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The Design Process

Main Categories of Field-Circuit Coupling

Equivalent Circuit

System simulation
on network level

Field simulation to
obtain parameters
[14]

Direct Coupling

Field and circuit
equations are
collected in one
overall matrix

Indirect Coupling

Keep both simula-
tions separated

Communication via
coupling matrices [3]

Mastered by Field Simulator

FE matrix augmented by
circuit‘s contribution [18]

Mastered by Circuit Simulator

FE equations represented as
a multiport device [19]
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Electric Circuit Elements

The Circuit Concept of Voltage

Voltmeters measure 
the line integral of 
the electric field 
along the path 
formed by the 
connecting leads.

There are implicit 
limitations on the use 
of voltmeters: 
Indication should not 
depend appreciably 
on the exact position 
of the leads.
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Electric Circuit Elements
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Coils and de Rham Cohomology



02.05.2003 – MACSI-NET Workshop at ETH Zürich
© Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie Kopier-
und Weitergaberecht, bei uns.

15
Department FV/FLO-MOD

Setting of the Field-Circuit Problem

A Simple Example Leonard & Rodger 1988 [11]
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Setting of the Problem

Response to a Step Voltage

0

0,4

0,8

1,2

1,6

0 10 20 30 40 50 60 70
Time (ms)

C
ur

re
nt

 (A
)

Computed
Measured



02.05.2003 – MACSI-NET Workshop at ETH Zürich
© Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie Kopier-
und Weitergaberecht, bei uns.

17
Department FV/FLO-MOD

Setting of the Problem

Basic Equations
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Setting of the Problem

Field-Circuit Coupling

Space discretisation: Galerkin Edge-FEM

Time discretisation: Implicit Euler

Non-linear solver: Newton-Raphson

PDE

Linear system
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Setting of the Problem

Slightly More General Problem: p>1 Coils
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Direct Coupling Mastered by Field Simulator

The Schur Complement System
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Direct Coupling Mastered by Field Simulator

Solution Strategy

Field Jacobian...

s.p.d.

sparse

...augmented by circuit’s
contribution

symmetric, non-negative

rank p



02.05.2003 – MACSI-NET Workshop at ETH Zürich
© Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie Kopier-
und Weitergaberecht, bei uns.

22
Department FV/FLO-MOD

Direct Coupling Mastered by Field Simulator

What about More General Circuits?
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Direct Coupling Mastered by Circuit Simulator

The Schur Complement System
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Direct Coupling Mastered by Circuit Simulator



02.05.2003 – MACSI-NET Workshop at ETH Zürich
© Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie Kopier-
und Weitergaberecht, bei uns.

25
Department FV/FLO-MOD

Direct Coupling Mastered by Circuit Simulator

Equivalent Multiport Device [19]

Circuit realisation of the second Schur complement equation
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Direct Coupling Mastered by Circuit Simulator

How Do We Get the Parameters?
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Direct Coupling Mastered by Circuit Simulator

Solution Strategy

Fi
el

d 
So

lv
er

Fi
el

d 
So

lv
er

C
irc

ui
t S

ol
ve

r
C

irc
ui

t S
ol

ve
r

{i }t+∆t
0 {i }t+∆t

1 {i }t+∆t{i }t+∆t
2{i }t

{A}t+∆t
0 {A}t+∆t

1 {A}t+∆t{A}t+∆t
2{A}t

p+1 field
solutions

p+1 field
solutions

p+1 field
solutions

circuit
solution

circuit
solution

circuit
solution

time step

Newton step Newton step Newton step

t t+∆t

[L],{v} [L],{v} [L],{v}



02.05.2003 – MACSI-NET Workshop at ETH Zürich
© Alle Rechte bei Robert Bosch GmbH, auch für den Fall von Schutzrechtsanmeldungen. Jede Verfügungsbefugnis, wie Kopier-
und Weitergaberecht, bei uns.

28
Department FV/FLO-MOD

Summary

Field-circuit coupling can create a link between simulation on
the system and the components level of mechatronic systems.

The Electric Circuit Element provides a rigorous definition of 
terminal voltages and currents, according to Kirchhoff‘s laws.

Direct coupling yields one overall matrix, which collects the
field and the circuit equations.

The solution process can be mastered either by the field or
by the circuit simulator.

Solution strategies for the resulting Schur complement systems
have been discussed in both cases.
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