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Abstract. High power electronic devices based on innovative semiconductor tech-
nology play a significant role in technical applications. A robust operating behavior
of such devices can be achieved by an optimal design taking into account the pres-
ence of coupled physical effects.

In this contribution, we focus on electrothermomechanical coupling phenomena in
Integrated-High-Voltage Modules with housing and cooling mechanisms that are
used as electric drives for high power electromotors. For the numerical solution of
the underlying coupled systems of partial differential equations we consider efficient
algorithmic tools such as domain decomposition techniques.

1 Introduction

The development and realization of innovative technologies for contact sys-
tems in high power electronics are currently subject of various activities both
in basic research as well as in industrial practice. Particular interest is devoted
to semiconductor based power devices as they are used in converter modules
for energy transmission or as energy saving and low noise electric drives for
high power electromotors in public transportation systems like trams or high
speed trains. Significant aspects that have to be taken into account are reli-
ability and safety of the used components. In order to guarantee a long term
durability, the specific semiconductor devices have to be packed into appro-
priately designed modules that are integrated in housings filled with hard-
and/or soft-cast.

Figure 1 displays a typical Integrated High-Voltage- (IHV-) module as de-
veloped by Siemens AG and eupec GmbH & Co KG (without the housing).
In operational mode, the semiconductor devices produce Joule heat which
results in a considerable self-heating of the entire module causing mechanical
deformations due to heat stresses that can even lead to mechanical damage
without appropriate cooling mechanisms. Therefore, the optimal design of
the modules requires a subtle understanding of the electrothermomechanical
coupling phenomena. This cannot be achieved by experimental means, since
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Here, the functions p, c and & refer to the density, heat capacity, and thermal
conductivity of the different materials. Moreover, h is the heat transition
coefficient and T™* stands for the temperature of the ambient medium.

The self-heating of the module causes heat stresses leading to mechanical
deformations u that can be described by the equilibrium equations

. a(l —v)E . 3
= —_
div o(u) T+ 0= 2) V(T —Tp) in 2CR’®, (6)
u =0 only , n-o(u) = 0 elsewhere . (7

where the stress tensor o(u) is related to the deformation rate tensor D(u) :=
1 (Vu+ (Vu)T) by the constitutive equation

FE
1+ v

o(u) =

[D(u) + trD(u) I].

v
1 - 2v
Here, E and v stand for Young’s modulus and Poisson’s ratio whereas « in
(6) refers to the heat expansion coefficient.

3 Domain Decomposition Methods on Nonmatching
Grids

The implicitly in time discretized heat equation (1)-(5) and the equilibrium
equation (6),(7) give rise to boundary value problems for PDEs of the form
Lu = f with a second order elliptic differential operator L. Their weak
formulations lead to variational problems

a(u,v) = L) , veV() .

Here, V(2) C H*(£2) resp. V(2) C (HY(2))%,a: V(2) xV(2) - Risa
continuous V (2)-elliptic bilinear form, and £ € (V(£2))’.

The computational domain 2 C R? is the bounded domain occupied by the
IHV-module without housing. According to the sandwich-type structure of
the module (cf. Fig. 2), we subdivide {2 into n mutually disjoint hexahedral
subdomains 2 := Jj_; 2;, 2,n$2; =0, 1 <i # j < n. We assume the par-
tition to be geometrically conforming and refer to the union of the interfaces
between adjacent subdomains S := (J; ; I, Iij := 2 N 82, | Ii; |> 0 as
the skeleton of the decomposition.

We choose individual simplicial triangulations 7; of §2;, 1 < i < n, allowing
nonconforming nodal points on the interfaces I3; C S. We note that I; in-
herits a triangulation 7;; from 7; of (2; and a triangulation 7j; from 7} of £2;.
We refer to {2; resp. §2; as the mortar resp. nonmortar side of I’;.

The subdomain problems are discretized by continuous, piecewise linear fi-
nite elements. We denote by V3 (£2;; 7;) the associated finite element spaces
and consider the product space V(£2) := [T\, V4(£2; 7;). Clearly, functions
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vp € Va(92) may exhibit jumps [vs] s across the interfaces I';; C S. Therefore,
in order to ensure consistency of the approach, we have to impose continu-
ity constraints by means of appropriately chosen Lagrange multipliers which
is done using the traces inherited from the nonmortar side. In particular,
denoting by S1,0(Ii;;7;;) the finite element space of continuous, piecewise
linear finite elements with respect to 7;; vanishing on OI3;, we construct
M (Iij; Ti5) by a modification of those nodal basis functions in I; that have
neighboring nodal points on 0I; such that Sy o(I5%;; T;) C My (Li;; Ti;) and
dim My (355 7o) = dim S1,0(I55; Ts5) (for details see, e.g., [2]). The multiplier
space is then given by M(S) = HFijCS My (I5; Ti5), and weak continuity
constraints are realized by the bilinear form by, : V;,(2) x M,(S) — R with
ba(vh, ) === 3o, cs fFi,- prlonlsdo, vy € Vi (2), py, € My(S). Moreover,
setting ap : Va(£2) X Vi (£2) — R with an(up,vn) := >, an, (un, vs) where
ap, := a |p,, the mortar finite element approximation is given by

ah(uh,vh) + bh(vh,)\h) = Z(’Uh) , Up € Vh(ﬁ) s (8)
bh(uhﬁf'h) = 0 ) Up € Mh(S) . (9)

It can be shown that the bilinear form aj is elliptic on the kernel of the
operator associated with by, and that by, satisfies an LBB-condition (cf., e.g.,
[2]). In algebraic form the mortar element approximation (8),(9) gives rise to
the saddle point problem

(%) () - () @

where A := diag (4, ..., A,), BT := (BY,..., BT)T. For its numerical solu-
tion we use a preconditioned Lanczos-type iteration with a block-diagonal
}Eu ]%), Here, R, := diag (R, ..., Rx) with
subdomain preconditioners R; being spectrally equivalent to the subdomain
stiffness matrices A;,1 < ¢ < n, and Ry represents an interface precondi-
tioner being spectrally equivalent to the Schur complement Sy := BA~! BT
We use multilevel preconditioners with respect to hierarchies of simplicial
triangulations. In particular, the preconditioners R; are chosen as the sub-
domain diagonal blocks of the BPX preconditioner. On the other hand, the
construction of R is realized by inner preconditioned Chebyshev iterations
using a decomposition of Sy into its subdomainwise counterparts and the
construction of preconditioners for the corresponding subdomain Schur com-
plements (for details we refer to [6]).
Grid adaptation is performed on the basis of an efficient and reliable residual-
type a posteriori error estimator (cf. [4-6]). Assuming h; < C h; where h; :=
{diam(T) | T € T;, TNTi; # 0} and h; := {diam (T') | T € T;, TN # 0},
it can be shown that there exist constants 0 < v < I'g independent of the
refinement level such that

preconditioner of the form (

TrMe < lu—uml}g < Trnk
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