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Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica

Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)

As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




Paulo Carreira - Vasco Amaral - Hans Vangheluwe
Editors

Foundations of
Multi-Paradigm
Modelling for

Gomes C., Denil J., Vangheluwe H. (2020) Causal-Block Diagrams: A Family of Languages for Causal Modelling of Cyber-Physical Systems.
In: Carreira P., Amaral V., Vangheluwe H. (eds) Foundations of Multi-Paradigm Modelling for Cyber-Physical Systems. Springer, Cham.
https://doi.org/10.1007/978-3-030-43946-0_4


https://doi.org/10.1007/978-3-030-43946-0_4

Ce v CAvSAL Lol Didewam "Couvmiona  CAvALDY”

A® D A-LAavSAaL  blo(e DiACRAN Cavse —  (=1VSe ol
= mvA +-'/ wul -:-[lw-C_. - ’5 +; Rt — (¥
(mvh, Wb wul) ¢ K ATH

", v
f ’ A v 'B
14 G i Ul
- A-CAUS AL WHAT

vbh = - VA - vC




(computationally) a-causal vs. causal
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Run Over A Compile Block .. /compile_end_creat =w =%
MEXpresslor Number of Inputs 4 = Clear
float perim = prim(8,"perimeter",08)3
| compile_| int seed = detail(-1,"iteration") + detail(e,"seed")*48; 3 I
\ L vector? slack_range = detail(8, "slack");
float slack = Titél(rand(seed), 1.0-slack_range[@], 1.0-slack_ra Input Path

nput Name points

//0ptimal slack range: 8.14 - max slack, 1.8 - almest straight, FRMERaEIn DRERSE
//Remap from ©-1 to 5.0-0.14 in a non linear way
slack = chramp("Slack", slack);

perim = clamp(perim, 8, 1); : nput Name
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nput Path

nput Path
@P.y += slack * cosh((@curveu-0.5)/slack)} i M e
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nput Path

https://www.rendereverything.com/houdini-compiled-blocks/
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DT-CBD
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concrete/abstract syntax, semantic mapping/domain
-- denotational semantics
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concretel/abstract syntax, semantic mapping/domain
-- operational semantics

at vA :=0;

at vB :=0;

at vC :=0;

at vD :=0;

1= 2; vD 1= —vC
= 3; vA = 2;

:= vA + vB vB := 3;

v = —vC; vC := vA + VB
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a family of Causal Block Diagram (CBD) formalisms

Hiz uur%_, — — -
/// / ///"/F‘A,I.,NN /// / /// 7
. Flat - 7 SynTAx e SetanTicS 7
Tint -7 C8D i -7 \ W w2 - , "
i L7 P e DENOTATHONAL  WIAT L,/ OPEUA s ~NAL " Hou
% how} AlGEgra it ﬂ e | __.
(AL -(& D) 1 "'T‘"“
N Viscr€TF -Ting 'L"'_"E-o, —;It‘——»
(D'T- e D) f '
Ik CoWlipu VS “TikE k _I"_"' |
((1-00) | e 1

AN g



denotational semantics of individual blocks
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operational semantics

DEPENbEnCy WA O scheduling

B

schedule = [m, oom, k, mk, a]
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operational semantics

scheduling
DEPTVbe Yy GWVACH

schedule = [m, oom, k, mk, a]

operational semantics

depGraph = buildDepGraph (CBD)
schedule = topologicalSort (depGraph)

for block 1n schedule:
block.compute ()
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under-determined
set of equations

— solution is
sub-space
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:,!_'i * OMEdit - Simulation Setup - harmonicEquation A

Simulation Setup - harmonicEquation

General  Interactive Simulation Translation Flags Simulation Flags Output

Model Setup File (Optional): Browse...
Initialization Method (Optional): e
Equation System Initialization File {Optional): Browse...

Equation System Initialization Time (Optional):

Clock (Optional): e

Linear Solver (Optional): | e

Mon Linear Solver (Optional):

hapack k
Linearization Time (Optional): lis method using LAPACK LU factorization
Mintnnt Variahlac iOntianaly- klu

Save experiment annotation inside model i.e. ymfpack

Save translation flags inside model i.e., _ Ope totalpivot

Save simulation flags inside model i.e., _ Ope default

Simulate

https://www.netlib.org/lapack/

“solving”
a linear loop
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non-linear loop
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"algebraic loop"
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how to find an algebraic loop?
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operational semantics
schedule = topologicalSortAndLoopDetect (depGraph (CBD)) @ (N-‘- E)
for genBlock in schedule: @ (N) 7
genBlock.compute () _
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a family of Causal Block Diagram (CBD) formalisms

Hiz
T3 lh\!f?;? /_/.;, /;-’-, ,;;,
d ad y/FIA'T'ﬁN i pad
FLat - 7 SYNTAX e SenavTics -
Ti hE // C‘D // // 11 ] //
i L~ pid 7" DENDTA™WONAL  LIRT L/ OPE KA o nA Mt

Ivow} | AlGesenic

B
SNEN
SSEN

(ALC - (D) 1 e
N VisCrETF =Ting 'L"‘_".E_., _,E.»
(07-¢¢D) T

(8 CoW iV VS < Tig k _I"_"' |
(CT-(sD) —{i 1 i

= 3k




Discwers -qme S0 (O7- ceD)

t"i&\a—:’k T r:j‘l - - n"l:‘ll My (i) = -“Wf;] s Vi (.N‘

i 'WJ € N¢,-—b xR ’JL: -
- AR > W L { }5
" a0

WYY = l'](.P—-':Iu-} )ﬂ.,__t.f-<, T.r-‘"”a'"‘g

[Gylos) 159, Wrasy) - ]
&

i '
!
W4
1\
c C
-
-
1
1
¥
ﬁ.
N

Jiee (N

¥
L‘.‘GO H] -
E
1 —t 1 b
LA
4
J
1 A
41-
1 N
. | 1\3[1‘
-1 s o o O ———




-MJ () = M -1 , *J‘-CN

hic’
(N n
ol DR F. r= gwa““ < mic(d)

VIL | Vy L, Yore € N’b-"r m®

vIL) = ¢, W ielN,
.»u-J (i) = A li-1) , ’JLEN

= + 2 | oty . [ vy® = L@

i) 7 vere (L) 4+ ru-Ju'.-’ . N 16N¢

k| \ e (2 1, sd:.eN¢
ont A 'Tlu'if —5‘(..\‘(,{!‘-’6’
CounTén
4 (.Y e o - - [
S MR . - [
o |l [Li» &« VU ¢ Z
i(‘ f\
-@---r-—.—ﬁ —p— i
|jf ¢
®
L .
L h &
[ |
®
= =

—
—

((0,0,0,...],[0,1,1,...].[1.2.3,.. ., [1,1,1,..) e B

“behaviour trace”
“state snapshot trace”



Operational Semantics of DT-CBD

i=20
while (not end_condition (i, ..)):

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock in schedule:
gblock.compute ()

i++

else:
exit ()



Dependency graph (and hence schedule) depends on time i

schedule = [y, one

, %, [IC]



Operational Semantics of DT-CBD
(different dependency graphs)

i=0
if (not end_condition (i, ..)):
depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)
for gblock in schedule:
gblock.compute ()
else:
exit ()

i=1
while (not end condition (i, ..)):
depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)
for gblock in schedule:
gblock.compute ()
i++
else:
exit ()



Operational Semantics of DT-CBD
(loop invariant)

1 =20
if (not end_condition (i, ..)):
depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)
for gblock in schedule:
gblock.compute ()
else:
exit ()

1 =1

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

while (not end condition (i, ..)):
for gblock in schedule:
gblock.compute ()
i++
else:
exit ()



Operational Semantics of DT-CBD
Optimizations:

1. Constant folding

2. Introduce "“scope” blocks - remove all parts of the
CBD not needed for the “scope” (see 3.)

3. Identify “must compute part of CBD”
= any part feeding into a memory block
(delay, integrator, differentiator).
Remove all parts of the CBD that are not connected
(via dependency)to the “must compute part”
or to a scope block from the schedule.

4. Integration interval (II) vs.
Communication Interval (CI). CI = K*II

A schedule containing only “must compute part of CBD”
1s evaluated every II.

A schedule containing all blocks

(after removal of unused blocks) 1s evaluated every CI.



Operational Semantics of DT-CBD

Optimizations:

fay

. Constant folding

. Introduce “scope” blocks - remove all parts of the

CBD not needed for the “scope” (see 3.)

. Identify “must compute part of CBD”

= any part feeding into a memory block

(delay, integrator, differentiator).

Remove all parts of the CBD that are not connected
(via dependency)to the “must compute part”

or to a scope block from the schedule.

. Integration interval (II) vs.

Communication Interval (CI). CI = K*II

A schedule containing only “must compute part of CBD”
is evaluated every II.
A schedule containing all blocks
(after removal of unused blocks) is evaluated every CI.
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Compilation (rather than interpretation)

— unroll the “for gblock in schedule:” loop

— inline each gblock.compute ()
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a family of Causal Block Diagram (CBD) formalisms
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Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)

As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




a family of Causal Block Diagram (CBD) formalisms
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Optimization: Adaptive Step-Size

- Naive: keep halving/doubling step-size

- Efficient (e.g., RK45):
Use difference with higher-order approximation
to estimate step-wise error.
Adapt step-size proportionally to error.



Optimization: Cl vs. Il

LB Do MT( WP Tc

JI M dox 1T

gﬁ 4 OMEdit - Simulation Setup - harmonicEquation oo X
Simulation Setup - harmonicEquation

General  Interactive Simulation Translation Flags  Simulation Flags Output

Simulation Interval

Start Time: |D | secs

Stop Time: |1OD | secs

Number of Intervals:

®  Interval: 0.2 Secs
Integration

Method: euler V| |E‘

Tolerance: |‘|e-36 | !nteglation—lnterva! (“) |

Jacobian: | V‘

Save experiment annotation inside model i.e., experiment annotation
Save translation flags inside model i.e., _ OpenMeodelica_commandLineOptions annotation
Save simulation flags inside model i.e., _ OpenModelica_simulationFlags annotation

~ Simulate

0K | ‘ Cancel




Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical
(Floating Point vs. Fixed Point)

As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




Example Floating Point Format

AATL AA
-3 —1 —1 0 0 0 1 | 3
2 2—2 ?l 2 2
11 b =2 M = +1
8 8 s =3 m = —2

Smallest non-zero positive number = b™ x b1 = 1/8

Largest non-zero positive number = b x (1 - b®) =7/4
Smallestgap = b™ x bs = 1/32

Largestgap = b" x bs=1/4

Number of representable numbers = 2x((M-m)+1)x(b-1)xbs*+1 = 33
... fits into available bits? Optimal number of bits?

* Note: fill the gap around O: de-normalized



Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica |
Causal Block Diagrams (data flow)
Numerical (Discrete) Approximations ++ hierarchy
Computer Algorithmic + Numerical
(Floating Point vs. Fixed Point)
As-Fast-As-Possible vs. Real-time (XIL) !
Hybrid (discrete-continuous) modelling/simulation '
Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




adding hierarchy to CBD formalisms
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adding hierarchy to CBD formalisms

modularizing: introducing ports/interfaces




adding hierarchy to CBD formalisms

semantics?
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adding hierarchy to CBD formalisms
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Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)
As-Fast-As-Possible vs. Real-time (XiL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure




Hybrid (discrete-continuous) modelling/simulation
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“bouncing ball” hybrid abstraction

[when x +-] / k=-0.8; v_0=k"v; x_0=0

FreeFall Stuck

v 0 x 0 K_D

startBouncing / Q Q [(when v-v_eps +) && Q
x_0=10; v_0=15 (x <= x_eps) ]/ x_0=0; v_0=0 1
Initial 9 ' ! !
1 : [
C Lk C

@l D O

kick / v_k=20; x_0 =x; v_0+=v_k
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Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)
As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation
Hiding IP: Composition of Functional Mockup Units (FMI)

Dynamic Structure
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Dynamic Structure: CBD model blocks/signals can be
added/deleted during simulation

aka Dynamics Structure DS-(ALG?|DT|CT)CBD

operational semantics

while (not end condition(i, ...)):

depGraph = buildDepGraph (CBD)
schedule = loopDetectAndTopSort (depGraph)

for gblock in schedule:
gblock.compute ()

1++



Explicit

Implicit




ConstantCBD
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Addition

Removal
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7 Elevator model — O X 74 Elevator model — O X

Quit | Quit |
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Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)

As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation
Hiding IP: Composition of Functional Mockup Units (FMI)
Dynamic Structure
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Workflow (Process Model)
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As-Fast-As-PossibIe vs. Real-time




As-Fast-As-Possible vs. Real-time
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Operational Semantics of DT-CBD
(“soft” real-time, very naive)

i =20
while (not end_condition (i, ..)):

buildDepGraph (CBD)
loopDetectAndTopSort (depGraph)

depGraph
schedule

for gblock in schedule:
gblock.compute ()

i++

sleep_until_next_CI ()
produce (control) output

else:
exit ()



As-Fast-As-Possible vs. Real-time




Simulated Time (ST)

As-Fast-As-Possible vs. Real-time

. analytical time -'s§>1 -
¥ (as fast as possible) ¢ =
8 » .8 s=1
® s’ -
(scaled) real-time:
. ST=s*WCT
s K ®
] o’ e
‘ ) stop event
® .y .8 scale factor change | . - o ®
¥ 2 ki i = - il s< 1
® o .0 pause event .o
% ov. e’ oo @uipeso@ETRER Y e .
B resume event
1 2 3 4 5
- >
PAUSE

Wallclock Time (WCT)



Model-Based Systems Engineering (MBSE)

environment

:,...:‘:__o‘sv-,wdqvomo phySiCal "plant"

a_control

controller

v_reference




Model-Based Systems Engineering (MBSE)
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XIL: X = Model, Software, Processor, Hardware

Requiements =f—

_Envienment __ _____
Plant
Architectural Designg— |
/— Contmol 1
________ _I___________-7777T777777ﬁ__ —_
Model Design 4— | | |
-------- . DB
| | 4
) | Plant Model i .
MiL == i' v e
| °
Contwol Model i
T -
| y
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Virtual System Desigeg Y e ____ .
T T

|
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1 A/
Real System Designq— T T T T T TTr T T T T T T T TS F————-- _l ____________ A
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Ken Vanherpen. A contract-based approach for multi-viewpoint consistency in the concurrent design of cyber-physical systems. PhD thesis University of Antwerp. 2018.



Physical Systems Modelling

Problem-Specific (technological)

Domain-Specific (e.g., translational mechanical)
(general) Laws of Physics

Power Flow/Bond Graphs (physical: energy/power)
Computationally a-causal

(Mathematical and Object-Oriented) ~ Modelica
Causal Block Diagrams (data flow)

Numerical (Discrete) Approximations

Computer Algorithmic + Numerical

(Floating Point vs. Fixed Point)
As-Fast-As-Possible vs. Real-time (XIL)

Hybrid (discrete-continuous) modelling/simulation

Hiding IP: Composition of Functional Mockup Units (FMI)

Dynamic Structure




problem: full-system analysis

Controller

\ 4
Body u
Overall results DC/
DC/D!
(Ref
Accelerator 600
2
1 500
0 400
0 5 10 15 0
Car speed (km/) 600
200
400
100
200
0
0 5 10 15 0
Drive torque (reference, measured) 150
400 : 100
200 \\ 50
0 0
0 3 . 1 Motor 0
Electrical Generato
x10* Power 10
6 Battery
3 K# 100
2
J %
0 5 10 15 0
Time




problem: full-system analysis
(also when IP protected)

Overture
[1]
Controller
[2]
MATLAB " "
SIMULINK Body 7
Overall results DC/
DC/D!
(Ref
Accelerator 600
2
1 500
0 400
0 5 10 15
Car speed (km/) 600
200
400
100
200
0
0 5 10 15 0
Drive torque (reference, measured) 150
400 f 100
200 \\ 50
0 0
0 5 . 1 Motor 0
4 EI;cmcaI ~ Generato 10
6X10 ower Battery
2
: %
0 5 10 15 0
Time




problem: full-system analysis
(also when IP protected)

Overture Env. |
Controller
[2]
v
MATLAB " o i
SIMULINK ody
Qverall results DC/
DC/De
(Ref
Accelerator 600

2
1

solution: combine |

500

Car speed (km/h) 600
] 200

Ssub-system simulators
- 100

y 200
0

0 8 10 15 0

Drive torque (reference, measured) 150

aka co-simulation . E—

0 5 ) 1 Motor 0
Electrical

x10° Power

~ Generato 110
— Battery

SANE N
o
=3

Claudio Gomes, Casper Thule, David Broman, Peter Gorm Larsen, Hans Vangheluwe
Co-Simulation: A Survey. ACM Comput. Surv.51(3): 49:1-49:33 (2018) Time



https://dblp.uni-trier.de/pers/hd/t/Thule:Casper
https://dblp.uni-trier.de/pers/hd/b/Broman:David
https://dblp.uni-trier.de/pers/hd/l/Larsen:Peter_Gorm
https://dblp.uni-trier.de/pers/hd/v/Vangheluwe:Hans
https://dblp.uni-trier.de/db/journals/csur/csur51.html#GomesTBLV18

co-simulation: how?
(when IP protected)

Overture Env. < DAy,
Controller -\
- o2 BlenSor

MATLAB ; B

SIMULINK Body

Control

Simulator : ;
Body Simulator Env. Simulator

Model Solver

Model | Solver Model Solver
@ Body > ‘\ <« v [l A9)blen




co-simulation: how?
(when IP protected)

Model

|

Controller

Solver

;@blent

Orchestrator / Master

Solver:
"master algorithm’

)

Minimally, Constrained Stable Switched Systems and Application to Co-Simulation
C Gomes, RM Jungers, B Legat, H Vangheluwe 2018
IEEE Conference on Decision and Control (CDC), 5676-5681

200
100
0

400
200

[SLNEN-Y

Overall results DC/

DC/D!

(Ref
Accelerator 600
500
400

0 5 10 15 0 5
Car speed (km/h) 600
400

0 5 10 15 5
Drive torque (reference, measured) 150
100

N wll ﬁ
0

0 g . 1 —— Motor 5

Electrical Generato
x10° Power 110
— Battery

100
90

0 5 10 15 5

Time



javascript:void(0)

Deconstructing a Simulator: Functional Mockup Unit (FMU)

FMU

Real or Simulated

FMU

model

Solver

FMU
1 Symbolic Info
SN (Compiled)
Model of Dynamics

Solver




Model-Solver Interface
Simulator-Environment Interface

SIMULATOR = solver + model

MODEL
experimentation dynamics
environment
(eg. paragneletr SOLVER(s)
input,
visulisatﬁ: n) MODEL
or symbolic
| information
simulator
"bus"

(e.g., HLA)

or

Martin Otter and Hilding EImquist.
DSbIOCk The DSblock interface for exchanging model components. Eurosim '95 Simulation Congress. pp. 505- 510. 1995.

Henk Vanhooren, Jurgen Meirlaen, Youri Amerlinck, Filip Claeys, Hans Vangheluwe, and Peter A. Vanrolleghem.
MSL_ EXEC WEST: Modelling biological wastewater treatment. Journal of Hydroinformatics , 5(1):27--50, 2003.



meaningful operational semantics
(Models of Computation)

4 )

Simulator

4 )

Simulator

N /

Traditional
Simulator

N /

Explicit
Computational Semantics
“Inline integration” (Cellier)




® o
FUNCTIONAL
MOCK-UP
h— INTERFACE

m " Functional
I Mock-up

The leading standard to exchange dynamic
simulation models

The Functional Mock-up Interface is a free standard that defines a container
and an interface to exchange dynamic simulation models using a
combination of XML files, binaries and C code, distributed as a ZIP file. It is
supported by 180+ tools and maintained as a Modelica Association Project.

© Why FMI [ B Complete Package 3.0.1 | ~ ] [ B Specification 3.0.1 | ~ ] [ B Implementers' Guide

https://fmi-standard.org/


https://fmi-standard.org/

Functional Mock-up Interface (FMI)

XML + Binary Representation for Models
- Standard
- Modelling Tool Independent
- +/- Black box ...




FUNCTIONAL

.f . Symbolic information:
M, MOCICUP FMU - XML

<7?xml version="1.0" encoding="iso-8859-1"7>
<fmiModelDescription fmivVersion="1.0"
mode lName="BackEulerExmpl"
modelIdentifier="BackEulerExmpl"
guid="{7cdeBl0f-3da3-4a00-8276-176fa3cBf000}"
numberOfContinuousStates="1"
numberOfEventIndicators="0">
<ModelVariables>
<ScalarVariable
name="Delay" valueReference="0">
<Real start="0.0" fixed="true" />
</ScalarVariable>
<ScalarVariable
name="stepSize" wvalueReference="1">
<Real start="0.1" fixed="true" /=
</ScalarVariable>
<ScalarVariable
name="Product"™ wvalueReference="2">
<Real start="0.0" fixed="true" />
</ScalarVariable>
<ScalarVariable
name="Negator" wvalueReference="3">
<Real start="0.0" fixed="true" /b
</ScalarVariable>
<ScalarVariable
name="Adder" wvalueReference="4">
<Real start="0.0" fixed="true" /=
</ScalarVariable>
</ModelVariables>
</fmiModelDescription>



-fmi e Behaviour information:

1Y vocicur. FMU - C

fmi2Status fmi2DoStep(fmi2Component fc , fmiZReal currentCommPoint, fmiZReal commStepSize, fmi2Boolean

!

}

noPrevFMUState)

FMUInstancesx fi = (FMUInstance =)fc;

Tmi25tatus simStatus = Tmi20K;

printf{"%s in fmiDoStep()\n",fi—-=instanceName);
fi—=currentTime = currentCommPoint + commStepSize;
printf{"Motor_in: %f\n", fi—=r[_motor_in]);

printf{"slave CBD_PARTZ now at time: %fy\n", fi-=currentTime);
fi-=r[_position] fi-=r[_position] + fi-=r[_wvelocity] * commStepSize;

fi-=r[_velocity] fi-=r[_velocity) + fi-=r[_acceleration_after_friction] %= commStepSize;
fi-=r[_friction] fi-=r[_wvelocity] = 5.81;

fi-=r[_motor_acceleration] = fi->r[_motor_in] =+ 48;

fi-=r[_acceleration_after_friction] = fi-=r([_motor_acceleration] - fi-=r[_friction];

return simStatus:

fmi2Status fmi2GetReal(fmiZComponent fc, const fmiZValueReference wvr[], size_ t nvr, TmiZReal value[])

{

FMUInstancex comp = (FMUILnstance =) fc;
int i:
for (i = B8: 1 = nvr; i++)
{
value[i] = comp-=r[{vr[i])];
}

return Tmi2O0K:



7,.p.1nital values (a subset of {X,.X,.¥,.V,.m,})
Enclosing Model

time

discrete states (constant between events)
parameters of type Real, Integer, Boolean, String
inputs of type Real, Integer, Boolean, String

all exposed variables

continuous states (continuous between events)
outputs of type Real, Integer, Boolean, String
event indicators

External Model (FMU instance)

t
m
P
u
v
X
y
z

Solver



Functional Mock-up Interface (FMI)

* XML + Binary Representation for Models e B
- Standard [ - 74 '
- Modelling Tool Independent
- +/- Black box ...

etc.

chassis components,
CaArgo l:lunr roadway, ECU [e.g. ESP)

fun:ﬁt.i.nnﬁ.lnmnt:kup. interface for model Ell..‘.-l:l.ﬂl.lgﬂ and tool coupling

www.fmi-standard.org


http://www.fmi-standard.org/

co-simulation: how?
(when IP protected)

Model

|

Controller

Solver

;@blent

Orchestrator / Master

Solver:
"master algorithm’

)

Minimally, Constrained Stable Switched Systems and Application to Co-Simulation
C Gomes, RM Jungers, B Legat, H Vangheluwe 2018
IEEE Conference on Decision and Control (CDC), 5676-5681

200
100
0

400
200

[SLNEN-Y

Overall results DC/
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N wll ﬁ
0

0 g . 1 —— Motor 5

Electrical Generato
x10° Power 110
— Battery
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90
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Time
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Co-simulation: how?

Overture

Controller

MATLAB
SIMULINK

\/'@blen( Blen_s r
FUNCTIONAL = :
MOCK-UP !

‘1F‘Tr1|.
l INTERFACE

fmi2DoStep (. I

fmlzsetReal

[1] www.fmi-standard.org



Co-simulation master

FUNCTIONAL . .
I MOCK-UP State machine calling sequence Master-Slave
e osmme INTERFACE

fmi2Reset E
(R
(_slaveSetableFMUstate | fmi2instantiate £ NULL ki
/" slaveUnderEvaluation VvV )
= in stantiated fmi2SetFM Ustate
fmi2SetiNI transitions
fmi2SetupE xperiment fmi2EnterinttializationM ode to the given
et state
F
fmi2setiN Initialization
fmi2SetiNIE Mode
(ﬂe" Ll —
(“slavelnitialized " R
fmi2Getx fmi2DoStep = fmi2Pending
fmi2SetiN —=
fmi2DoStep = fmi20K compuiaion done
fmi2Terminate fmi2DoStep Status = fmi20K
F =fmi2Discard
fmi2GetX =~ .
- B step
&m computation done |InProgress
fmi2Terminate status = fmi2Discard A
Fr— step |_|
* mi2Get (| canceled fmi2CancelStep W
9 /
| afunction call for this
V instance returns fmi2Error
ﬁz 3 F
termin ated fmi2Getx -
- fmi2Gets TR _
computation

- I - done, status

. afunction callforthisor =5
|fm|2Free|nstance ary cther instance of this = TMEZEOF

FMU returns fmi2F atal computation
done, status

V
®< cndl =TmiF ata




Co-simulation: how?

Orchestrator
Control P I:Tnv. P
X Simul
Simulator ator
Control
.B°°'|V Simulator

Gu, B., & Asada, H. H. (2001). Co-simulation of algebraically coupled dynamic
subsystems. In American Control Conference, 2001. Proceedings of the 2001
(Vol. 3, pp. 22732278 vol.3). http://doi.org/10.1109/ACC.2001.946089
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simulateUntil (t+H,..)

getOutput (...)

setInput (...)
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Looking inside a simulator/solver for Causal Block Diagrams (CBDs)

x_0

D |

logicalT'tme <— O
while not end_condition do
schedule «+— LOOPDETECT(DEPGRAPH (cbd))
for gblock in schedule do
COMPUTE(gblock)
end for
logicalTtme < logicallTtme + At
end while



CBD simulation algorithm can also be used for scheduling at level of Master
need “zero-delay feedthrough” information (algebraic loops)

Caveat: naive

logicalTime < 0O
while not end_condition do
schedule + LOOPDETECT(DEPGRAPH (cbd))
for gblock in schedule do
COMPUT E(gblock)
end for
logicalTime < logicalTrme + At
end while
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