TUD Dresden University of Technology // Klaus Rébenack and Daniel Gerbet Slide 70f35  DRESDEN
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Nonlinear Observability

Definition (Local observability at a point xg € M)

System (1) is called locally observable at a point
rg € M, if the observability map is injective in a
neighborhood U,, C M of xg, i.e.,

Ve, 2 € Uy, 1 q(z) =q() = ==

i 2 _ 2
orequivalently ZnU; =&NUZ .

Definition (Local observability)

System (1) is called locally observable if it is locally

observable at all zog € M.

N
E
ZL
Lo
— .
Uz,
N
oy
4
(1

E. D. Sontag. “A concept of local observability”. In: Systems & Control Letters 5 (1984),

pp. 41-47.

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems
UNIVERSITAT  TUD Dresden University of Technology // Klaus Rébenack and Daniel Gerbet
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Nonlinear Observability

Definition (Global observability)
System (1) is called globally observable if T

Ve, EM:q(x)=q(T) = ===

or equivalently Z = €.

Problem / Question

How many Lie derivatives are needed?

B. Tibken. “Observability of nonlinear systems — an algebraic approach”. In: Proc. IEEE
Conf. on Decision and Control (CDC). vol. 5. Nassau, Bahamas, Dec. 2004, pp. 4824-4825.
DOI: 10.1109/CDC.2004.1429553.

Z. Bartosiewicz. “Algebraic criteria of global observability of polynomial systems”. In:
Automatica 69 (2016), pp. 210-213.

TECHNISCHE =~ Observability and High Gain Observer Design for Polynomial Systems “
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Polynomials and Varieties

Definition (ldeals)

A (polynomial) ideal I C Rlz], x = (x1,...,x,) IS a set with
1. 0el,

2. a,bel = a+bel.

3. ael,ceRlz] = acel.

Definition (Real varieties)

A real variety V(1) C R™ is the common real zero set of all polynomials
in I C Rz]:
V(I)={zeR"|p(x)=0Vp e I}

D. A. Cox, J. Little, and D. O’Shea. Ideals, Varieties, and Algorithms. An Introduction to
Computational Algebraic Geometry and Commutative Algebra. 4th. Switzerland: Springer
International Publishing, 2015.

/
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Polynomials and Varieties

Theorem (Hilbert's Basis Theorem)
For every ideal I C R|x| there exists a finite set of polynomials py,...,ps € 1
such that

[ = {a1p1+'°°+a'$p8|a'17"'7a’8 ER[:E]} — <p17°"7p8>

e Different bases can describe the same ideal
e Grobner bases allow the comparison of ideals
e Areduced Grobner basis is unique for a given monomial ordering
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Polynomials and Varieties

e Everyreal variety V C R" can be associated with a real ideal
I(V)={peR[z]|p(x) =0Vx € V}
e Avrealradical of anideal I C R[] is defined by
I={p

e There holds the following relation

EImEZ>O:EIaEZR[x]2:p2m+ael}

e Example

Rlz] DT = (2®(1+2%)), V(I)={0}CR, IL(V())=(x)=VI

T. Becker and V. Weispfenning. Grobner Bases. A Computational Approach to
Commutative Algebra. 2nd. New York: Springer-Verlag, 1998,
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Polynomials and Varieties
Geometric Operations

ideals varieties
real ideal VI=LV) V=V real variety
ideal sum I+J V(I)N'V(J) intersection
ideal intersection InJ V({I)UuV(J) union
saturation ideal I:J™ V(I)\V(J) difference
elimination ideal I NR[z] proj,. V(I) projection
ONIVERSITAT 1110 oraton oottty CEracsiogy /o el e i eamia Systems Side 140135 oresoen j
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Observability Test




Observability Test

sets of zeros = sets of polynomials
(algebraic varieties) (ideals)

indistinguishable states
I = {q(z) —q(T))
T = {(x,7)| q(z) — q(z) = 0} = (h(z) - h(x).
Lih(x) — Lih(Z),...)

identical states

£ ={(z,7)|s—7=0}CZ b= w-a

|
s
—

|
8l
[
8
S

|
8
3

Remark
The unobservable points can be computed comparing the ideals I, E.

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems , (A‘
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Observability Test
Lie derivative of an ideal

Polynomial system

&= f(x)

Definition
Let I = (g1,...,9s) € R[z] be a polynomial ideal. The Lie derivative of the
ideal along a polynomial vector field f is given by

L?‘OI — {alL?lgl + -+ CLSL;“LSQS ng S NO) Jk € Ia Qg S R[ZE]}

Properties
e LI C Rlz]isanideal ie., itahasa finite basis
o L¥lisclosed:ge L] = Lyge€ LFI
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Observability Test
Computation

Computation LI of I = (G) = (g1, ..., 9s):

1. G + GroebnerBasis(G)
2: forg e Gdo
3: r <— remainder of polynomial division of Lyg w.r.t. G

4: if » £ 0 then

5: G+ GU{r}

6 goto 1
Remarks

e Algorithm terminates after a finite number of steps
(ascending chain condition)

e Finally we obtain LI = (G)
e Computed basis G depends on the monomial order

/

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems . \
UNIVERSITAT  TUD Dresden University of Technology // Klaus Rébenack and Daniel Gerbet Slide 18 of 35 DRESDEN

DRESDEN 23" Styrian Workshop on Automatic Control, September 9 -11, 2024, Schloss Retzhof, Austria ~4



Observability Test

e Two instances of the system

) = F(z,z), (x,%)¢€ M?

e Output map describes the difference between the outputs

r=H(z,z)=Nh(z)— h(Z)

e Observability map

H(z,z) h(z) —h
Q(r,x) = L}:H(aﬁ,a_j) B L}ch(x) 7

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems . A‘
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Observability Test

e Indistinguishable pairs of states (x,x) € Z constitute a real variety

q(z) — q(7) = Q(x,7) =0 < (z,z) eV((H,LpH,...))

e Ideal (H,L}.H,L%H,...)is the stabilized ideal LY (H) wrt. the
differential operator Lg

[=(H,LpH L+H,...)=L¥(H)

Indistinguishable pairs of states

The set of indistinguishable pairs of states is the real variety

= V(1) = V(LF (H)).

/
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Observability Test
Global Observability

|dentical pairs of states

The set of identical pairs of states is the real variety

E = V(E) = V(<5131 — TB1l o 0 0 0 g D, — .Q_Z'n>)

Theorem (Global Observability)
The system is globally observable if and only if

T=€ < VI=VE < ¥}L®H) = (x; —F1,...,T, — Tp).

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems
UNIVERSITAT  TUD Dresden University of Technology // Klaus Rébenack and Daniel Gerbet
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Observability Test

Example: Van der Pol oscillator

I
8
N

. : 2
i1 =a9, do=-z1—az2(2i 1), y
Chain of ideals
0 0 - .
Lp(H) = Lp(x2 — T2) = (T2 — T2)
2 _2 -
Ty — To,T1Ty — T{T2 + T1 — :1:1>
2 _2 -
To — T2, T{To2 — T{T2 + 21 — T1,
CU%fl — 331573’% — QZIflfg + 2@15@% +x — T,
33‘15@%53‘2 — Zf?fz -+ 23315@3 — 2&31@% + 2111 — Zf% — X1X9 + f1f2>
3 4 5 = =
.- CL3(H) C L4(H) = L3%(H) = LY (H) = (z1 — 1,79 — To)

System is globally observable.
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Observability Test

Local observability at xg € M

A system is called locally observable at a point z

if there exists a neighborhood U, of zy such that Al

i)

=

T
Ve, 2 € Uy, i q(x) =q(T) = =17
U2
. o
or equivalenty ZNU; =&ENUZ .
N .f AN f _/\ j AN i
| a\ & NI\ € e
N N \ Z\ENE
> > > o >
R R R
VI V- E YI-E+E
TECHNISCHE ili i i i i ~
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Observability Test
Local Observability

Theorem (Local observability)

The points, where the system is not locally observable are given by the real
variety

proj,, (ITH 5) =V(({: E® 4+ E)NR[z]).

D. Gerbet and K. Robenack. “On global and local observability of nonlinear polynomial
systems: A decidable criterion”. In: at-Automatisierungstechnik 68.6 (2020), pp. 395-409.
DOI: 10.1515/auto-2020-0027.
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Observability Test

Example: Duffing oscillator

. . 3 L
1 =T2, T2=T1 Ty, Y=2IT2

e Stabilized ideal L% (H) = LY(H) =1
e Real radical = not globally observable

R = = = = 3 —3 = -3 4 — —2
\/j = <£U2 — X2, L1x2 — X1X2, L1 — L1 — I1 —I—Zlfl,ilflxl — L — 11 — CUl>

e Saturation ideal
VI:E = <£2,x2,x% + X171 -I—ZTJ‘% — 1@? —f1>

e Ideal sum
VI:E+FE=(1)=R[z,1]

e System is locally observable

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems . A‘
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High Gain Observers




High Gain Observers

The observability map
gy : M — RY r— z=qn(x)

embeds system (1) into observability canonical form

21 — 29 )
7;’2 — Z3
z = Az+ba(z)
> = clz
ZN—1 — <N Y
ZN a(z)
Yy = Z1 )

with Brunovsky triple (A, b, c!) and
a(z) = L;Vh(z) with = = ¢y (2)

Problem
Computation of the inverse ¢5' of the map ¢y : R” — RY for N > n

TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems , (A‘
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High Gain Observers

System in observability canonical form

t=Az+ba(z), y=clx

State observer in Luenberger structure with observer gain [l € R"
F=At4ba(3)+ l(y—cl's)

TV TV

simulation term correction term

Observation error e = z — Z is goverened by error dynamics
e=(A—-1c)e+b(alz) —a(?))

~~ ~~

linear nonlinear

High gain observer design (Gauthier et a/ 1991, 1992)

Assume that the map «a is (locally) Lipschitz continuous. Then, the
observer gain [ can be chosen such that the equilibrium pointe = 0
of the error dynamics is (locally) asymptotically stable.
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High Gain Observers

Construction of the observability canonical form

21 =h(x), 220 = Leh(x),...,2n = chv_lh(:v), IN = L?Vh(x)

\ _y \ . J/
~~ -~

coordinates of the canonical form nonlinearity o

Formulation as an elimination ideal

I — <Zl_h(x)722_th(x)77ZN_L]th(x)>ﬂ£R[Zlaaszle
define new coordinates zl,\.r. ., 2N and nonlinearity 2y e“minvc’:\te T
= (p1,...,ps) ... G@Grobner basis

Collect all polynomials of the form
pi=azn+--- With a€eRlz,...,25]

Solve linear system = 2y = a(z1, ..., 2n)

D. Gerbet and K. Robenack. “A High-Gain Observer for Embedded Polynomial
Dynamical Systems”. In: Machines 11.2 (2023). DOI: 10.3390/machines11020190.
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High Gain Observers

Example: Globally observable academic system
&= f(x)=1, y=h(x)=2a"
Embedding with N =1
y = 2z = L(}h(x) =
g = %4 = Lih(x) = 327
Elimination ideal

I={(z—2%4% —32°) N Rz, 1] = (5 — 2722)

Observability canonical form

ol

21:32

with non-Lipschitz nonlinearity (21(0) =0 = 2z1(t) = 0 and z(¢t) = t?)
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High Gain Observers

Example: Embedding with N =3

21 = L(}h(aj) = 3
29 = L}»h(a:') = 327
23 = Lih(zx) = 62
i3 = L?’ch(x) = 6

Elimination ideal

I = <21 — 3;3, 29 — 3:1:2, z3 — 0T, 23 — 6> NR[z1, 22, 23, 23]

= ( 43—6 , 22 — 1229, 2923 — 1821,32123 — 225, 25 — 2727 )
W—/ (. ~ _/
nonlinearity constraints
Observability canonical form
21 = 2
29 23
z3 = 6
TECHNISCHE Observability and High Gain Observer Design for Polynomial Systems Slide 31 of 35 RESDEN (A‘
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High Gain Observers

Example: Rossler Attractor

T] = —Tg — I3, j?2=331+%$2, 533=%+ZC3(33 —?—S), y=a
Embedding with N =5, eIiminating state variables z:
0= 2523 — 2425 — %23745 + 24 + 3 z3Z4 %2324 + 4255707222:4 — %24 — 4z§ — 2zlz22:§ + -
0= 2529 — zz — %2’324 — 322,24 275 2924 + — 3zzz3 + z%zg 553,2 z3 + 52601 %
0= z5 (zl — ?—8) — 2324 + %2224 — % — 4z 23 + Mzg 322,23 — 62’12223 + .-
O = 2025 — 2324 — %ZQZ4 + zlzg 121 2 3z2z3 — z%zgz;), -+ —zlz 23 — 62701 2223 + -
0=2z2125 — ?g 25 — 23 — 3212223 + 73 T %273 — zi)’z + 171 2%23 91704072 z3 + 118(1)81 z3 + ---
0=2124 — ?(9)2:4 — 29223 — leg —+ —Z1Z3 — 6492 + Z2 -+ 2’12:2 gg,ZlZQ - 2(1)(3)2:2 —

Evaluation of Z5 = ¢(z) ill posed at

59 _ _ —
21—1—0—0, 22—0, 23—0
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High Gain Observers

Evaluation of Z25 = ¢(z) ill posed at

59 __ _ _
21—1—0—0, 22—0, 23—0

System can always be solved for 25 for z € ¢5(M)

59 _
(21 — —)Z5 — . 1
10 P —
5 590\2 o o
Z2Z5 — (zl_lo) +22+Z3

D. Gerbet and K. Robenack. “A High-Gain Observer for Embedded Polynomial
Dynamical Systems”. In: Machines 11.2 (2023). DOI: 10.3390/machines11020190.

D. Gerbet and K. Robenack. “An embedding observer for nonlinear dynamical systems
with global convergence”. In: Proc. Appl. Math. Mech. 23.4 (2023), e202300099. DOI:

10.1002/pamm.202300099.
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Summary




Summary

e Observability of polynomial systems can be decided in a
finite number of steps

e The set of unobservable points can be computed

e Analysis dependent on parameters

e Computation of the observability canonical form

e Embedding into high dimension may be advantageous
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S |
Hybrid-Integrator-Gain-System (HIGS)

e(t) I u(t) R

HIGS [Deenen et al., 2021] given by (k;, > 0, wy, > 0)

z(t) = wpe(t), (e, é,u) € F1
x(t) = kpe(t), (e,é,u) € Fo
u(t) = x(t)

1
Fi = {(e,é,u) € R’|eu > k—u2 A (€€, u) 95]:2}
h

Fo = {(e,é,u) € R3|u = kpe A wpe? > kheé}

é Fachgebiet Regelungstechnik G'H I GS
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~ rbwmegamorGamSysem |
HIGS — lllustration

Time response w, =1, k; =1.5
T T T T

Output e(t)

— — —kpe(t \ / \

-15 - ~L ( ) \ / \ —
integrator-mode N SNo
gain-mode

-2 | | | | | |
0 1 2 3 4 5 6
Time t in s
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RT . A
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Hybrid Integrator Gain System Frequency Domain Properties

HIGS - Describing function

Sinusoidal input e(t) = sin(wt) to approximate u(t) with the first Fourier coefficients

NA(jw) = b1 + jaq

HIGS time response: w;, = 1
<7 T

with

)

aq
{
by

v = 2 arctan (khwwh_l)

A& 3[E

/

w

kp, sin(wt),

w

kp, sin(wt),

\

*h (1 — cos(wt)),

2o (—1 — cos(wt)) ,

27w
/ u(t) cos(wt)dt
O2ﬁ/w
/ u(t) sin(wt)dt
0

RT Fachgebiet Regelungstechnik
Technische Universitét llmenau

G-HIGS

C. Weise, K. Wulff, J. Reger — 10.09.2024




Hybrid Integrator Gain System Frequency Domain Properties

HIGS - Describing function

Describing Function: wy, =1

Describing Function: kp, =1

(wr

20— —————— T ' T O =
~ o \\\
CQ m ~ \\
T 0F———————=—_ o | < 20 > ~ |
S \\ R= ~N \\
= S = > ~
3 \\\ 3 \\\ ~
= 20 e e e == . = -40 | SO T
= S = ~
~ ~
~ Rl
-40 I I I -60 I I I
1072 107 100 10 102 1072 107 100 10 102
Frequency w in rad/s Frequency w in rad/s
0 T T =S T T < _ T 0 == A 5 T
\\ S S -
° N\ ° N\
=] '10 B \ \ T =] '10 B \ \ .
- \ \ - \ \
N \ = \
220 ¢ \ N . 220 | b 1
< \ \ < > \
= — — —HIGS: k;, =0.1 N \ 2, — — —HIGS: wj, =0.1 N
— -30 | |— — —HIGS: ky =1 NN SO < -30 | |— — —HIGS: w;, =1 NN .
HIGS: k;, =10 ~ ~ HIGS: wy, =10 | > ~
-40 il i i == 40 il il oI = E
1072 107 100 10" 102 1072 10" 100 10" 102
Frequency w in rad/s Frequency w in rad/s
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Hybrid Integrator Gain System Frequency Domain Properties

HIGS - Describing function

Jwh (”Y(w) e W) _gemivlw) 4 3) "k <7T — 7 (w) +j6_2j7(°") — 1>

) T +) 2 T 27

Na(jw) =

m low frequency behavior w — 0: lir% Na(jw) = kp,
w—

m high frequency behavior w — oc:

( .
- lim |Na(jw)| = 2|14 2| ~ 1.62°%
lim Ny(jw) = — 1+ = | = 4 »
W " lim arg, (Na(jw)) = arctan (—) ~ —38.15°
X w—>00 4
A
m cross-over frequency w,. = |1 + A wh
T kh

é Fachgebiet Regelungstechnik G'H I GS 7/95
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HIGS - Loop-Shaping

e(t) u(t)

— (] H - () >

m Precompensator C(s) to compensate cross-over frequency and provide é

Cl(s):<i+1) ! >0

We s+ 1’

m Postcompensator Cs(s) to introduce integrator for low frequencies and damp higher

order harmonics
wi(ts + 1)

S
results in integrating behavior (amplitude response) with phase lead.

CQ(S) —

é Fachgebiet Regelungstechnik G'H I GS
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Hybrid Integrator Gain System Time Domain Properties

HIGS — Stability

Theorem (Passivity [Deenen et al., 2021])

The HIGS is strictly passive in the sense that there exists a positive definite storage function
V(xy) = 527 with A = k/wy, and k € (0, 1) that satisfies

V < —ca? + eu, with ¢ € (0, kp)

along all solutions with continuous e € L'°¢ for almost all timest € R .
Passivity allows for a conservative closed loop stability analysis — circle like criterion

Fachgebiet Regelungstechnik G'H I GS
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Hybrid Integrator Gain System Control Example

Simulation Example

Consider the unstable process to control without
overshooting:

100
(5 + 3)w? 3 %
P(s) = w= 107, = = =
(5) (s —1)(s2 + 2¢ws + w?)’ N 2 .
and the HIGS (w;, = 0.48, kj, = 0.6) with 0 - e e e
w; = 10,7 = 0.001 and compensators Frequency  in rad/s
300 . . :
open loop
S —l_ wC w’l, (TS + 1) OE 200 r HIGS based controller/_\
C S) = C S) = =
1() we(Ts +1)° 2(s) S §100/
v of
-100 - - -
1072 10" 100 10" 102
Frequency w in rad/s
(i o e G-HIGS

10/25
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Hybrid Integrator Gain System Control Example

Simulation Results

=
SN
+
=
o8
+
]
o

18 HIGS closed loop step response

14 _

1.2 - .

0.8 | 4

r(t)
02 r HIGS: y(t) i
linear I control y(t)

O | | | |
0 2 4 6 8 10

Time t in s
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Fractional-Order HIGS

Fractional-order HIGS [Hosseini et al., 2022] applies Caputo’s Operator:

oD x(t) = wpe(t), (e,é,u) € Fq kn >0
x(t) = kpe(t), (e,é,u) € Fo wp, >0
z(t) = 0, (e,é,u) € F3 a € (0,1)
u(t) = x(t)
1
F =< (e é,u) € R3|eu > k—uQ} F1 = F\(F2 U F3)
h

Fo={(e,é,u) € Flu= kpe A (wpe ¢Df'e > kpée Ve ¢Dife < OV
(e = 0 A wpé ODtl_O‘e > kkéQ)}
Fz={(e,é,u) € Flu= 0 A wpe? > kneé}

é Fachgebiet Regelungstechnik G'H I GS
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Generalized HIGS

e(t) | Ap| B | (%) u(t)
Crm | D i g u(t)h
3(t) =A.z(t) + B.e(t), (e é,u,zm) € F1 (I-Mode)
2(t) = (0 kpe(t)) (e,6,u,zm) € Fo (P-Mode)
z(t) =0 (e,é,u,zm) € F3 (0-Mode) > "o
u(t) = (0 1) 2(2) 2= (2m 21)

(e,é,u,zm) € Rq|eu> 7 U /\(e,é,u,zm)g(]_:gU]:"g)}

,—M,_/H
®
I

Fi =
f (6 é’ U, zm) Rq|u = khe VAN (szm + Dm€)€ > kheé}
Fs={(e,é,u,2m) € RYu=0A€e#O0A (Crnzm + Dme)e < 0}.

thbthlgthk G'HIGS
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Generalized Hybrid Integrator Gain System Describing Function

G-HIGS — Describing Function Computation

. ___GHIGS time response: Gu(e) = (6 + 1) ( f(;'; eXp(Az (t . T))Bz Siﬂ((,dT)dT, t E [O’ T*] :

_ kp, sin(wt), t € (T*a 5]
; f;/w exp(A;(t — 7)) B, sin(wr)dr, te (Z,Z+T*]
: kn sin(wt), te (g + 717, %ﬂ

Tasks:

m Find an analytic expression without integral for the output in the first time interval
t €10, 7).

m Solve the integrals to derive the Fourier coefficients and the describing function.

Fachgebiet Regelungstechnik

G-HIGS 14/25
Technische Universitat limenau C. Weise, K. Wulff, J. Reger — 10.09.2024

(3)




Generalized Hybrid Integrator Gain System Describing Function

Describing Functions - Computation - I

Sinusoidal input is the output of an integer-order generator system:

: 0 —w 0
= (0 ot 0= (0)

ys = (1 0)zs = Cuzs = sin(wt)
With the extend.ed System
(2)= (5 %) () =35 20 = () = (o)

the output can be determined in terms of Matrix Exponential functions
u(t) = (e; 0)exp (At) z(0) = Cexp (At) 2(0), t€0,T7]

é Fachgebiet Regelungstechnik G'H I GS
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Generalized Hybrid Integrator Gain System Describing Function

Fourier Coefficients — |

27w o T* 2w /W
by = —/ u(t) sin(wt)dt = — [ u(t) sin(wt)dt +— [  w(t) sin(wt)dt
0 TJo TJT*

\ 4 7

B, By
Note: B, can be solved analytically as u(t) = kj, sin(wt) ldea: reshape multiplication in the
integral B to a suitable convolution ¢ = —wWT™:

T* T*
B = /0 u(7) sin(wr)dr = _/0 sin(w(T”* — 7) + ¢)u(r)dr

Hence u can be interpreted as the input to the generator system

= (0 ) e (el Y um gt Bun co) =0

w

Fachgebiet Regelungstechnik G'H I GS
A Technische Universitat llmenau p 16/25
C. Weise, K. Wulff, J. Reger — 10.09.2024




Generalized Hybrid Integrator Gain System Describing Function

Fourier Coefficients — Il

(2) = (39) [ e o ot

Note that the cos-term a1 = A; + A, can also be incorporated. The analysis of higher-order
harmonics is also possible with the second generator system, i.e. Ao,

6= )0

Also the Fourier coefficients can be expressed in terms of matrix exponentials.

Fachgebiet Regelungstechnik G'H I GS
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Generalized Hybrid Integrator Gain System Describing Function

Fourier Coefficients — Il

The Fourier coefficients can be expressed in terms of matrix exponentials and only the
intersection time 1™ has to be found numerically:

(I 0 0)exp (A(T) <5?0)>

The remaining terms are given by:

Tt 1 = o T 1
By = kp | = — — sin(2wt =k — in(2wT™
’ " 12 4w sin(Zw )L:T* " [2w 2 i 4w sin(2w )]
1 =0 k
As = ky, Ex sin (wt)] o = — ﬁ sin® (wT™)

RT Fachgebiet Regelungstechnik
Technische Universitét llmenau
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Generalized Hybrid Integrator Gain System Describing Function - Examples

Describing function - Single Pole

Describing Function: w, = 1,A = —1 Describing Function: k;, = 1,A = —1 Describing Function: w, =k, =1
50 T T T 0 - T T 0,—_—.-.--._
m as)] M
kS 0 ] S S|
k= 8 §=!
§ <~ § -50 + ’i -50 +
= %0 ] = =
_1 00 1 1 1 _-1 00 1 1 1 _1 OO 1 1 1
1072 107 100 10 102 1072 107 100 10" 102 1072 107 100 10" 102
Frequency w in rad/s Frequency w in rad/s Frequency w in rad/s
0 T T 0 T T T
5 20 | {2 1 A |
2 2 2 G-HIGS: A =-0.1
2 40 | |[—— G-HIGS: ky =0.1 | 2 40 | [—— G-HIGS: v, =0.1 2 a0 | G-HIGS: \ =-1 ——
- G-HIGS: k; =1 - G-HIGS: w;, =1 - G-HIGS: A =-10
G-HIGS: k;, =10 | G-HIGS: w, =10 — — —HIGS
-60 ‘ : : -60 ‘ : : -60 ‘ ‘ :
102 107" 100 10° 102 1072 10" 100 10° 102 1072 107" 100 10! 102
Frequency w in rad/s Frequency w in rad/s Frequency w in rad/s
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Generalized Hybrid Integrator Gain System Describing Function - Examples

Describing function - Pole-Zero Pair

|Na(jw)| in dB

9 (Na(jw)) in °

Describing Function: w, =k, =1

107! 100 10

Frequency w in rad/s

-40

T T T T L B A | T T L S R |

G-HIGS: Gy (s) = 22 S

2(s+1)
HIGS: w;, = 0.65 =<

—_—
o

1072

107! 100 10

Frequency w in rad/s

(wr

Fachgebiet Regelungstechnik
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Simulation Example

Consider the unstable process to control without overshooting:

(5 + 3)w? 3
= 10 = —
(s —1)(s2 + 2¢ws + w?)’ “ ™6 2

P(s) =

and the HIGS (w;, = 0.48, k;, = 0.6) with w; = 10, 7 = 0.001 and compensators

S + we wi(ts + 1)
C — , C =
1(s) we(Ts + 1) 2(8) s(s+3)
and the G-HIGS (wy, = 0.48, kj, = 0.6, G, (s) = (s + 3) 1) with w; = 10,7 = 0.001 and
compensators
s+ w, ~ 1.25w;(7s + 1)
C — C =
1() we(Ts + 1)’ 2(s) s
6; Fachgebiet Regelungstechnik G-HIGS
fechnische Universitat imenau C. Weise, K. Wulff, J. Reger — 10.09.2024



Simulation Example

100 ——— ——— ——— ———
HIGS closed loop step response
1.4 T T T T
[as]
o
g
1.2 J =
2
<
=
1 L
v
-100 I S N S A I S N S A I S T N S A W A FIR S T R
o8 L | 1072 107 100 10" 102
> Frequency w in rad/s
é 250
50.6* i T T T T T T
o 200 r .
04 - 7 =
2 150 |- .
<
o0 s
02 r ‘ § — 100 L HIGS+PT,
GHIGS: y(t) v = G-HIGS
HIGS+PTy: y(t)
0 : : : : 50-2 ‘ “““‘.-1 ‘ “H‘HiO ‘ “‘HH'1 ‘ T 2
Time # in s Frequency w in rad/s
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Conclusions and Future Work

Conclusions

m Additional reset system in combination with the integrator maintains the pahse
advangate of the HIGS but adds damping for higher frequencies.

m Higher order harmonics are not dominant for the G-HIGS.
Outlock
m Improve describing function computation for lower frequency range.
Include time regularization to avoid zeno behaviour.
Improve stability analysis for less conservative results
Show passivitiy for D, = 0.
Include not BIBO stable memory systems (double HIGS).
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Thank you!
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Thank you!
\end{presentation}

\begin{questions}
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unit operation 1
e.g. blending
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Raw material, e.g. powder

Effort spent in transition from batch to continuous manufacturing in previous years.

Intermediate product, e.g. blend
unit operation 1 |:> unit operation 2
e.g. feeding e.g. blending

=

Final product, e.g. tablets

discharge |:> unit operation 3

e.g. tableting

|:> discharge |:>

tablets
)
S©)




Raw material, e.g. powder

Intermediate product, e.g. blend
unit operation 1 |:> unit operation 2
|:> e.g. feeding

e.g. blending ] E>

Effort spent in transition from batch to continuous manufacturing in previous years.

Final product, e.g. tablets

oK /
discharge |:> unit operation 3
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e.g. tableting E> discharge |:> tagets
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Effort spent in transition from batch to continuous manufacturing in previous years.
[ process control
Y T \ T T sensor l T T sensor
l@'_. OK L@J OK (O
unit operation 1 unit operation 2 . unit operation 3 .
e.g. feeding |:> e.g. blending E> discharge E> e.g. tableting E> discharge E> ta%"ts
2
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Effort spent in transition from batch to continuous manufacturing in previous years

> to reduce production costs (small footprint of continuous manufacturing line vs. multiple
batch processing units / sites),

» to reduce production time (all unit operations at one site, no shipping),

> to enable alternative quality control concepts (real-time monitoring of process parameters
and quality attributes, real-time release testing).
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Production of active pharmaceutical ingredients (APls):

» Continuous chemical reaction

» Reduced production risks (small potentially explosive material in the process at a time)

» Enable exothermic reactions (good heat transfer in continuous reactors)

» Drive process settings / quality attributes to their optimal values in real-time
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» Control of API concentration after the granulation unit

Solid

Y

feeders Liquid pump
—> SFR1 SFR2
Controller Cin g
Y VY
Twin-screw wet - -
granulator [N PTRNNNNL Nr.
C Pre-processing Spectral data
out -€&—] & .
LS., «——] Chemometric Raman
models PAT

Selma Celikovic et al. “Development
and Application of Control Concepts

for Twin-Screw Wet Granulation in
the ConsiGmaTM-25: Part 1 Gran-
ule Composition.” In: International

Journal of Pharmaceutics 657 (2024),
p. 124124, 1ssN: 0378-5173. DO
https://doi.org/10.1016/j .
ijpharm.2024.124124. URL: https:

//www.sciencedirect.com/science/
article/pii/S0378517324003582
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» Diversion of out-of-specification material
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» Diversion of out-of-specification material
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» Diversion of out-of-specification material

FEEDING
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Jakob Rehrl et al. Systematic Control
Strategy Development for a Continuous
Direct Compaction Line Via the Con-
trol Strategy Evaluation Tool (CET).
AIChE Annual Meeting 2022. 2022
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» Estimation of granule moisture in the dryer (soft-sensor)

soft-sensor
based on dryer model
Loss—ou—Drying (LOD)
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Bed Dryer.” In: Pharmaceutics
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» Benefits of control strategies implemented in continuous processes are evident




» Benefits of control strategies implemented in continuous processes are evident

» However, some processes are still operated in batch, e.g., bioprocesses used to produce
biopharmaceuticals, e.g. insulin, mRNA

» What is the potential of applying model-based control strategies to batch-bioprocesses?
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E. coli (HMS174 (DE3)) (Novagen, Germany)
» Production of a protein (recombinant human superoxide dismutase)
> |sopropyl-3-D-thiogalactopyranosid (IPTG) as inductor

» Processing takes place in a 20L batch reactor

» Typical approach: pre-defined process input profiles, obtained from Design of Expriments
(DoE)
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Preparation + two phases:

» Preparation of 4 L medium containing 22.5g of cell dry mass (CDM), i.e., biomass
concentration y; o = 5.625 g /L
» Phase 1:

» Biomass growth to double the initial biomass concentration y; o
» Phase 2:

» Production of desired substance (product), i.e., product concentration y»




Preparation + two phases:

concentration y; o = 5.625g/L
» Phase 1.

» Preparation of 4 L medium containing 22.5g of cell dry mass (CDM), i.e., biomass

» Biomass growth to double the initial biomass concentration y; o
» Process inputs: Temperature uy, fed amount of glucose wu-
» Phase 2:

» Production of desired substance (product), i.e., product concentration y»

» Process inputs: Temperature uy, fed amount of glucose u», fed amount of inductor w3
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Typical Batch Profile

Traditional approach

glucose

» Test different settings of uy, 1 and kj,g, €.g., systematically via a DoE

» Select the best one (e.g., maximum product concentration after feeding 8L of

» Run batch at the obtained uy, up = f(u, t), us = f(u, king, t)

—> growth | ¥1
—=> phase

u1(t) = const.
uz(t) = y1,0 K1 (e"* —1)
. ..growth rate in A1

uy |production | Y1,
Y2
us_|phase S
u1(t) = const
us(t) = y1,0 K1 (ett —1)
u3(t) = y1,0 K2 " king

Kind - .. induction strength in
pmol IPTG / g CDM
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Typical Batch Profile

Traditional approach

» Test different settings of uy, 1 and kj,g, €.g., systematically via a DoE

» Select the best one (e.g., maximum product concentration after feeding 8L of
glucose q

» Run batch at the obtained uy, up = f(u, t), us = f(u, king, t)

» Can variations of process inputs during batch processing yield better performance?

» What is an appropriate performance measure?
» What approach is useful to find the corresponding (input) profile?

» How can real-time process control be incorporated?

I /I J
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» Recap: DoE is traditionally performed for u1, i, king

» Three process inputs — 27 combinations for full-factorial with 3 levels each

» Experimental test of potential changes of any input during batch is practically infeasible
» ldea:

» Develop process model (experimental data from DoE is available already)
» Use process model to perform test runs / compute optimal input profile




Potential targets:

» Minimize time to reach a certain amount of product y»

» Maximize amount of product y» at a certain time / after 8L of glucose feed




» Mechanistic model is not available / difficult to develop

» Purely data driven model requires a lot of identification data (goal: available DoE data
should allow model creation)

» Hybrid model of the fermentation will be used
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» Mechanistic model is not available / difficult to develop

» Purely data driven model requires a lot of identification data (goal: available DoE data
should allow model creation)

» Hybrid model of the fermentation will be used
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Model equations [BSD20]:

» Biomass concentration
dy1 __

o = ky1— Dy

» Product concentration:
dy> _
dt —

19)/1 Iy/n - D_)/2

[BSD20] .

Benjamin Bayer, Gerald Striedner, and Mark Duerkop.

“Hybrid Modeling and Intensified
* ‘DoE: An Approach to Accelerate Upstream Process Characterization.” In: Biotechnology
Journal 15.9 (2020-06). 1ssN: 1860-7314. por: 10.1002/biot.202000121
O =P =




Model equations [BSD20]:

» Biomass concentration:
d
F=uynn—Dy

S

» Product concentration:
d
% — 79)/1 Iy/n - D)/2

[BSD20] .

Benjamin Bayer, Gerald Striedner, and Mark Duerkop.

dilution (feeding rate / reactor volume)
biomass growth rate

product growth rate

1 inductor present, 0 no inductor present

“Hybrid Modeling and Intensified
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Model equations [BSD20]:

» Biomass concentration:
dy1 __

& = ky1— Dy

< mechanistic |

D dilution (feeding rate / reactor volume)
L4 biomass growth rate
p(un, ts, Uz, Y1, Y2) Y product growth rate
/ 1 inductor present, 0 no inductor present
y/n
» Product concentration:
% — 19)/1 Iy/n — Dy2 < mechanistic | y
u
—>| data > .Y
. 9 mechanistic
5| driven -
19(U1,U2,U3,y1,y2)
[BSD20] Benjamin Bayer, Gerald Striedner, and Mark Duerkop. “Hybrid Modeling and Intensified
* * *DoE: An Approach to Accelerate Upstream Process Characterization.”
Journal 15.9 (2020-06). 1SsN: 1860-7314.

DOI:

10.1002/biot.202000121

In:  Biotechnology

O ] =

DA




Discrete time implementation of the

model + parametrization via [Nov]:

[Nov] ..

Novasign.

Hybrid Modeling Toolbox. URL:
html (visited on 08/14/2024)

https://docs.novasign.at/toolbox/index.




401 Oﬂ"l‘ine meas{lrement
é % Process model
g 5
;2 S
=
. . g2
» Design of experiments of 32 batches & £

T ={30,34,37}, n =1{0.1,0.15,0.2}, 0. e
kina = {0.2,0.5,0.9} — 27 + 5 replicates

T T
+ Offline measurement
Process model

S

W
T

Product concen-
tration yo in g/L

i Il Il
0 5 10 15 20 25 30
Process time in A

] ] = Q¥



T T
40t + Offline measurement
Process model

Biomass concen-
tration y; in g/L

» Design of experiments of 32 batches
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» Phase 1: minimize time to double biomass concentration:
minU1,U2 tphasel

S.t. yl(tphasel) > 2yl,O
u € “DoE"
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Lend S tmax

u c "DoE"

» Phase 2: maximize amount of product y, at a certain time / after 8L of glucose feed
> minul,UQ,U3 _y2(tend)
S.t. U2(tend) <8
» Remark 1: t.x = 350 — > 1000 optimization variables 4+ nonlinear constraints " DoE"
» Remark 2: possibly, re-computation of optimal trajectories during batch required
O = = = =
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» Recall DoE during phase 2
> un(t) = yro(eht — 1)
> u3(t) = y1,0e" "Kind
» ldea: split phase 2 into sections,
» Choose i and kg for each section, i.e., u(t) = p1, king(t) = k1 for  teanr < t < t1,
,u(t) = U2, k,'nd(t) —ky for t1 <t<t, ...

» Similar approach for ug, linear interpolation between points (£, T1) and (&2, T2) etc.
» Find optimal time points + values, i.e.,

X = [El, N E,-,T_|_1, Ti,.. ., Toryote, .o tap, 1y - - - fhppa1, K1y e oo knp_|_1]
miny  —y>(tend) + “biopenalty”
s.t. U2(tend) <8

Lend S tmax
Xmin < X < Xmax
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» No disturbance

Tracking control via MPC. Two test scenarios:

» Input disturbance (temperature deviations and pump faults)
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Conclusion and Outlook

2-step approach:

Model based computation of optimal input and output trajectories (6.5g/L of “best” DoE
point vs. 7.9 g/L after optimization)
Tracking of trajectories via model predictive control

(Timely limited) actuator faults are well compensated by the controller

Knowledge on faults improves performance — fault detection and isolation will be developed
Until know: optimal references are computed once in advance. Performance gain expected by
re-computation of offline-trajectories after a fault was recovered

Next Steps:

Implementation of above points
Verification of the concept on a real bioreactor

Process model development (different process)
Implementation of suitable process analytical technology (PAT) to measure biomass and
product
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Outline:

 Time-critical feedback dynamic systems

 Event-Triggering (ET) control

« Desing of the Sliding mode ET control system (static-dynamic
triggering law)

« Practical example, algorithm comparisons and validations
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Time-critical feedback dynamic systems

The time-critical feedback dynamics systems require accurate and incessant monitoring
to ensure proper behavior. The stability becomes critical due to the tight constraints
on reaction time. Many time-critical systems are driven by complex embedded systems
with scheduled tasks, advanced power management over the network, distributed
systems, etc... All the significant priorities can be assigned as a Deadline-driven
performance, which means that the system operates within strict time limitations.

Most control algorithms are designed to produce the output in an adequate time
sequence, known as a sampling time. Such strict time conditions ensure the stability
and desired performance of the time-critical systems. On the other hand, the excessive
usage of resources can lead to the lowered performance of the whole system and the
required demand for systems with higher speed or a tendency to use high-performance
communications networks.

23. Styrian Workshop on Automatic Control
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Event-triggering approach

An event-triggered feedback control strategy is an alternative to the classic time-
triggered approach. Regard to the time-triggered technique, the event-triggered plan
is executed upon the prescribed triggering rule. The controller output remains
unchanged until the next triggered event.

Event-triggering control is an approach used in control systems to optimize the
utilization of resources and reduce communication or computation overhead by
triggering control actions only when necessary.

(t) - i (t)

0

</_[:. >_t [ ! ! ! }t
Time-triggered strategy. Riemann sampling Event-triggered strategy. Lebesque sampling

technique. technique.
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Sliding Mode Control

Sliding Mode Control (SMC) was first proposed and elaborated in the early 1950s by
Emelyanov and several researchers such as Utkins and Itkis. SMC can be applied to
nonlinear systems, (MIMO) systems, discrete-time models, and large-scale systems. The
most significant feature of SMC is that it is completely insensitive to parametric
uncertainty and external disturbances during sliding mode.

SMC control law has two parts:

 Equivalent Control: maintains the system on a sliding surface in the ideal
condition.

« Switching Control: discontinuous control action drives the system trajectory to the
sliding surface and rejects the disturbance and system uncertainty.

A

SMC advantage: Stding manifld
* Robustness,
« Effective in nonlinear system, \ \ \

 Simple design, and implementation \ \ \ >
SMC disadvantage

« Chattering (High-frequency oscillations)

23. Styrian Workshop on Automatic Control
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Event-triggered - Sliding Mode Control

Event triggering control is introduced with triggering sequence:

ty bty nt, 1€Z

Where {t;};2, is an event-triggering instant satisfying the conditions t;,; > t; with t, >
0 being the initial sampling instant.The event-triggering instants are not uniformly
distributed and constant:

telt,t,) t.,=t+n, n>0

127i+1

The controller uis updated at the instance t; and holds the last value until the next
triggering event occurs t;,,. The inter-event time is defined as:

0

T ={t,—t} ., T,>0

1 1

Among update instance the error is defined:

e(t) = x(t)—x(t,) and holds: e(t)=x(t,)—x()=0

23. Styrian Workshop on Automatic Control
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Event-triggered - Sliding Mode Control

Consider the following single-input, single-output nonlinear system of the following
class,

X, () = f,(x)+x,(0),
X, (1) = f,(x,x,) + g (u(®) +d(2)),

x(t) = f(x)+G(u(t)+d(z‘)), x(O) =X,,X = [xl;xz] eR’
F)=[AG)LGx)] <R

G=[0g] eRr’, |d|<6, <

where x; € R*1 and x, € R are the system states, u,d and g are the control input,
external disturbance, and input gain function, respectively. f;(x;) and £, (x;, x,) are
nonlinear functions with unique equilibrium point and function are bounded ||f; (x))|l < F;
and ||f5(xq, x2)|| < F,, where F; > 0, F, = 0 are known constants.

Design the sliding manifold as :

Se{xeR”|s=cx=O}, c=[e 1],x=[x xZ]T
where is:
s(t) = cx(t)
s(t) =cx(t)
= c(f(x)+G(u(t)+d(t))) = u@)=-G" (f(x)+psign(s)) First order SMC
P> |G| 0,

29. Styrian Workshop on Automatic Control
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ET First Order - Sliding Mode Control (ET-FSMC)

Regarding the ET paradigm, the controller wu(t) is:

u(t;) =u;,x(t,) = x,

u(t) = -G (f(x(t,.))+psign(S(l‘i))) where are the last updated values: iy —s

The stability is tested based on Lyapunov candidate V = %52 with its derivative,

V=s5= SC(f(x(t)) + G(—G_1 (/f (x(t)) + psign(s;)) + d(t)))
< —spsign(s,)+c|s||G|S, +cls|| f(x) - f(x)|

||f(x)—f(xl.)||SL||x—xl.||:L|e , L>0
< —Spsign(sl.)+c|s||G|5d +cL|S|||e||

Casel: sign(s) = sign(s;): Case 2: sign(s) + sign(s;):
v <—pls|+cls||G|S, +cL]s||¢] Js(6)=s(t,)] =lex—cx| =

Llc|le]< 8. B>0| Triggering law < el el

-1
: _p‘S‘JrC‘S‘ G‘éd +M'B Stability condition =t/
S(—p+C‘G‘5d+,B)‘S‘ p>c(|G|5,+c'B)
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Admissible minimum inter-event time T; for ET-FSMC

The inter-event time T; is the time between two successive updates. The T; is not
fixed, and varies according to the system trajectory evolution and the preselected

triggering boundary. To avoid the Zeno-phenomena T; has to be positively lower
bounded.

Do) <[ Le(n) = |
dt dt

XX)

=HEX = @)= f (x) + psign(s,) + Gd o)

<L||+ p+|G|8,

where the solution is:

T >1n[1+ p ] T; is lower bounded
| |c(2+|G]5,)

29 Styrian Workshoo on Automatic Control
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ET Super-Twisting Controller/Algorithm (ET-STA)

For the given system the Super-Twisting controller is given as,

System: Super-Twisting Controller:

0= [ +G(u+d0), [T (1) =(c0) " (o )=k [s(0)] " sign(s (1) +v(1)

v(t)= —kzsign(s(t))

ET Super-Twisting Controller:

u(t)= (CG)_I (—cf(xl.) —k s, |1/2 sign(s,)+v, )
v(t)=—k,sign(s,)

Closed-loop system with ET-STA: Selected sliding variable:
X = f(x)—(c)_l (Cf(xl-)—kl |Si|1/2 sign(S,-)JrVi)_" Gd, s=cx, ¢>0

v(t)=—k,sign(s,).

23. Styrian Workshop on Automatic Control
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ET Super-Twisting Controller/Algorithm (ET-STA)

Derivative of the sliding variable s,

S =X,

s=e(f0)-f(x))=k]s]”

sign(sl.)+vl., 4>
v(t)=—k,sign(s,)+ Gd.

1/2

And rewritten system: |¢,|=s|

1
2l¢)
;, = —k,sign s, )+ Gd,

6 === e (F = £ () =hisi ] sign(s,)+v,).

The compact form of the rewritten system:

;= L[AF“}B), where A and B are,
‘41‘ élz

Introducing new variable:

4 2[4’1 gz]T =|:|S|1/2 Sign(s) Vi|T )

1
N l{kl 1} o | Fe@=s@) |
210 0 |§1|(—kzsign(si)+Gd)
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ET Super-Twisting Controller/Algorithm (ET-STA)

The stability is checked with the Lyapunov function,

k,+k> -k
CEe

The derivative is:

V(s)=C"PE+CTPE
(s)=¢"PC+ETPE Introducing the triggering law:

V(s)= ”§”£g PA[ } (<, §Z]ATP§+2§TPBJ
: ] jl> ||S||= S,-+C(X—x,~)‘
: (x—x)
— (4, + )G+ 1l + (2 + 2k, +262) |21 Isll < [1s: ]| +lle]le
- I ? <|is+
()<L | #2U0k =k GEET [+ Isl+lel.2

- ”Q” +2c(4k2 +k12)L||(x—xi)||||§1 ||
~2ck, L|(x =[],

HC-’TIH = H4V1H+ﬂ~, Vi :ﬁi
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ET Super-Twisting Controller/Algorithm (ET-STA)

The final value of the derivative,

1 ||§1||} {”4”}
Vis)<-— gl 52 0 r
) ||Cl||[” eI {HQ” IS LIS

1
“Tel

—(-2"0z+12)

where Q and Y are:

_(2klk2 +2hGE, +F) —(k—zlz 1k, +GE, J r=|(8kLp+ 2k LA~ 4kk B~k ) ~(2kLB-KB)]

0= .
_(71+k2+G§dJ k,
Parameters conditions: Attracted region: {; eR" | I¢1>— (Q)}
3 —:>
k, > 5(k2+G§d)+77 .
7 Z>
k2 3+ G+ Ain (D) /1mm (0)
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Admissible minimum inter-event time T; for ET-STA

The inter-event time is derived as,

L

f(x)- {f(f) —ck, |sl.|1/2 Sign(si) — ckzjsign(si )dtj + Gd

1/2

< Le() kel + & e + o],

K

< Llle| +

The solution e(t) is,

1/2

ki lellls] "+ [GlAs + -+ el 7 (e 1)
L

o)< (e -1)=

L

Triggering condition,

1/2

allellls. ] +16]As + +h, el 7 (e 1)

L =/ |:> T; is positively lower bounded
kllellls ] + 16180 + 4T r 4
L (e 1) p=0 TZV'ZJ;min>O
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Dynamic Event-Triggering approach (DET)

Dynamic Event-Triggering control introduces the triggering rule, which does not involve
a fixed triggering boundary but is dynamically generated regarding the system state
conditions. The dynamic triggering bound is generated with the internal dynamic
system.

The dynamic event-triggered law is,

le| =7+ B, £>0,n>0
Internal dynamic system is given as, If not triggering occurred,
n=—-an+0(-|e|).| 7(0)=n,, 17,,0,a R; lel <7+ 8
-71< B~
Leads to,

i =-an+0(5-|¢),
n=-an—-0n=—(a+0)n

23. Styrian Workshop on Automatic Control
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Dynamic Event-Triggering approach (DET)

The stability of DET-FSMC is, The stability of DET-STA s,
V=Ver_rsuc +1 V= Verosra 01
V=Vyr_psuc +10 DET V= VET sta +71 DET
V= (—p+c’G’5d +,B)’S’—(0[ +0)7n H H( ~72'QZ+YZ)|—(a+0)n

Inter event time T;_pgr Of, Inter event time T;_ppr Of,
k 2 1GlA, ++k, || T
. Zm(H . J el [+ LII s+ +hs e (e 1) = (Brm=0
|<l(o+|G]5,)

iDET—STA 2 ]-;
T >T

IDET-FSMC
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NETWORKED CONTROL SYSTEM STRUCTURE FOR
AIR LEVITATION SYSTEM FOR ET-FSCM and ET-STA

NCS network architecture:

=)

Hardware:
Wind tube

: PYthon script
Network UDP ﬂ

Server
UDP TCP,/ I,P
Client (WiFi)

Matlab script

Floater

Sensor

STM32F7, LwIP stack .  Estimated latency for fixed data length of 200Bytes < 3ms
» Data transmission with time-badges for Network-delay
estimation
CRC data encoding
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Modeling of the system
K

Wind tube

Second Newton law of motion:

mh = —mg + Fran

| Second order differential equation:

Floater

Sensor

h h = —g + _Ffan
m
T Ffan
FAN State space representation:
X1 = T,
: 1 : 1,
Xo=—g+ —Frup where is Ffan 7 50015
m

p-air density, v- air velocity, S-cross
surface

23. Styrian Workshop on Automatic Control
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Controller design

Introducing new variable:

X =X, X =X =X =
1 = S — % = i 1 .
x,=—g+—F,, +d 2 = X T h x,=¢g-——F, +X%,—d
m m
0,=9

Sliding variable:

s=Xx,+cx, c¢=123
ET- FSMC: ET- STA:
- 2. .
Flo psuc = m(g+cy~c2 +psign(s)+5éd1), p=143 Fsta = m(g+cx2 +k |S| Slgn(Si)+v+xd1)
p=143,m=57g VZkZSign(S)
k =153, k, =7.771

Triggering law
B =0.234

DET- FSMC/STA
_ )

n=-an+0(p-|e), @=21,0=0957, =
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Experimental results of the FSMC

Comparison of the TT-FSMC (Time-Triggered), ET-FSMC (Event-Triggered), and DET-FSMC (
Dynamic Event-Triggered) controllers.

Tracking performance:

600

7 ' ’ XpET
500 — : 1 1|
1 ; —_—Er =%y
. .
400 — : |
__________ Zﬂh— i e - = =

E 300 — : / 380 T - |
- | ! 370
= 1 4
200 | \ >
| 350 //_‘\ ,,,,,, v = : |
: 340 /
100 1 330 |
: 320 ) ]; = ]_Oms
ob_1 | | I ¢ I I | |
0 5 10 15 20 25 30 35 40
t[s]
*;
250 T I
— DE"I"2
200 — o L
4 —%r,
150 |- X g
E 100 |- \ f
=, .
#
ol \
50 \ ! ! ! | | |
0 5 10 15 20 25 30 35 40
t[s]
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Experimental results of the FSMC

Controller output ugsyc and sliding variable sggpc :

u
600 I I
—
/" YT
400 — i - Uper! |
] ’.‘
I \ :
5 200 \ _
) \
0 \\ /\ o -_u-h—-w-u“u-w*u—‘_--h—-ﬂq-'-" --------- \L /\ e "‘—‘r-ﬂ—ﬂu‘--d-h—-w-“uu-w-‘_-'-h—ﬂu-h-—-:
-200 | \ | | | | |
0 5 10 15 20 25 30 35 40
t[s]
s
2000 I
— STT
y.
1500 4 Ser L
/ SpET
[
1000 | y -
l'
P ‘ /
500 | \ / .
1 ) |
‘n
0 Ve ———— N p—
500 | \ | | | | |
0 5 10 15 20 25 30 35 40
t[s]
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Experimental results of the FSMC

Error functions and triggering events:

_ I
50 CDET
i
g CET
v BET
0 | | | — | | ﬁDET
0 5 10 15 20 25 30 35 40
t[s]
1 T O [nlalnn o] Q D Qo Q [ o0 @ ne Q 0] | [ O nn ) C o (a1 e Qo QO | i D i Q ) Do
o —»o nDETi
=R n~104
s
0
0 5 10 15 20 25 30 35 40
t[s]
D QOGP EIC 0 G @G G D QDG rdnlralnnn el rinlr i D O QDD OEREITIT) CRE O ERTDOE0) LT CRIDCOET &
" —o g,
4_“ 1
§ ) ‘Il‘l‘ll‘ |
s
5 10 15 20 25 30 35 40

t[s]

n = 4000

Events

t[s]
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Experimental results of the STA

Comparison of the TT-STA (Time-Triggered), ET-STA (Event-Triggered), and DET-STA (
Dynamic Event-Triggered) controllers.

Tracking performance:

600 | I I
> SR — — .
00 - | 1
1 —_— _
1
400 |- L |
- | e -"v_"-_-g._.,,=_.__=______.________________________L,_""
E 300 |
o e '
200 %0 |
100 / _|
0 | | ” S i Sy | T, =10ms
10 15 20 25 30 35 40
t[s]
X,
250 T
—*DET
200 H
X
— ET2
B X
_ 150 T, M
E;
E 100 —
T
=
50 |
0 =
50 | | | \ | | |
0 5 10 15 20 25 30 35 40
t[s]
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Experimental results of the STA
Controller output ugsr4 and sliding variable s¢r4 :

600 I

400 — i “‘ - UpeT
f \ ’f’
I \
= 2000 \ ]
l ‘ { |

0
200 l l l l l | |
0 5 10 15 20 25 30 35 40
t[s]
S
2000 I
’ ST
1500 — i Ser
i s
i DET
|
1000 — ‘ y _
@ ‘ 1
5001 | / .
oL » / .
-500 | | | | | | |
0 5 10 15 20 25 30 35 40
t[s]
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Experimental results of the STA

Error functions and triggering events:

- I
50 €DET
St
s €ET
E I’
'HET
0 | | | | | Boer
0 5 10 15 20 25 30 35 40
t[s]
1 MR G QO oedoo o0 POIOOROIIDRO & o o 000 0 o P00 ale PO 0 OO0 0 @  §
o —o MpeT.
'E‘ i
v 05
e n~78
0
0 5 10 15 20 25 30 35 40
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i O Q | P Q Q) | pERRL G [ Q QD i Q@ QP ‘
£ i
=
g 05 n~682
5]
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n ~ 4000

Events

25 30 35 40

0 5 10 15 20
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Events comparisons FSMC/STA

Event-triggering FSMC/STA:

— ET

D ORI K DGR OITDCGETI0) GED D DO @ AL LN [0 i
E
c
a ‘Il‘l‘ll nz767
S
0 5 5 20 40
t[s]
man o1 0 @ o @ b 0 00 mlo 4 D
" ——o Ter
b=
g 05 n=~682
s
0
0 5 15 20 25 35 40
t[s]
Dynamic Event-triggering FSMC/STA:
1 @ 3 I ? © o 0 o ¢ I~ ¢ o 0
w —»5 nDETi
- ~
L 05 S n~104
4
0
0 5 10 15 20 25 30 35 40
t[s]
oodoo X DOPDIORDOIGPOOD O I [0 000 0 o oo olG D000 © QO OGP0 O G
o —o Mpet
E i
v 0.5
e n~78
5 10 15 20 25 35 40
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Thank you for your attention!
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A Lyapunov Function-Based Control Concept for Networked Systems

TU

Grazm

Control System

U

cont.time

u(t) z(t)

Z0H

actuator node

Uf

Ty
r7L xp = x(kTy)

[ System }
©(t) = Acx(t) + Bou(t)
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sensor node

T

[Controller]ﬁ

discrete time



A Lyapunov Function-Based Control Concept for Networked Systems TU

Grazm

Networked
Control System T,
cont.time
u(t) r ] 33(1;) T = a:(de)
| System | | o i
actuator node z(t) = A.x(t) + Bou(t) sensor node
Network
Advantages: U ( \ Ty Disadvantages:
*  Flexibility LControllerr «  Imperfections of the network
. Adaptability discrete time + Time-varying delays
. Low installation and + Data loss

maintenance cost
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A Lyapunov Function-Based Control Concept for Networked Systems TU

Grazm

Design of
State Feedback Controller for
Networked Control Systems
affected by unknown time-varying delays and data loss

Ty
u(t) cont.time ] ;c(t) x r, = ZE(de)

[ System |

actuator node z(t) = Acx(t) + Boul(t) sensor node

How to keep Network
computational
effort low? ‘
wy, ( ) Ty,
LControllerJ

discrete time
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A Lyapunov Function-Based Control Concept for Networked Systems TU

Grazm

Networked Control System

ui (1) Ta
: Cont.-time x(t) Ty
ZOH| - o
u;gn(t) plant l I
—J sensor node .

z(t) € R", u*(t) € R™

2(t) = A,z(t) + Bou* (1)

]

Z
)
=
@
=
=

- o omm owm mom,

T [ _. | Discrete time ]
| Tk controller J
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A Lyapunov Function-Based Control Concept for Networked Systems LQ.

Networked Control System

z(t) € R", u*(t) € R™

2(t) = A,z(t) + Bou* (1)

Ty
: Cont.—time\ z(l) | | T Network imperfections:
ZOH plant ° _ —
U (1) \ __ « limited transmission speed - delays

sensor node - L
» unreliability of the communication channel —

Time-varying and unknown!

PAREY
lsnled
Z
:

S
=
kD!

- o o o oo

[ . | Discrete time]
7 controller J
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Grazm

Networked Control System

z(t) € R", u*(t) € R™

2(t) = A,z(t) + Bou* (1)

Ty
: —ti x(l i i :
zoml Cont. tlme\ (@) | o | T Network imperfections:

ug,(t)| - Plant \ __ « limited transmission speed - delays

sensor node o .
m g - - - - -~ unreliability of the communication channel —

Time-varying and unknown!

PANEY
=)
Z
=Y
2
o
;_
[ |
C T

[]
1
1
>k
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

[ e Discrete time ] |
controller J de ays

0< 780 < 75€

23 Styrian Workshop on Automatic Control Gﬂ?
11.09.2024



A Lyapunov Function-Based Control Concept for Networked Systems LQ.

Networked Control System

z(t) € R", u*(t) € R™

2(t) = A,z(t) + Bou* (1)

Ty
: |Cont.-time| () | o | T Network imperfections:
ug,(t)| - Plant \ __ « limited transmission speed - delays

sensor node o .
m el e tﬁ--— « unreliability of the communication channel —
-

N
o
T

Time-varying and unknown!

Z,
@
ﬁ
=
)
=
=N

( ~c | Discrete time ] |
| k controller J delays
0< 779 <75¢ . 1, data packet is lost
L, =
0<7¢ <#© g 0, data packet is received

0< 04 <794 (< mSC < mSC < mCA < CA
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Grazm

Model of a Networked Control System

wi(t) Ta
701 : Cont.-time| () o | Tk
u (1) plant |
sensor node

~c | Discrete time ]
k controller |
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A Lyapunov Function-Based Control Concept for Networked Systems

Model of a Networked Control System

wi(t) Ta
70H : Cont.-time| (?) I T
ut (1) plant |

sensor node

c Discrete time ]
k controller J

Cyrl 4+t <dly; deNt

Static

TU

Grazm

Ty
: Cont.—time\ x(t) | | Ty
ZOH| - o
u,*n(t) plant I u
Tk

........

feedback controller>

U — —K.’Ek

Tk}_Tk

mg = aX{mk7mk

k

Z i<p Vk, peNT 0=d+p
t=k—p
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TU

Grazm

Model of a Networked Control System

: Cont.-time
ZOH| °
ut (1) plant

Ty
| oo |2
L J

sensor node

~c | Discrete time ]
k controller |

Cyrl 4t <dly; deNt

Static

Ty
Cont.—time\ x(t) |G/C |-75k

7ZOH| -

. (t) plant I
Tk

_J

sensor node

........

feedback controller>

U — —K.’Ek

Tk}_Tk

mp = aX{mkvmk

k
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L controller J
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1. Introduction

The literature on modeling, analysis and controller design of
networked control systems (NCSs) expanded rapidly over the last
decade (Antsaklis & Baillieul, 2007; Tipsuwan & Chow, 2003;
Zhang, Branicky, & Phillips, 2001). The use of networks offers
many advantages such as low installation and maintenance costs,
reduced system wiring (in the case of wireless networks) and
increased flexibility of the system. However, from a control theory

point of view, the presence of the network also introduces several
disadvantages such as time-varying network-induced delays,
aperiodic sampling or packet dropouts. To understand the impact
of these network effects on control performance several models
have been developed. Roughly speaking, these NCS models can
be categorized into continuous-time and discrete-time models. A
further discrimination can be given on the basis of which network
phenomena they include.

In the continuous-time domain, Fridman, Seuret, and Richard
(2004) applied a descriptor system approach to model the

camnlad_dara dinamire nf cuctamec with varving camnling intar_
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Linear Matrix Inequality based approach

ensures stability for any network imperfection inside defined
bounds

convex over-approximation is necessary (e.g. Jordan Form)

Nr of LMIs depends not only on the network imperfections
but on the system to be controlled as well

Only 1 degree of freedom
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mn - % #opt.var = 1926 % = % #opt.var = 11526 % - % #opt.var = 64518
Nr of inputs \
Nr of states
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234 Styrian Workshop on Automatic Control q%.
11.09.2024



A Lyapunov Function-Based Control Concept for Networked Systems -E,E!_

EXIStIng Work * Linear Matrix Inequality based approach

* ensures stability for any network imperfection inside defined
bounds

Automatica 46 (2010) 1584-1594

e convex over-approximation is necessary (e.g. Jordan Form)

* Nr of LMIs depends not only on the network imperfections
but on the system to be controlled as well

Contents lists available at ScienceDirect

automatica

Automatica

[ER journal homepage: www.elsevier.com/locate/automatica

ELSEV

Controller synthesis for networked control systems” : Only 1 degree of freedom

M.B.G. Cloosterman ¢!, L. Hetel ®', N. van de Wouw ®*, W.P.M.H. Heemels?, . Daafouz€, H. Nijmeijer?

Network
E /7 imperfections
0 =3 | #LMIs = 4096 6 =4 | #LMIs = 65536 ~ 0 =5 |#LMIs = 104857
mn — % #opt.var = 1926 % — % #opt.var = 11526 % - % #opt.var = 64518
Nr of inputs \
Nr of states
~ _ Effects of the network
0 = 3 | #LMIs = 262144 0=  #LMIs = 16777216 - Itis unknown which signal will arrive
m= 3 |#opt.var = 19980 m = 3 |#opt.var = 229388 B : : :
n n It is unknown for how long the signal will be active
234 Styrian Workshop on Automatic Control q%.
11.09.2024



A Lyapunov Function-Based Control Concept for Networked Systems -E,Q_

Switched Lyapunov Function-Based Controller Synthesis

1. Buffering Mechanism [1]
2. Control Design [2]

[1] K. Stanojevic, M. Steinberger and M. Horn, "Robust Control of Networked Systems: Buffering, Control Design and Application," 2022 IEEE
Conference on Control Technology and Applications (CCTA), Trieste, Italy, 2022, pp. 1068-1073

[2] K. Stanojevic, M. Steinberger and M. Horn, "Switched Lyapunov Function-Based Controller Synthesis for Networked Control Systems: A
Computationally Inexpensive Approach,"in IEEE Control Systems Letters, vol. 7, pp. 2023-2028, 2023
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Control Design for Buffered Networked Control Systems
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Tit1 = Agxy, + Baug_g, U1 X A
£ = |Uk-2 Er+1 = Alay)ér + Buy,
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St uneion * Network uncertainties are completely embedded in the
)1,y is active for KTy <t < (k+ 1)1y switching function
BTN e « Complex overapproximation is not needed!
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LMI based Controller for Switched NCS

If there exist symmetric positive definite matrices Y; € R(n—l—gm)x(n—l—gm)’ a

matrix Z € R™*", matrices X; = X1 Oy with X; € R"*", Xy, €
Xo: X3y ’

RImxn X3, € ROMXEm for § € {0,1...,6} and a scalar 0 < < 1 such that

X, +XI'-v, XTAT - ZTRT ~ o

with Z = [Z  0,,,] is satisfied for Vi, j € {1,2,...,3}, then the buffered NCS
affected by unknown time-varying network delays and dropouts is asymptoti-
\_cally stable.

J
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If there exist symmetric positive definite matrices Y; € R(n—l—gm)x(n—l—gm)’ a

matrix Z € R™*", matrices X; = X1 Oim with X; € R"*", Xy, €
Xo: X3y ’

RImxn X3, € ROM*Sm for § € {0,1...,6} and a scalar 0 < < 1 such that

X, +XI'-v, XTAT - ZTRT
A;X;,-BZ (1-7)Y;

with Z = [Z Omxg} is satisfied for Vi, j € {1,2,... ,, then the buffered NCS
affected by unknown time-varying network delays and dropouts is asymptoti-
\_cally stable.

| >0

J

o= 3 | #LMIs = 4096 5= 4 | #LMIs = 65536 6= ;
m = _ = — =
[ #opt.var = 1926 % ~ 5 #opt.var = 11526 TL — 5
=3 | #LMIs = 262144 0 =4 4T MIs = 16777216

n — 3 |#opt.var = 19980 ) — 3 |#fopt.var = 229388
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K,=ZX'

Lyapunov function

V (&, a) = &L P(o)é

Parameter dependent Lyapunov
matrix

Nr of LMIs to be solved: §2

#LMIs = 16777216

6
1 |#opt.var = 344070

:Sw
1101



A Lyapunov Function-Based Control Concept for Networked Systems

TU

Grazm

LMI based Controller for Switched NCS

If there exist symmetric positive definite matrices Y; € R(n—l—gm)x(n—l—gm)’ a

matrix Z € R™*", matrices X; = X1 Oim with X; € R"*", Xy, €
Xo: X3y ’

RImxn X3, € ROM*Sm for § € {0,1...,6} and a scalar 0 < < 1 such that

X, +XI'-v, XTAT - ZTRT
A;X;,-BZ (1-7)Y;

with Z = [Z Omxg} is satisfied for Vi, j € {1,2,... ,, then the buffered NCS
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\_cally stable.
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The state feedback gain matrix
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V (&, a) = &L P(o)é

Parameter dependent Lyapunov
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Nr of LMIs to be solved: §2
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0=3 | #LMIs =4096 9  §=4 | #LMIs = 65536 16 0 =5 |#LMIs = 1048576250 = 6 |LLMIs = 16777216 36
m =1 = =1 — m=1 _ m=1 _

L #opt.var = 193% % — 5 #opt.var —;lél%866' A #opt.var —.645%82’1 n — 9 |#opt.var g
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Example: DC Motor o ! 01
[t o0.0106 0.0098
TEHL= o 0.2347] Tk lo.7953} Hh=a

( & ) N —
/’;\\ MKR 1000
SC _
0 <72~ < 2Ty d—4.5=0 .
_ ~0.5
0 <799 < 2Ty, Yk —
mie = mge = 0,k —
opt.var. . L1
Control Law vy T VTS Tl‘Illr%e B
u,=—-|K, 0 -2
[1] : [ J & 0.075 ééggg 4648.7 — ] wp = —K,ax;, v =0.075
K, =[2.62 0.04] B | —Th 1: u = —K,x;, v = 0.089
mh1 W= e O o186 | 0 02 04 06 08 1 12 14 16 1.8 2 22 24
K, = [2.73 0.034] 16 tins

[1] M. Cloosterman, L. Hetel, N. van de Wouw, W. Heemels, J. Daafouz, and H. Nijmeijer, **Controller synthesis for networked control systems,” Automatica, vol. 46, no. 10, pp. 1584 — 1594, 2010.
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Extensions and the Flexibility of the Control Design

Theorem 2: Switched State Feedback Control Law  ux = — K,z = — K&, = — [K,; 0] &

Theorem 3: Extended State Feedback Control Law ux = — K&, = — [K, K,] &

Theorem 4: Additional Influence on the Transient Performan_ce_

Y1
X, +X'-Y, XI'AT - ZT"RBT o0 4= V2
i
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Theorem 2: Switched State Feedback Control Law  ux = — K,z = — K&, = — [K,; 0] &

Theorem 3: Extended State Feedback Control Law ux = — K&, = — [K, K,] &

Theorem 4: Additional Influence on the Transient Performan_ce_

71
[Xi-I—X;;F—Yz' XEA?—Z‘TBT] NP
/ ki
P A(cr) - BR) P
L .. (a’“)é_ ) | 20— —AV(g, ) =P (A(ak)—BK)Tﬁ+ (A(ow) - BK
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Additional Influence on the Transient Performance

opt.var. .
Control Law TS ']i“%lmée
up = — K, 0]& 11526
1 4648.7
5 K, =[2.62 0.04] 65536
Th 4 u, =—[K, 0]¢&, 186 0.32
K, = [4.93 0.09] 16 ' | - |
0
up = [K ]
Tha g, =[556 0.086] || [0-225 :
switched 0 204 f]n
control :C 27 [5 60 08} 0 16 024 = —4 ol - [1] up = —K,xp 7= 0.075
e K,3=[5.87 0.08] 0 L —Th 4: uy = — K,z v =[0.19 0 0 0]
K.4=[6.09 0.09] —6 = Th 2&4: up = — K@, v = [0.225000] |

|
0 02 04 06 08 1 12 14 16 1.8 2 22 24
t1n s

[1] M. Cloosterman, L. Hetel, N. van de Wouw, W. Heemels, J. Daafouz, and H. Nijmeijer, **Controller synthesis for networked control systems,” Automatica, vol. 46, no. 10, pp. 1584 — 1594, 2010.
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Further Improvement of the Buffer
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Buffer updates the control signal p times for
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State Estimation in Networked Control Systems
with Time-Varying Delays:
A Simple yet Powerful Observer Framework

plant J ;J

sensor node

o P D Network--=-=-======-===- 2=,

Ty
_}Dﬁ(&}konh—time} y(t) | e |yk

————————————————————————————————————————————————

<
-«

Discrete-time observer /controller

)
—
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State Estimation in Networked Control Systems
with Time-Varying Delays:
A Simple yet Powerful Observer Framework

Tq
Challenges: . | ] (_H
1. Out-of-order arrival of _{ji(i» Conif"mme y(t) o o | Tk
data packets plant J ;J
2. Unpredictable and actuator node sensor node
asynchronous AT S = Network-----==--==------2- —
availability of ! E@ Ela @1@ !
input/output data at (S R g R e =
the observer
3. separation principle? (

lDiscrete—time observer/ controller}

[3] K. Stanojevic, M. Steinberger and M. Horn, "State Estimation in Networked Control Systems with Time-Varying Delays: A Simple yet
Powerful Observer Framework," 2024 IEEE 63th Conference on Decision and Control (CDC) (accepted)
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Mathematical description using packet notation

SIg | v
/ § /k’ SIS |

{ BuﬁerH ]‘_)_ Cogfa r&;me} y(1) U

actuator node sensor node

S e --- Network ------------------ *--

E @; J szc] @ﬂ
*[Controller][()bserver] %?gggg?
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Mathematical description using packet notation

Buffer U*(t) [Cont “time| Y(f) ( o
7 lant \ | ° |
actuator nodeﬁg sensor node

P b Network --=-=-===-====----- ‘ |

*[C ontroller][()bserver] %&;Eivgggf
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Mathematical description using packet notation

Ty

A

o]

Buffer u*(t) Cont.—time} y(t)
{[ 7 ]'[ZOH]‘_’ plant J

actuator node

—

sensor node

S e e L e b r-- Network ------------------ a

asynchronous
Luenberger observer

sends future estimation
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Mathematical description using packet notation

Ty

A
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actuator node sensor node
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Switched Lyapunov @J ‘ﬂc} @ﬂ
Function-Based [ Bttt Al
Controller

for & — 1 Network Network
. ) Controller | Observer Orderer Pairer
ui(t d
Ll ety asynchronous
G Luenberger observer

sends future estimation
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Summary
Switched Lyapunov Function-Based Controller

Iq
Cont.—time] () | o | Tk

plant J | °

sensor node

[ Discrete time |
\ controller J

The necessity for convex over-approximation is
circumvented

The significant reduction in the number of LMIs and
optimization variables.

additional degrees of freedom that influence the transient
behavior of the closed-loop system
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Grazm

Summary
Switched Lyapunov Function-Based Controller Observer Strategies for Buffered NCS
T, Ty
C°;f§ime} =0 ﬁ/c (T ot Cone e 0L
- sensor node actuator node N - sensor node
il il r-- Network ---==-=-====-=-==----~- n el
[ i) =)
[Diaiegine) H{commone ovserer - St H e |-
The necessity for convex over-approximation is « The asynchronous Luenberger-type observer
circumvented designed entirely independent from the network
The significant reduction in the number of LMIs and * The stability is ensured through the separate design of

optimization variables. 1
additional degrees of freedom that influence the transient
behavior of the closed-loop system

. the observer for the delay free case and
2. the controller for NCS with measurable states

Strategy mitigates network delay by reducing it by Td.
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Outlook

Control problem: local stabilisation of perturbed systems in Brunovsky form

m Time- and state-dependent perturbations

Model-following control (MFC)

m 2-DOF architecture: track solution of stabilised process model
m Sliding-mode control of the error dynamics
m Estimate region of attraction using positively invariant sets

1 MCL - PCL !
! ! . 1 I
'r=0 linear , 1 1 = sliding-mode | - :
| — r X I U v U X

| model — meC§S|S ———| process — process !
: | controller | “ ode .+ | controller !
1 1 1
| (I 1
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Problem definition

Process dynamics: & =Azx+ B(u+ Az, t)), z(t) € R"

0 1 0O ... O _
0
A=|: .. .. o|leR™™, B=|(|eR"
Lo .1 (1)
0 ... .. .0 B

m Unknown perturbation A : R™ x R — R bounded on D C R"

max |A(z,t)| <6
xeD,t>0

Goal:
m Local stabilisation of x = 0 using sliding-mode control

m Estimate of the region of attraction {:1;0 tlim x(t) = O}
— 00
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Motivating example

Process dynamics: i =Azx+ B (u+ Az, t))
0 1 0
o) -l

Local stabilisation: lim;_, o, z(¢) = 0 with 2(t) € D for all t > 0

Dz{[?] ‘|x1|§1/\ |x2|§1}, § = max |A(z,1)|
2

zeD,t>0

Sliding-mode control (SMC): u = —mxzy — p sgn(s(z))

s(r) =mxzi+x9, m>0, p>9

6 Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
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Control law:

wl—wz-planes
u=—muxy— psgn(s(z)) y .
1t “.\ 1t -
Closed loop
m |nvariant sets: ¢ > 0,¢, > - 05F
I
FC,CZ:{[ ] ‘ |s(z)] <en x| < CZ} & ol
L2
0.5t
_--S(x) p— 0 _.-S(x) — O
[Jc=0.50,c, = & [e=10.25,¢, >
b _ c : 1f —
[Jc=10.25,¢,= & ) [Je=0.25¢, =
-1 -0.5 -1 -0.5
X1 €
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Motivating example - first order SMC

Control law: x1-To-plane
u=—muzo — psgn(s(z)) |
i D

Closed loop \

0.5

m Invariant sets: ¢ > 0,¢, > <

m
1 g 0Or
Ui, = |s(z)| < cAla] <e,
L2
Esti f : f . -0.5F
stimate of region of attraction Tg,m=1] N\
Vg = U Fc,cZ 1t \IJSb m =3 A
c2>0,c,> = . . ! | .
st.T¢,CD -1 -0.5 0 0.5 1
T
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Sliding-mode MFC:  w=k"2* — (m (22 —23) + psgn(s(z — z*))), k*=-[1,2

}T

Model: i* = (A+ Bk*")z*, 2*(0) = z(0) T1-xo-plane
. : 1r
Closed loop: exact model tracking
x = x* whenever z*(t) € Dforallt >0 05l
m Estimate of region of attraction
* * §' 0
Ao =qx5|2"(t) e Dforallt >0
* T
= {xz; eATBRE )tk « D forallt > 0} 02
» Largest invariant set in D is computable 1t DAO
N. Athanasopoulos, G. Bitsoris, and M. Lazar, “Construction of invariant polytopic sets with I I I I I
specified complexity,” International Journal of Control, vol. 87, no. 8, pp. 1681-1693, 2014 -1 -0.5 0 0.5 1
L. Schz'.ifer, F. Gruber, and M. Althoff, "‘Scalable compqtation of robust control invariant sets 1
g;ngglslrl(;z;roaésotg?s IEEE Transactions on Automatic Control, vol. 69, no. 2, m Larger estlmate fOF M FC
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Sliding-mode MFC:  w=k"2* — (m (22 —23) + psgn(s(z — z*))), k*=-[1,2

Model: i* = (A+ Bk*")z*, 2*(0) = z(0) T1-xo-plane
. . 1+
Closed loop: exact model tracking AN
x = x* whenever z*(t) € Dforallt >0 05l \
m Estimate of region of attraction
* * §' 0
Ao =qx5|2"(t) e Dforallt >0
* T
= {xz; eATBRE )tk « D forallt > 0} 02 \
» Largest invariant set in D is computable 1t N
N. Athanasopoulos, G. Bitsoris, and M. Lazar, “Construction of invariant polytopic sets with I I I I I
specified complexity,” International Journal of Control, vol. 87, no. 8, pp. 1681-1693, 2014 -1 -0.5 0 0.5 1
L. Schz'.ifer, F. Gruber, and M. Althoff, "‘Scalable compqtation of robust control invariant sets 1
g;ngglslrl(;z;roaésotg?s IEEE Transactions on Automatic Control, vol. 69, no. 2, m Larger estlmate fOF M FC
C Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
Technische Universitat limenau N. Tietze, K. Wulff, J. Reger - 1 7th September 2024




Model-following control architecture

First-order sliding-mode MFC
m Control design
m Stability
m Region of attraction

Super-twisting MFC
m Control design
m Stability
m Region of attraction

Conclusion
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I e I
Model following control architecture

1 MCL — PCL !
"r=0 : : > 5 !
E —>  model . process > : : . process i} U orocess X E
T gl ;
Model following control architecture
m 2-DOF structure m MCL: no perturbation
m Two control loops: m New reference x*
» Model control loop (MCL) m Feedforward u*

» Process control loop (PCL)

H. Erzberger, “On the use of algebraic methods in the analysis and design of model-following control systems,” National Aeronautics and Space Administration, Washington DC, Tech. Rep., 1968

J. Willkomm, K. Wulff, and J. Reger, “Quantitative robustness analysis of model-following control for nonlinear systems subject to model uncertainties,” in IFAC Conference on Modelling, Identification and
Control of nonlinear Systems, Tokyo, Japan, 2021, pp. 167-172
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Model-following control architecture

Model-following control architecture

1 MCL — PCL !

"r=0 : : > _ \

| "= model | process vl | process @l yness 2
MCL: nominal stabilisation PCL : robust stabilisation

m State x* € R”, input u* € R m State 2 =z — z*, input @ = uw — u*

¥ =Axz* 4+ Bu* xL:Afc—I—B@—FA(x,t))
m Initial state 2*(0) = zj m Initial state 2(0) = 29 = 29 — 2}
m Linear state-feedback: u* = k*' 2* m Control law @
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Robust design of the process control loop

Continuous control

H _ H J. Willkomm, K. Wulff, and J. Reger, “Set-point tracking for nonlinear systems subject to uncertainties using model-following
L H Igh gal n Contr()l control with a high-gain controller,” in European Control Conference, London, United Kingdom, 2022, pp. 1617-1622

N. Tietze, K. Wulff, and J. Reger, “A model-following control approach to peaking attenuation in high-gain partial state
feedback for nonlinear systems,” in IFAC Conference of Modelling, Identification and Control of nonlinear systems, Lyon,
France, 2024

Discontinuous control

: N. Tietze, K. Wulff, and J. Reger, “Dynamic partial state-feedback revisited for output tracking using Lyapunov redesign
u Lyapu nOV redeSIQ n and model-following control,” in /[EEE Conference on Decision and Control, Milan, ltaly, 2024

Al _ N. Tietze, K. Wulff, and J. Reger, “Local stabilisation of nonlinear systems with time- and state-dependent perturbations
L S“dlng mOde Contr()l using sliding-mode model-following control,” in /EEE Conference on Decision and Control, Milan, ltaly, 2024

Sliding-mode design
First-order
Super-twisting

Technische Universitat lImenau
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First-order sliding-mode MFC Control design

First-order sliding-mode model-following control

~

Process controller @ = —[0m"]z — p sgn(3(%))
m Linear sliding-variable: 5(z) = [m 1] '

m Gain: ﬁ >0 > maXgzeD,t>0 ’A(w,t)’

Dynamics of the closed loop

m Reduced state z = [Z1,...,7,_1] ' € R*1

0 1 0 0
z=A,zZ+ B, s,
. AZ = , BZ ==
§ = —psgn(s)+ A(x,1), 0 0 1 0
=y - 1

m Lyapunov function for z (if s = 0)
V5= ("R, AP, +PA,=—GI, §>0
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First-order sliding-mode MFC Stability

Sliding-mode model-following control - stability

Closed loop

m Candidates for positively invariant sets of the PCL

Qs = {x‘ 5(3) <& A V(3) < c} E>0, & >aé a=24""\Y2(B)|BB,l:

max

Theorem 1 (Stability of the closed loop).
Letxg = x4+ 2o With g € Qg,gz. The solution x = x* + T converges to the origin and

x(t) € ({x*(t)} < QagZ) for allt > 0, whenever ({x*(t)} < Qg,gz) C D forallt > 0.

|dea of proof .
m gz, invariant w.r.t. dynamics of closed PCL 2=A,Z2+ B, 5,

2 ~ ~ * ~
§=—psgn(s) + A(x" + 7,t)
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First-order sliding-mode MFC Stability

Sliding-mode model-following control - stability

Discussion
[:%0 €z, and ({z*®)} @ Qg,gz) CD forallt > O] = [a:(t) c({=*(t)} & Qg’gz) forall t > O]

m Geometric condition using solution of unperturbed MCL to check stability of perturbed process

Geometric interpretation x(t) in time domain

m Solution z remains in tube around z*
whenever tube is subset of D 05 -

Example: n =2 with k* = —[1,2], m =3

= Initial state 2 = [ 702

m ;s such that tube is subset of D
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Sliding-mode model-following control - stability

Discussion
[%0 €z, and ({z*®)} @ Qg,gz) C D forall t > OJ = Ev(t) c({=*(t)} & Qg,gz) forall t > O]

m Geometric condition using solution of unperturbed MCL to check stability of perturbed process

Geometric interpretation T1-T2-plane
m Solution z remains in tube around z* 06
whenever tube is subset of D 041 D
m Initial state 5136 = [:82} 04
m - - such that tube is subset of D il I
—2 Upo (" (0} & O,

T
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Sliding-mode model-following control - example

Second-order system: solution for different x for one
x(t) in time domain x1-x2-plane

0.8
0.6

0.6
0.4 D
0.4

0.2

T2

-0.2 -

0.4

-0.6

-0.8

x 0.20 tins

m Invariance: z(t) € ({z* ()} Qzz,) Vt > 0 m Exact model tracking z = z* for zf =
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First-order sliding-mode MFC Region of attraction

Sliding-mode model-following control - region of attraction

Region of attraction: Depends on zy and

m Define: A= U ({xz;} o Q)

2l €D,E>0,6,>a ¢
st.({z* (1)}@0s,2, ) CD V120

Theorem 2 (ROA with appropriately chosen zj).

For each xy € A, there exists some x}; € D such thatlim;_,~ x(t) = 0.
Special cases: zf =0

|dea of proof: Construction of the set A

m Given some z, € A, select 73 € D s.t. €Oz, and ({2*(t)} © Qzz,) C D forallt >0 for
somec > 0,c¢c, > ac

(o Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
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First-order sliding-mode MFC Region of attraction

Sliding-mode model-following control - region of attraction

Region of attraction

AD U ({0} D Qa,@)
28 =0,6>0,6,>a &

S.’[.({O}@Qa,gz)g'D V>0

Case: initialisation x5 = 0
m Trivial MCL * =

=~ -
r=2 = u= u +u=-[0m |x— psgn(s(x))
= MFC is equivalent to single-loop design
Uy = U Qzz, C A

E>0,6,>a ¢
S.t. Qg,gz gD
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First-order sliding-mode MFC Region of attraction

SM MFC - region of attraction without solution of the MCL

Discussion: estimate of the ROA
m Appropriately chosen xj: ROA MFC O ROA SL (A D Wy))

Requirement: solution z* of the MCL

|dea: estimation of =*
= Lyapunov function V*(z*) of i*=(A+Bk*)a*
m Invariance of level-sets
Vi(xy) <c*y ¢t >0 = z*(t) € QfL  with Qf = {:C*

c*

V*(SE*) < C*}

= Evaluate geometric stability criterion for estimate 2. of z*

C Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
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SM MFC - stability without solution of the MCL

Bound for the solution: z*(t) € Q% forall t > 0

({:U*(t)} D Q) C [(Q ® Q) = Q]

Corollary 3 (Stability of the close-loop).

Letc*,é> 0 and &, > ac such that Qs z ;. C D. 1
Then, for all zo = x5 + To with x§ € 2%, and osl
Zo € (z¢,, the solution x converges to x = 0.
Example: n =2 with k* = —[1,2], i = 3 ;
AT P* L prA* — ] 051
0 V*(I*) _ SE*TP* SC*, X + - )
A*=A+ Bk 1
m O, Qs suchthat Q.. - is subset of D . B E e ﬁ{wé} E Qé’EZ(lo)) o

Il
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
X1
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First-order sliding-mode MFC Region of attraction

SM MFC - region of attraction without solution of the MCL

Region of attraction

Uy = U Qzz,| C U= U Qex | €A = U ({xg} D Qé,éz)

¢>0,é,>a ¢ c*,6>0,6,>aé xl€D,E>0,6,>a¢é
s.t. Qé,éz QD s.t. QC*,E,&Z QD St({x*(t)}@ﬁé’éz)gfpvtzo
x1-T2-plane
Corollary 4. X
Al
For each xo € ¥, there exists some xj € D such qu 1
. S
that lim;_, » x(t) = 0. os | v
NOte & or
m Restrict definition of ¥ to ¢* = 0 el
Example: n = 2 with k* = —[0.25,0.5]", m =3 | | | |
-1 -0.5 0 0.5 1
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First-order sliding-mode MFC Region of attraction

SM MFC - summary

First-order sliding-mode MFC

m Stabilisation by tracking solution of the stabilised process
= Geometric stability criterion for perturbed process using the solution of the unperturbed MCL
= Bound: x remains in tube around z*

m Region of attraction
= Appropriately chosen z5: ROA SL C ROA MFC (U5 C W C A)
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QOutline

Super-twisting MFC
m Control design
m Stability
m Region of attraction
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Super-twisting MFC Control design

Super-twisting model-following control

Goal: stabilise PCL with super-twisting algorithm (STA)

m Perturbation A(z,t) = A, (x) + A4(t) satisfying local bounding conditions on D

max |A(z,t)] <4, max %tt(t) %x(x)

<0g,1=1,2,....n
xeD,teR+ teR+

S 575, max
xeD

STA with state-dependant perturbation
m Typically non vanishing reaching-phase (even if initial value of sliding variable is zero)

A. Chalanga, S. Kamal, and B. Bandyopadhyay, “A new algorithm for continuous sliding mode control with implementation to industrial emulator setup,” IEEE/ASME Transactions on Mechatronics,
vol. 20, no. 5, pp. 2194-2204, 2015

m A-priori bound on the time-derivative of the perturbation = may cause algebraic loop

dA(xz,t)  O0A(x,t)  O0A(x,t) .  dAL(t) dAL(z)
T - o + o L T a +—da: (Aa:—l—B(u—I—A(a:,t)))

|. Castillo, L. M. Fridman, and J. A. Moreno, “Super-twisting algorithm in presence of time and state dependent perturbations,” International Journal of Conirol, vol. 91, no. 11, pp. 2535-2548, 2018
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Super-twisting MFC Control design

Super-twisting MFC - control design

Super-twisting design: special parametrisation

H. Liu and H. K. Khalil, “Output-feedback stabilization using super-twisting control and high-gain observer,” Iniernational Journal of Robust and Nonlinear Control, vol. 29, no. 3, pp. 601-617, 2019

m Integral sliding-mode control m Model-following control
N. Tietze, K. Wulff, and J. Reger, “Local stabilization of systems with time and state N. Tietze, K. Wulff, and J. Reger, “Local stabilisation of nonlinear systems with time- and
dependent perturbations using super-twisting integral sliding-mode control,” in European state-dependent perturbations using sliding-mode model-following control,” in IEEE
Control Conference, Stockholm, Sweden, 2024, pp. 3676-3683 Conference on Decision and Control, Milan, Italy, 2024
Super-twisting MFC: v = u* + @9 + 3 Dynamics of the closed loop
m Gains a;,as > 0 and scaling i > 0 m State Z, auxiliary variable v = v 4+ A(x, t)
i =—[0 m']z, z=A,2+B,3,
~ Q1 -11/2 ~ ~ < A1 21172 ~ -
iy = — 2L 5]/ sgn(3) + 5, 5= — L5172 sgn(s) + 7.
,LL
=22 n(3), 95(0)=0 o 02 g 4 180
2 2 ! 2 2 dt
C Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
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Super-twisting MFC Stability

Super-twisting MFC - stability

Lyapunov function for STA: V=x"Px, x = [x1,x2]" = [|5]"/?sgn(s), iv]"

T N 5 = = N
A=z |79 W op % ithsolution P= [P P2l oo of ATP+PA=_1I
2 |—a2 O 1 P12 D22

J. A. Moreno, “A linear framework for the robust stability analysis of a generalized super-twisting algorithm,” in International Conference on Electrical Engineering, Computing Science and Automatic
Control, 2009, pp. 1-6

Theorem 5 (Stability of the closed loop for sufficiently small scaling ).
Given some ¢*, ¢ and ¢, > a ¢ such that [QC*,@(;Z = (Q% & Qg,gz) C D], let |x5 = g € Qg*l
Then there exists some [i > 0 such that x remains in .z z, and | lims o x(t) = 0 for every i < ﬁj

ldea of proof: overcoming the algebraic loop locally

m Bound i depends on parameters in Lyapunov equation and estimate of bounds of A(x,t)

S 1 . -~ dA(z,t) dA(z,t) Yo
V< |2 Qe PR Sl CEEZA T e CERZA ) P 0
< (= g+ @l B b | |22 2). (92D 20 for some 5 >

(o Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
Technische Universitat limenau . th 24/27
N. Tietze, K. Wulff, J. Reger - 11" September 2024



Super-twisting MFC Stability

Super-twisting MFC - stability

Theorem 6 (Stability of the closed loop for sufficiently small scaling ().
Given some c*, ¢ and ¢, > ac such that Qe z &, = (Q% & Qg,gz) C D, let xf =z € Q% and

fio = 5= 1/ (P11 2 — ) € i = (27]|PBl2) "

for some v > o with

P22

& ,6?5Z

$7;|5xi_1—|—533n (5&1 -+ @) \/é

n
v0= (| max [u*] + macx [iio| +28) 3, fio + 6t fio + fio Y, max
i=2 ’

T €N, z€€z ¢,

Then x remains in Q¢«: z, and lim;_,, x(t) = 0 for every i < min{jio, fi1}.

7 Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
Technische Universitat limenau ) th
N. Tietze, K. Wulff, J. Reger - 11" September 2024




- sperenge | Rogonotateslor
Super-twisting MFC - region of attraction

Discussion

t—00

[:cg — 3 € Q}] with [Q C D] LN [lim z(t) = ]

T1-xo-plane
Region of attraction '
m Convergence for all ¢ € Q7. 0S|
ol
Challenges

= Non vanishing reaching-phase for exact >l
initialisation z§ = B

m Algebraic loop resolved (via scaling i) L% [ Qe se, 1 ({5} ® Qg (0)) < 5

- 08 04 02 0 02 04 06
6; Fachgebe Reglingsechnk Local stability analysis of sliding-mode model-following control systems
N. Tietze, K. Wulff, J. Reger - 11th September 2024



Conclusion - sliding mode MFC

Robustness of 2-DOF architecture with sliding-mode control
m Local stability and invariance properties using solution of MCL
= First-order: region of attraction SL C region of attraction MFC
= STA: overcome problem of non vanishing reaching phase and algebraic loop

Mt - PCL '
: (I . 1 |
= ' + > sliding-mode | - l

 7=U] linear process TF J i | u !
- model > —+——>|  process [—>0—— Process !
- > u* model N I !
! controller I controller !
: |
1 ;! !

Outlook
m Lyapunov redesign: smaller gain for controller

N. Tietze, K. Wulff, and J. Reger, “Dynamic partial state-feedback revisited for output tracking using Lyapunov redesign and model-following control,” in /EEE Conference on Decision and Control,
Milan, Italy, 2024

m High-gain control: peaking attenuation

N. Tietze, K. Wulff, and J. Reger, “A model-following control approach to peaking attenuation in high-gain partial state feedback for nonlinear systems,” in /FAC Conference of Modelling,
Identification and Control of nonlinear systems, Lyon, France, 2024

7 Fachgebiet Regelungstechnik Local stability analysis of sliding-mode model-following control systems
Technische Universitat limenau ) th
N. Tietze, K. Wulff, J. Reger - 11" September 2024
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Problem Description ﬂ'lc;lan_

Motivation
5
41 [ /3\ Objectives:
L
ot [\'l X\ [\ /-\l \ . .
”EF; 3 U VANVARY; = Remove chattering in
2 practical application of
o i . .
super-twisting control.
1k Reference | o
Explicit STC » Compare super-twisting
. P1 Control | | control and Pl control.
0 2 4 6 8 10
Time ¢ in s
Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik 4%.
23 Styrian Workshop on Automatic Control, 11 September 2024



Problem Description

Problem Description

Plant
x = f(x) + g(x)(u + ),
o = h(x) = (1),
with unknown input disturbance ¢ and relative degree 1:
0 = a(x) —7(t) + b(x)(u+ ¢)
Control goal: Stabilize output (control error) at o = 0.
Assumptions:
= h(x) positive and bounded,
= b(x)p(t) and a(x) — 7(t) Lipschitz-continuous in t.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024
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Established Control Methods ﬂ-lc;lan.

Established Control Methods

Pl Control & Super-Twisting Control

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Established Control Methods ﬂ-lc;lan.

Pl Control
u = —k10 + V,
V= —kQO' (3)
yields
& = b(x)v — b(x)k1 + alx) — 7 (1) + b(x)a(0). (4)

= Can only reject constant disturbances,
= Well established and broadly used in industry,

= Many tuning rules exist.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Established Control Methods ﬂ-lc;lan.

High-Gain Pl Control: Robust Linear Control

u = —klO' + v,
V= _kQO-
Robustness via high gains?
hq ho
kl — ;7 k2 — ?7 (5)

small € > 0. Decreasing € diminishes the effect of the disturbance on o.

= Practically infeasible due to large control actuation and sensitivity to noise.

! Khalil, Chapter 14 in Nonlinear Systems. Upper Saddle River, New Jersey: Prentice Hall, 2002.



Ty,

Established Control Methods

Super-Twisting Control (STC): Robust Nonlinear Control

u = —Fk;sign (o) \/m TV,
v = —kosign (o) (6)

yields

o = b(x)v — b(x)kysign (o) \/H + a(x) — 7(t) + b(x)p(t). (7)

» Can reject any Lipschitz continuous disturbances,

= Can lead to chattering effects due to unmodeled dynamics and discretization.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Established Control Methods ﬂ-lc;lan.

Discrete- Time Super-Twisting Control

General discrete-time controller Explicit Euler discretization leads to
discretization chattering:
U — UV — kl\Ifl(Ok),
V1 = U — ThaWa(oy), (8) U™ (o) = sign (o%) /|0,
V5P (o1) = sign (o}) . (9)
with discretization time T'.

Implicit Euler’® and Low-Chattering® methods

= produce no discretization chattering,
= yield linear controllers close to o = 0, i.e. utilize high-gain Pl control.

2 Andritsch et al., Modified implicit discretization of the super-twisting controller. IEEE Transactions on Automatic Control, 2024.

* Seeber et al., Proper implicit discretization of the super-twisting controller ... 2024. https://arxiv.org/abs/2406.16094.
* Hanan et al., Low-Chattering Discretization of Homogeneous Differentiators. IEEE Transactions on Automatic Control, June 2022.



Ty,

Established Control Methods

Input-Output Linearization: Compensate Output Dynamics

= Assume necessary state information

Recall output dynamics
given to compute a(x) and b(x).

o =a(x)—7r(t) +b(x)(u+ ). = Pl control still not robust against
b(x)(t).
Applying control law = STC does not have to be robust
1 against a(x) but only b(x)p(?)
u=——(—a(x)+7r(t)+u") (10)  (smaller gains).
b(x)
yields

o=u"+b(x)p(t) (11)

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Simulation Example ﬂ-lc;lan.

Simulation Example

Speed Control of a DC motor

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Simulation Example ﬂ-lc;l‘—g.
Speed Control of a DC Motor

4 , , 0.01
First-order model ] 3_’& |5 oos)
yields error dynamics ¢ 5
. . 2t =¥ or
o=oar+ pPu—1r(t). % g

A, 5 -0.005 |
Reference r PI Control

Speed z, reference r, PI Control oo |

. | | , , .
error c = x — r. 0 1 2 3 4 5 0 4 5

Time ¢ (s)
5 0.01

Parametrization®:

a=—251, 3 =285

Speed x
w
Tracking error o
o
o
o
o fa

. Reference r ==
Pa ram ete rs: Explicit Euler STC Explicit Euler STC
L, — oy Lo ko — 50 1 Implicit STC -0.005 Implicit STC
1 — ! 2 — ) ' Low-Chattering STC Low-Chattering STC
- 0 L 1 1 1 1 -0.01 1 1 1 1
T — O : 0 ]‘ 0 1 2 3 4 5 0 1 2 3 4 5

Time ¢ (s) Time ¢ (s)

> Andritsch et al., Experimental comparison of sliding mode control dedicated discretization approaches. Accepted to International Workshop
on Variable Structure Systems (VSS), 2024.



Discrete-Time Eigenvalues ﬂ-lc;lan.

Discrete- Time Eigenvalues

Pseudo-Linear System Representation & State-Dependent Eigenvalues

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Discrete-Time Eigenvalues ﬂ-lc;lan.

Pseudo-Linear System Representation

Recall general form of discrete-time controller

UZ — VL — ]Cl\Ifl(O'k),
Vg+1 = Vg — T/CQ\IJQ(Ok).

Defining 2 = i + v and ¥;(0x) = k@%zk) yields the closed-loop system

Ops1| (1 —=T1(ox) T |ox O A 15
| o7 1 | S (12)
Zht1 —Tpo(o) 2k
Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik q%.
23 Styrian Workshop on Automatic Control, 11 September 2024



Ty,

Discrete-Time Eigenvalues

State-Dependent Eigenvalues under STC

11 Implicit | 11 - Implicit I 11 Implicit I 11 - Implicit
Explicit Explicit Explicit Explicit
- Low-Chattering - Low-Chattering - Low-Chattering Low-Chattering
0.57 1 0.5¢ 1 0.5} / 1 0.5
0 Or 10 0
0.5 J 1-0.57 1-0.5 1-0.5
-1 -1 -1 -1y
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
k1 = Vks k1 = 2k k1 = V4ko k1 = 8k
Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
IRT

23 Styrian Workshop on Automatic Control, 11 September 2024



Unmodeled Dynamics ﬂ-lc;lan.

Unmodeled Dynamics

Description, Effects & Chattering Reduction Method

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Unmodeled Dynamics ﬂ-lc;lan.

Unmodeled Dynamics

= Originate from sensor and/or actuator (input/output dynamics).
= Often neglected as they are "fast” in comparison.

= Can be approximated by a first-order low pass.
E.g. sensor dynamics with time constant %:
b= —wd + wo. (13)

Output & is available for control.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23" Styrian Workshop on Automatic Control, 11 September 2024



Simulation Example (cont.)

Ty,

Speed Control with STC and Unmodeled Dynamics

Large time constant = = 0.1s.

5
ks = 50, 4
kl — 2k27 8 3 /\ N i
= \V/
1= 0.01 £
p— . S ol _
wn Reference
1k Explicit
Implicit
0 1 1 1
0 2 4 6 8 10
t (s)
o 0.05
8
[
g
A
-
Q
5 -
& -0.05 Explicit
Implicit
0 2 4 6 8 10

t (s)

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024

Tracking error o

Small time constant % = 0.01s.

4 -
A\
2 -
Reference
Explicit
Implicit
0 2 4 8 10
t (s)
0.01
O -
0.01 Explicit
Implicit
2 4 8 10

s



Unmodeled Dynamics

Ty,

State-Dependent Eigenvalues under STC

Recall: Pseudo-linear system representation with ¢;(0%) = k;

state-dependent closed-loop 3 x 3 system matrix.

Trajectory of explicit STC is equivalent to high-gain Pl control over ¢.

v

i(ok)

Ok

0.5}

057

o e Y I . ]\
0.5 0.5
N |
)
1-0.5 105
d At At
1 05 O 0.5 1 1 05 O 0.5 1

ki = Vks

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024
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Ty,

Unmodeled Dynamics

Reduced-Chattering STC

ldea: Stop eigenvalue evolution within the unit disk, similar to®.
Yields linear control when o ~ 0: STC converges to high-gain Pl control.

' d
- r (o |
U (o) = U7 (sign (o) max(|o|,7)) . (14)
max (o], )
Reduced-Chattering Implicit = Reduced-Chattering Implicit [ Reduced-Chattering Implicit = Reduced-Chattering Implicit |
Reduced-Chattering Explicit Reduced-Chattering Explicit Reduced-Chattering Explicit Reduced-Chattering Explicit
= Low-Chattering l = Low-Chattering 1 = Low-Chattering 1 = Low-Chattering 1
0.5¢ \\ 1 0.5¢ w\\ 1 0.5¢ \ 1 057 T\ 1
0f = / 1 0Or 5= 1 07 1 Or = l
|
05 © 1057 1-0.57 / 1057 l/ -
-1 1 -1r 1 -7 1 -7 1
-1 05 0 0.5 1 1 05 O 0.5 1 1 05 0 0.5 1 1 05 0 0.5 1

ki = ko k1 = v/ 2k k1 = /4ks k1 = v/8ko

® Riidiger-Wetzlinger et al., Discrete-Time Implementations of Differentiators Homogeneous in the Bi-Limit. Springer Int. Publishing, 2023.



Simulation Example (cont.)

Ty,

Speed Control with Reduced-Chattering STC

Large time constant % = 0.1s.
5
ko = 50,
4 -
o \/
1= 0.01 4
n 2]
Reference
1t Explicit, v =0.4| |
Implicit, v = 0.3
0 Il Il Il Il
0 2 4 6 8 10
)
N
. 01r
o
—
5
2 o
£
3
o
= 0.1 Explicit, vy = 0.4
Imphc1t v=0.3

t (s)

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Speed x

Tracking error o

Small time constant % = 0.01s.
4 -
N\
2 -
Reference
Explicit, v = 0.02 | |
Implicit, v = 0.01
0 6 8 10
t(s)
0.01
O -
0.01

Explicit, vy = 0.02| ]
Implicit, v = 0.01




Unmodeled Dynamics ﬂ-lc;la!.

Tuning of STC
« Select controller gains ks = A = w?, ki = pvV/A = 2Cwy.

= Pair (A, p) typical for SMC, pair (wp, ¢) typical for Pl control.
» Select p > 2 for convergence without oscillations.

= Select p < 2 for convergence with oscillations.

= Increase A for faster convergence.

= Robust against input disturbance with a slope smaller than A.

= Select a discretization method (e.g. Explicit Euler or Implicit Euler).

» Select chattering-reduction parameter v based on

» closed-loop eigenvalues including estimated unmodeled dynamics or
= the region |o| < 7, in which the controller is linear.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Experiments ﬂ-lc;la!.

Experiments

Speed Control of a DC Motor &
Air Temperature Control for Fuel Cell Test Bed

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Experiments ﬂ'lc;lan_

Speed Control of a DC Motor (1)
T =0.01, w=20, k = pVA, ko =Awithp=4, A=5

5 " 15 T i i
Explicit STC Explicit STC
4 ] 0.05 PI Control i PI Control
& High-Gain PI Control, = = 0.0754 =] High-Gain PI Control, £ = 0.0754
5 = 10
s 3k { x . 5
T = —
=2/ L v E
Reference 5 = 5 ]
1 / Explicit STC i “ o
/ PI Control -0.05 -7 /\/\
High-Gain PI Control, £ = 0.0754
0 ; ' ' ' ' ; ; ; 0 ' ; ; '
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time t in s Time ¢t in s Time tin s

Unmodeled Dynamic: Output filter that differentiates the encoder signal.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
23 Styrian Workshop on Automatic Control, 11 September 2024



Experiments

Ty,

Speed Control of a DC Motor (2)
T =0.01, w=20, k; = pVA, kg =

]
T

5
I Implicit STC
al ] 0.05 PI Control .5
i
3 3 o ' /N 5 LU WAL 'H i £
: 3 Tl HH n\ll M\ q
o2 - - - ] é H‘ |u" |w|\ ‘ H 2
z g
1 gﬁfﬁ?é’rc ] -0.05
PPI Control
0 : : : : : : 1
0 2 4 6 8 10 0 2 4 6 8 10
Time tin s Time tin s

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Implicit STC
PI Control
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Experiments

Ty,

Speed Control of a DC Motor (2)

T =0.01, w =20, k; = pVA, ky = A with p =4, A =200

5
|| Imphcnt STC
4+ 1 0.05 PI Control
" "|| ‘ ‘
—
e e ]
2 g ° -1 ul |7.“ \h’
& 2 E e [ (i |
1 Reference | ©
Implicit STC -0.05
PI Control
0 1 1 L 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Time ¢ in s Time ¢ in s
5 : :
High-Gain PI Control
4 ] 0.05 Reduced-Chattering Implicit STC, v = 0.2422
&
| | 8
= =
o 3 ' ' o
w2 E
Reference c
1 High-Gain PI Control | o
Reduced-Chattering Implicit STC, v = 0.2422 -0.05
Region where STC is linear
0 2 4 6 8 10 0 2 4 6 8 10

Time t in s Time t in s

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Control signal u

15

—_
o

ul

Control signal u

Implicit STC
PI Control

2 4 6 8 10

Time ¢t in s

High-Gain PI Control

Reduced-Chattering Implicit STC, v = (.2422

NN

2 4 6 8 10

Time ¢t in s

>



Experiments ﬂ-lc;g.
Air Temperature Control for Fuel Cell Test Bed

T 27 P(s) = L08T — 5299 — —() — T))) + 0.0937 w,

T =0.02, k1 = pVA, ks = A, p=2, A =0.001

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik . e
23 Styrian Workshop on Automatic Control, 11 September 2024 1



Experiments

Ty,

Air Temperature Control for Fuel Cell Test Bed

9 .
. Ty —  P(s) = 2080 = 5200

| |u:Pe1 T =0.02, kb = ,0\/7\, ko

M

Temperature - nominal massflow 7 = 30 kg/h

50 T T T T T T
O 45
= s B ference
oy Tmplicit STC
= s Rediiced-Chattering Tmplicit STC, 4 = 0.5
= 40 PI Control 1

s it h- Gainn PI Control
Region where R-STC is linear
35+ ' '
0 50 100 150 200 250 300 350 400 450
tins
20 Heating Power - nominal massflow 7 = 30kg/h

o))
o

u(t) in %
N
=

)]
o

0 50 100 150 200 250 300 350 400 450
tins

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Experiments

Ty,

Air Temperature Control for Fuel Cell Test Bed

I .
? 0.0937
s, T =0.02, ki = pVA, ks = A, p=2, A =0.001
50 Temperature - nominal massflow 7 = 30 kg/h 50 Temperature - deviating massflow /i = 10kg/h
T T T T T T T T T T T T T T T T T T
O 451 © 451 —
= s B ference = Reference
oy Tmplicit STC pay Tinplicit STC
= s Rediiced-Chattering Tmplicit STC, 4 = 0.5 hatt s Reduced-Chattering Implicit STC, v = 0.5
= 40 E = 40 i
- PI Control - PI Control
s it h- Gainn PI Control s i hi-Giain PT Control
Region where R-STC is linear Region where R-STC is linear
3g LS . . . : ‘ : : 35 : : : : :
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
tins tins
20 Heating Power - nominal massflow 7 = 30kg/h 20 Heating Power - deviating massflow m = 10kg/h
60| " 4 14 60 ,‘ 4 :
A 2 1 A 2
40 . T 40¢ l d .
S N < EYFIN
3 ol oG . . . . . L | | | 2 ol o4 . . | |
= 0 50 100 150 200 250 300 350 400 450 -1 0 50 100 150 200 250 300 350 400 450
0 ﬂ_m : ; 0 \ T —— —
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
tins tins
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Conclusion ﬂ-lc;lan.

Conclusion

= Super-twisting control can successfully be deployed in practical applications.
= Chattering reduction method introducing one additional intuitive parameter.
= STC can outperform Pl Control in transient behavior and remaining error.

= At |o| <, reduced-chattering STC is equivalent to a Pl controller.

= STC combines the benefits of Pl control and high-gain Pl control:

= tolerable input actuation for the plant,
= small overshoot in transient phase,
» robustness against input disturbances.

Benedikt Andritsch, Institut fiir Regelungs- und Automatisierungstechnik
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Backup Slides ﬂ'l;l‘_g_

Further Air Temperature Control Experiments

Similar rise time with A = 0.02, v = 1 for STC Response to 30°C step with A = 0.001, v = 0.5
0 Temperature - nominal massflow mh = 30 kg/h % Temperature - nominal massflow m = 30 kg/h
Reference
20 Reduced-Chattering Implicit STC, v = 0.5 |
O a5 o
= 8 701 ]
E  ——L L] S S
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