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Control of complex systems

2

EMR’25, Lille, July 2025

BAT
Example: Parallel HEV
rans.
A
= \4 \ 4
fast subsystem - EM ICE Trans.
controls control control control
N—
o
slow sy_/s_tem Energy management
supervision B (supervision/strategy)
N—

driver request



Inversion-based control

Organization of control of complex systems 3
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BAT E o
Example: Parallel HEV | :
EMR
- How to define control <Z Objective of this
fast subsystem scheme of complex systems? section
controls < (algorithm? sensors?)
N—
_ v 1} I
slow system
supervision < > <

) 1

driver request
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- Outline -

QO

Principle of Model-Based Control

Inversion of EMR Elements

Inversion-Based Control Scheme
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« Principle of Model-based Control »
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- Principle of Model-based Control -

EMR’25, Lille, July 2025

[Hautier 96]
cause effect .
- »  System > Model out =1 (in)
input output
l measurements? @
- < Control < Control in = g (out,,)
right cause desired effect

control =inversion of the system functionality
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- Principle of Model-based Control -

EMR’25, Lille, July 2025

effect
cause 5 - > >
T | SS1 f— SS2 Lo SSn output
) Input
)
( l measure? l measure? l measure?
‘\
\\
~ < C, — C, [¢----- C, |
right cause desired effect

EMR = system decomposition in basic energetic subsystems (SS,)

Rememober,
divide and conquer!

Inversion-based control: systematic inversion
of each subsystem




« Inversion of EMR elements »



Inversion-based control
- Basic Principles - 9
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Model out = 1 (in) :> Control in=g (out,,)
I/O relation without delay . direct inversion
[/O relation with delay > Indirect inversion

(closed-loop control)

I/O relation with multiple Inputs ——  Multiple solutions
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- Inversion of a conversion element -

Objective: to control y,

U1 -reg

Direct Inversion

X5

4—
u,

X 2-ref

X, =1f(uy)

uy -reg=f ! (X 2-ref)

EMR’25, Lille, July 2025

EXx : wheel

v=r,, 2
I=r,,F

5
A
S

ref

ref

10
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- Inversion of an accumulation element -

1
EMR’25, Lille, July 2025
Objective: to control y, u(t)=u.(t)-u,(t

u X =f
‘_1> _é_» X1 (U1, U2) U(t) X1(t)
«—/ |- fis in integral form —’ﬁt

X1 | Uy

u2—meas i :

direct indirect !

| <1-meas \ inversio

ot possible
in real-time

inversion| u, (t)
I

&

U1 -ref x1-ref

ure](l) — C(O[x]rej(v “X Imeas (O]

closed loop controller
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- Inversion of a coupling element -

U
Vi ¢——
\
4____',( NG
PR S

ey - =g
4q——-—- - J u2

ulm

ylm

Y 2-ref

kpi---Kpgm-1)

EMR’25, Lille, July 2025

Example: chassis of a train

—
F bogl Vv <
train
F 4 FtOt
bog24 —>
Vtrain ‘V_
F bog3 train
no measurement

no controller
(m - 1) distribution
- variables

U = kD1y2ref

ul(m—l) = kD(m—l)eref

\ulm = (1 B Z kDi )y2ref

12
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- Inversion of EMR elements -

Legend

Control = light blue
Parallelograms
with dark blue
contour

U direct

Inversion

N indirect
Inversion

? SCNSOr

<— mandatory link

<--- facultative link

conversion element

—

EMR’25, Lille, July 2025

direct inversion +
disturbance rejection

\4

£

1

accumulation element

— />
> <

controller +
disturbance rejection

o

coupling element

e

distribution criteria

= A

13
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- Maximum Control Scheme -

1. EMR of the system

EMR’25, Lille, July 2025

EMR depends on:

- the study objective (limits between system and sources)
- the physical laws of subsystems (physical causality)

- the association of subsystems (systemic approach)

15
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- Maximum Control Scheme -

EMR’25, Lille, July 2025

1. EMR of the system
2. Tuning path

X; X X3 Xy Xs X6 X7
> > —» >
G/ 2= = BEfe=Geo
u; U G u; U, Us T Us u;
<23 X 256 X
delay delay
The tuning path is:

- dependant on the technical requirements (chosen tuning input / output to control)
- independent of the power flow direction

16
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- Maximum Control Scheme -

EMR’25, Lille, July 2025

1. EMR of the system
2. Tuning path

3. Inversion step-by-step Strong assumption: all variables can be measured!

X; X X3 Xy Xs X6 X7
> > —> > C
J ] [/ — /[
U U, uz;— Uy Us Usg— 1 |Yy
|23 Zs6 | i
LM L A &
)—C3-ref ‘14-ref ’§5-ref )—66—ref )—67—ref
Maximal Control Structure (or scheme): Example:
- maximum of sensors - 6 sensors

- maximum of operations - 2 closed-loop controllers
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- Maximum Control Scheme -

1. EMR of the system
2. Tuning path

EMR’25, Lille, July 2025

3. Inversion step-by-step Strong assumption: all variables can be measured!

X X X3 Xy Xs Xg X7
» /o> —» > (
St D [ e /] v — /e
U; Z 2 Us Uy Us ] Ug U,
|23 Zs6 | i
M / ,; —
X3 -ref ‘14-ref Xs -ref X6 re )—67—ref

4. Tuning of controllers

PI/ PID / fuzzy controller?
Calculation of parameters?

18
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- Practical Control Scheme -

EMR’25, Lille, July 2025

1. EMR of the system
2. Tuning path
3. Inversion step-by-step Strong assumption: all variables can be measured!

Xg X X3 Xy Xs X6 X7

> > — > —| A
S1 «— < < «—
u; u Us U, Us /|\ Us u;
323 <56
)—67—est
X3 -ref )—64-ref )—67—ref

4. Tuning of controllers

5. Simplification and estimation



Ile,France)

« Conclusion »

Inversion based control = inversion of EMR
-based on the cognitive systemic
-and the causality principle (energy)

Inversion rule for control scheme
-closed-loop control to invert accumulation element,
-direct inversion for conversion element,
-degrees of freedom for coupling element
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Thanks for your attention !
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