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Motivation

* Tool-independent, free-to-use standard
* Avoid lock-in effects
* Preserve investments
* Facilitate collaboration

e Containerized models

* Decouple know-how between modellers and model users
* Protectintellectual property via block-box models

 CAPI

 Compilerindependent models
* Cross-platform support
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TMMS32: Co-simulation & Standards

FMI History

FMI 1.0 -2011

* Co-simulation & Model Exchange

FMI 2.0-2013

* Harmonized co-simulation & model exchange
FMI 3.0 - 2021

* Hybrid co-simulation

* Scheduled execution

* Support for more data types




FMI Versioning

— Major releases

not backwards or forward
compatible changes

FMI 3.0.2

Minor releases I

backwards compatible changes

— Bugfix/maintenance releases

Backwards and forward
compatibility
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How does FMI work?
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TMMS32: Co-simulation & Standards

Functional Mockup Interface
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Functional Mockup Interface

Model Exchange Co-Simulation
Tool FMU FMU
O O

* FMU computes state derivatives * Solver embedded in FMU

* States computed by importing tool e States computed inside FMU

»Black-DOX’




TMMS32: Co-simulation & Standards

FMI API Functions

fmi2Component fmi2Instantiate(name, type, id, ...)

fmi2Status
fmi2Status
fmi2Status
fmi2Status
fmi2Status
fmi2Status
fmi2Status
fmi2Status

fmi2SetupExperiment(tolerance, startTime, stopTime,
fmi2EnterInitializationMode()
fmi2ExitInitializationMode()
fmi2SetReal(valueReferences, values)

fmi2GetReal (valueReferences, values)
fmi2DoStep(currentTime, stepSize, ...);
fmi2Terminate()

fmi2Reset ()

fmi2FreelInstance()




TMMS32: Co-simulation & Standards

FMI Model Description Example




TMMS32: Co-simulation & Standards

FMI for Co-Simulation - Example

<—— create instance of FMU

} initialize FMU

7 ;y <+—— setinputs
p); «—— tell FMU to take step

+«—— get outputs

} terminate and cleanup
Excluded:
« error checking




TMMS32: Co-simulation & Standards

FMI for Model Exchange - Example

) «— create instance of FMU
} initialize FMU

«—— ask FMU for initial states

<«—— ask FMU for state derivatives

} advance time
+«— setinputs

+<— integrate states
+«——— set states to FMU

+«— get outputs
Excluded:
} terminate and cleanup . event handling

« error checking




What kind of models does FMI support?

Main Scope of FMI: 0
* Hybrid models (ODEs with events) \
* Requires numerical solver \ RN

* Both continuous and discrete variables ‘\ ,’ \ PR

* Independent time variable \/ \/ \

Also supported:
* Purely algebraic models
 Complex discrete behavior with clocks and model partitions (FMI 3.0)
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FMI Tool Support

Co-simulation

Model Exchange

Sheduled Execution

Export
Import
Export
Import
Export

Import

FMI 1.0
72
88
33
20

FMI 2.0
129
180
48
31

FMI 3.0
47
72
25
21

Total: 271 tools
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Compatibility Information

Tool vendors provide information
* Which tools have been tested?
* How were the tests performed?

Tools with compatibility information
marked with a golden star

Replaces the previous
cross-check system

OHOPSAN

Modelica

Hopsan
by Linkdping University
OOCHN0
Examples & Compatibility
A system simulation tool based on distributed solvers, focused
mostly on fluid and mechatronic systems.

OMSimulator

by OpenModelica

20 Jcs Jame] s Ja 0

The OMSimulator project is a FMI-based co-simulation
environment that supports ordinary (i.e., non-delayed) and TLM
connections
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New Features in FMI 3.0

Layered Standards

Intermediate Update

Hybrid Co-simulation
Clocks

* Terminals and Icons

e Scheduled Execution

* New Data Types
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Transmission Line Modelling




T o
ansmission Line Modelling - Background

Invented twi

ice by two inde
pendent resea

rch groups:

University of B
erkeley, 19
y, 1968 University of Nottingham, 1980

Distributed System Simutation With

. | Bilateral Detay-Line Models

Use of the

transmissinnvline

modelling {tim 3

method to solve non- .
r

inea ed networks |
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Transmission Line Modelling - Background

Every physical element has a natural time delay.

LINKOPING
UNIVERSITY



Transmission Line Modelling - Background

Every physical element has a natural time delay.
Mechanics:




Transmission Line Modelling - Background

Every physical element has a natural time delay.

Mechanics X i< At




Transmission Line Modelling - Background

Every physical element has a natural time delay.

Hydraulics:
B At |
| |
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Transmission Line Modelling - Derivation

Model 1

Model 1

Model 1

Model 1
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Model 2

Model 2

Model 2

Model 2
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FMI Tutorial - TLM

TLM Equations

\ 4

A4

Model 1 At

<
T~

yd
'~

Model 2

Fi(t) = Fo(t — At) + Z (v, () + vy (t — AY))
Fo(t) = F,(t — At) + Z (v, (t) + v, (t — Ab))
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FMI Tutorial - TLM

TLM with FMI 1.0 and 2.0

TLM boundary equations

: Simulink BEAST (FMU)

|

' B

» b vi(tr) 1na(t2) - N
7 M, 1M 1 M \
I < > MR
|

|

|
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FMI Tutorial - TLM

TLM with FMI 3.0

* Change proposal submitted during
ITEA3 OpenCPS project

* FMUs can request and provide
intermeriate variables

* Released in 2022

e
openCPS

Importing Tool

fmi3DoStep

fmi3IntermediateUpdate

I return
return
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FMI Tutorial - TLM

TLM with FMI 3.0

Simulink : BEAST (FMU) :
| B : : B |
: 2 ! v1(t1) : ot +h) 1a(t2) ’ N :
I A 1 TLM I TIM [F N |
1 /] M1 I M2 N
l /_P\N\[\I_ P egs. le - p egs. > _WMA_\ |
e I Q
| 7 K, O O Fi(t) ¢ (ty) | a1 (t2) E(t,) O O Kk ~ |
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FMI Tutorial - TLM

Communication Patterns

Jommunication Step Jommunication Step

Intermediate inputs Interemediate inputs/outputs




FMI Tutorial - TLM

1D Test Model

B N7
i EV1(t)
i LN I
, S
1 Q Q :Fl(t)

TLM

——————————————————————————
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FMI Tutorial - TLM

2D Test Model

M,,B4, L4

M,, B,, L,

TLM

Zc,xr Zc,y» Zc,rot
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FMI Tutorial - TLM

Experimental Results

1D spring-mass-damper model 2D pendulum model

100

50

velocity [m/s]
y[m]

-50

-1.2 -0.8 -0.4 0 0.4 0.8
time [s] x[m]

Both models stable with large communcation steps!

1.2
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