INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEERING
Int. J. Numer. Meth. Engng 2011; 87:943-961
Published online 11 February 2011 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/nme.3140

Galerkin lumped parameter methods for transient problems
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SUMMARY

In this paper we propose a general methodology to obtain lumped parameter models for systems governed
by parabolic partial differential equations which we call Galerkin lumped parameter methods. The idea
consists of decomposing the computational domain into several subdomains connected through so-called
ports. Then a time-independent adapted reduced basis is introduced by numerically solving several elliptic
problems in each subdomain. The proposed lumped parameter model is the Galerkin approximation of
the original problem in the space spanned by this basis. The relationship of these methods with classical
lumped parameter models is analyzed. Numerical results are shown as well as a comparison of the solution
obtained with the lumped model and the ‘exact’ one computed by standard finite element procedures.
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1. INTRODUCTION

A lumped parameter model is a simplification in the mathematical model of a physical system
where variables that are spatially distributed fields are represented by a finite number of single
scalars instead.

A good example of a lumped parameter model is an electrical network, graphically represented
by a circuit diagram in which voltages are assigned to the vertices and currents to the edges of
the diagram. The mathematical analysis of such a circuit model is much simpler than solving the
Maxwell equations for the actual physical system.

Another area where lumped parameter models are frequently used is heat transfer in electric
machines arising from energy losses (see for instance [1-6]). This approach has the advantage that
solving the model is very fast. However, the developer must invest effort in defining a network
that accurately models the main heat-transfer paths. In particular, this process involves determining
some capacitances and resistances which are not defined in a precise way.

The goal of this paper is to introduce a systematic methodology called Galerkin lumped parameter
method (GLPM) to build lumped parameter models avoiding the previous drawbacks. It consists
in viewing these kinds of models as Galerkin approximations of weak formulations of the original
distributed parameter problem. A simple idea is to use reduced basis adapted to the particular
geometry, materials and physics of the problem. For the sake of simplicity, in this presentation the
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944 A. BERMUDEZ AND F. PENA

method will be described for heat transfer-like problems. However, the underlying ideas are rather
general hence they can be applied to build lumped parameter models in other fields.

Techniques for reduced-order modeling are very popular in the literature. The most well known
are proper orthogonal decomposition (POD) (see, for instance, [7]) and reduced basis methods
[8—11]. The latter are particularly useful for optimization: taking a set of values for parameters
(or ‘snapshots’) and creating a basis related to them can speed up the search of the optimum.
When problems are evolutionary, time is taken as a special parameter.

The approach of these papers is different from ours, where the main goal is to solve time-
dependent partial differential equations by reducing them to lumped parameters models, i.e. ordi-
nary differential systems involving a small number of unknowns. For instance, the reduced basis
method introduced in [8] has a certain resemblance to that presented in this paper. In both methods,
the domain is decomposed into smaller subdomains where local bases are calculated by solving
steady state boundary-value problems. Then they are glued in order to construct a reduced basis in
the original domain. In [8] gluing is done by using mortar techniques hence the global method is
not conforming. However, our approach leads to global bases belonging to the space of the weak
formulation hence they produce conforming approximations to the solution.

The present paper is organized as follows. In Section 2 we state the time-dependent partial
differential equation to be solved. In Section 3, an auxiliary steady-state boundary value problem
and the concept of resistance matrix are introduced. In Section 4 the reduced basis is defined and
some properties are shown. The original transient problem is considered in Section 5 where a semi-
discrete problem associated with the reduced basis (the lumped-parameter model) is introduced
and the concept of capacitance is defined. Section 6 combines domain decomposition with the
above reduced basis and finally, in Section 7, some numerical results are shown for heat transfer
problems in real electric engines.

2. STATEMENT OF THE PROBLEM

Let us consider a body Q whose boundary T" consists of three parts, T=T"7" UT4ur€ each of
them possibly having several connected components:

o I'P ZU?; FZP . The T’ ZP are called the ports of domain Q. In practical applications they are
surfaces in contact with other solid bodies.

o TC=J/_,Tf. The T are called the convective boundaries of domain Q.

e T4, to be called the adiabatic boundary of domain Q.

i, i=1, ...,n% are the connected components of I P Tn other words,
two different ports cannot touch each other.
Let us introduce the following transient heat transfer problem in Q:

Find the temperature field 0(x, t) satisfying

We assume that the T'7

00
ch—div(kgrad(J):f in Qx[0,T], (D)
0x,0)=0F (x,t) onTF, 1=1,...,n", ()
00
ka—(x,r)+al(9(x,t)—9f(x,t))=o onTC, I=1,...,n%, (3)
n
a0
k— =0 onT*, “)
Jn
0(x,0) = Op(x) in Q, %)
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A FEM/BEM FOR MODELING OF INDUCTION FURNACES 945

where the data of the problem are

p is the density

¢ is the specific heat

k is the thermal conductivity

f is the volumetric heating

HIP (x,t) is the temperature at time ¢ and point x of the /th port

HIC(x, t) is the convective temperature at time ¢ and point x of the /th convective boundary
o(x) is the time-dependent convective heat transfer coefficient on the Ith convective
boundary

e Op(x) is the initial temperature field.

As it is well known, in order to use a finite element method for space discretization we first
introduce a weak formulation by standard procedures (see for instance [12]). Let i be a ‘test
function’ defined in Q and null on I'”. Multiplying equation (1) by v, integrating in €, using a
Green’s formula, and taking boundary conditions (3) and (4) into account, we get the following
problem:

P. Find 0(x, t) satisfying the Dirichlet boundary conditions (2) and

20 n<
/pc—lpdx—i-/kgrade-gradtpdx—i-z oy Oy dll
Q Ot Q I=1JTf

nC
=/ fudx+>" . oquClde, for all test function ¥(x) null on rr 6)
Q [=1JT

1

0(x,0)=0p(x). )
Then, we introduce a Galerkin approximation of this problem by using finite elements. Let .7}, be
a family of meshes of domain Q and V}, a family of finite element spaces associated with it. We

replace the above problem by the semi-discrete approximation:
Py,. For t €[0, T], find 05,(.,t) € Vy, satisfying Qh(x,t)zﬂﬁl(x,t) on FZP, I=1,...,n", and

00 n¢
fpc htphdx+/kgrad9h~gradwhdx+z o Oppy, dT
Q t Q I=1JTf

ot
nC
=/ S, dx+Y . ocIOiClph dI"  forall s, €V, nullonT? (8)
Q I=1JT
On(x,0)="0on(x) in Q, ©))

where 6,};, and 0oy, are projections of GIP and 0y, respectively, on V.

Since V}, is of finite dimension, this Galerkin approximation is equivalent to a system of
ordinary differential equations which can be solved by numerical discretization methods suit-
able for stiff problems. In practical applications, the number of unknowns of this system, i.e.
the number of degrees of freedom is very large hence the time to solve P, along a time
interval [0, T'] can also be very large, making the simulation of changes in a design process very
costly.

An alternative approach, which is very popular in some engineering areas such as electromag-
netism or thermal analysis of electric motors is to employ the so-called lumped parameters models.
The idea is to look for approximate solutions in very low dimension approximation spaces but
well adapted to the problem.
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946 A. BERMUDEZ AND F. PENA

3. THE STATIONARY PROBLEM. THERMAL RESISTANCE MATRIX

In order to motivate the choice of the reduced adapted basis to be done in Section 4, let us consider
the following stationary problem:

SP.—Given constant values of temperature at the ports, Hl-P ,i=1,...,nY, and constant convection
temperatures, Oic, i=1,...,nC, at the convective boundaries, find the stationary temperature field
0e H'(Q) satisfying
—div(kgrad9) =0 in Q, 10)
H(x)zf)fD onl“f, i=1,....n", (11)
Pl 0 0°)=0 re, i=1 ¢ 12
— @D+ =0)=0 onIf, i=1,....n, (12)
00
k— =0 onTI"%, (13)
on

where H'(Q) is the Sobolev space consisting of the square integrable functions with square
integrable gradient.

The weak formulation of this problem can be easily obtained by standard procedures: find
0e H'(Q) satisfying

n€ n¢
/kgrad@-gradt//dx—f-z wOydl =) Calefwdr,
Q )

I=1JIf =1JT}
for all ye H'(Q) null on I'?, (14)
0=0 on TF i=1,....n". (15)

The corresponding heat flows entering into the domain through the ith port and through the ith
convective boundary are given by

00

Qf:/r})kadl", i=1,...n", (16)
0

Q?=/rc"2_ndr, i=1,...n, (17)

respectively.
It is obvious that the mapping giving these heat fluxes from the temperatures, namely,

K:RY gl
defined by
K7, ....00,.00.....05)=(07.....05,. 0f..... 0%0).

is linear; it is also symmetric (see Corollary 3 below).
Moreover, we note that K is not invertible. In fact, we are going to show that

Ker(K)=span{e},

where e is the vector in R" T having all components equal to 1. Indeed, first of all, K(e)=0
because the solution 0 of problem SP for 0{):"':051) :0?:---:07% =11is O0(x)=1 VxeQ
hence the corresponding fluxes are null.

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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A FEM/BEM FOR MODELING OF INDUCTION FURNACES 947

Now, we prove that K is positive definite on the orthogonal space to e. Let (67, ..., 65 0 00, .,
(JSC) be a non-null element in such space and 6 the corresponding solution of (14), (15). Then,

and hence

Omin :==min{07 , ..., 0% 0, ..., 05} < Omax :=max{0f , ..., 07,07, ..., 0.
We show, by contradiction, that 6 cannot be constant. Indeed, let us suppose that 0 is constant in
Q. Then one of the following two cases holds:

1. either Hmaxzf)ip for some i €{1,...,n"} or
2. emax=0,¢ for some i €{1, ...,n€}.

In the second case 0(x)=0mnax oOn Fic or otherwise we would have

0
0=/ ka—dl"=/ 0;(0—0°)dT,
ré on re

and since o;(x) >0 and 0(x)<0ic = Opmax Vx €Q this can only be achieved if 0= Hic on Fic.
Similar results can be obtained for the minimum.
Summarizing, temperature 0 has to be constant on the boundary where O, (respectively, Omax)
is attained and its value there has to be Oy (respectively, Omax). Thus, we get a contradiction.
Moreover, we have

nP nc
KO, ..., 000, 0C, ..., 05)-0] ..., 00,0, ...,06)= Y 0F oF + Y 0€ 0
i=1 i=1

o0 n® 1 06 o0 n 1 a0 20
= | Ok—dr —k—+0)k—dl'= —lk—2dl’ /k—HdF
/rf’ on +i§1 re (Oﬂi on ) on i; re O<i| (311| - r on
1| a0) ) ,
=Z/ — dF/ k|grad 0| dx—/ div(k grad 0)0dx
i=1Jre o | dn Q Q
c 2
n 1] a0
— — lk— dr+/k rad 0| dx >0,
l;\/l;lc o; | on Q '8 |

where we have used a Green’s formula and Equation (10). We note that the equality to O only
holds for constant 6, hence K is positive definite on the orthogonal space to span(e), as claimed.
Now we can characterize the image of K. Since K is symmetric we have

Im(K)zKer(K)Lz{(Qf, 0P 07, 0% € R"”"C;_n_zlgffn; 0f=0t.

The restriction of K to the quotient space,
RnP +n€

= ~ Im(K)~R" =1,
Ker(K)

to be denoted by K, is called thermal conductance of the thermal system. We note that
K depends only on the geometry (domain Q, ports and convective boundaries), the thermal
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948 A. BERMUDEZ AND F. PENA

conductivity k and the convective heat transfer coefficients o;. The inverse of K is called thermal
resistance and denoted by R. We can choose the representative vector of each element in the
quotient space as the one having its last component null. Then K can be identified to the
isomorphism

defined by
K©Of,....0%.07,....0%_D=(0f.....0%. 0f..... 0% _).
We note that in the MKS system the unit for the entries of [R] is Kelvin per Watt (K/W). An
example is given below (see Example 1).
4. THE ADAPTED REDUCED BASIS

In order to solve problem P by a lumped parameter method we introduce an adapted reduced
basis consisting of the temperature fields associated with the canonical basis of R +n through

problem SP. More precisely, this basis is the set of time-independent functions {q)f yi=1,...,nf}U
{(pic,i =1,...,n%} defined as the unique solutions to the following stationary boundary-value
problems:

e For j=1,...,n" find QDfEHl(Q) satisfying,

—div(kgrad¢!)=0 in Q, (18)
o =8ijon T, i=1,....n", (19)
NP
e
ka—n’+a,-goj.’:0 onT¢, i=1,...,n", (20)
et
k—L = 0onT4, (21)
on

e For j=1, ..n€ find QD]C EHI(Q) satisfying,

—div(kgradq)f):o in Q, (22)
(p]C:o onI? i=1,...,n", (23)
qDJC C C - C
k6—+a,~(<pj—5,~,)=o on €, i=1,...,n, (24)
n
¢S
a—’:() on '\, (25)
n

Their respective weak formulations are

C
n
f k grad o7 - gradydx+ Y . @t pdl=0 for all y€ H'(Q) null on T”, (26)
Q ' 1=1JT7 '
@f=6; onTy, i=1,....n", j=1,....n", 27)
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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A FEM/BEM FOR MODELING OF INDUCTION FURNACES 949

and

nC
/kgradqof-gradtﬁdx%-z oqq)jc-lﬁdl"zof ajpdl
Q 1=1JT¢ re¢

! J
for all Yy € H'(Q) null on I'?, (28)
gojC:O on TP i=1,....n", j=1,....n". (29)

Since we have assumed that ports are pairwise disjoint, we can find functions in H'(Q) satisfying
boundary conditions (27). Then, by using the Lax-Milgram Lemma, it is straightforward to prove
that the above problems have unique solutions.

In general, these weak formulations are solved by using finite element methods. We emphasize
that they are time independent and that the stiffness matrix is the same for all the n” +n¢ problems.
Moreover, since this matrix is symmetric and positive definite it can be assembled and factorized
only once. Thus, computing functions (pf and (pjc is not very costly.

Let
nP nc
P(x):= Y bF of (x)+ 3 bf of (x). (30)
i=1 i=1
Then it is straightforward to see that
px)=bl VxeT?, i=1,...,n", (31)
ko
(p(x)—l—;%(x):bic‘v’xeric, i=1,...,nC. (32)
1

As a consequence, the n” +nC above functions are linearly independent. Moreover,

l’lP nC
Y o)+ Y oS )=1VxeQ. 33)
i=1 i=1

According to the discussion in Section 2, we observe that for j=1, ...,n" the jth column of

matrix [K] is the vector given by

T
8@}.) G(pE (3(,03 a(pf’
/ k—Jdr,...,/ k%dl‘,/ k—"dF,...,/ k—Ldr
rf’ on rPP on rIC on rCC on

Similarly, for j=1,...,n¢, the (j +n")th column is

T
Gl Glos Gl ¢
/k—’dr,...,/ k—fdr,/ k—’dr,...,/ k—Ldr
r{’ on r’fp on r]C on Ifc on

Note that function ¢ =1 is the solution to problem SP for or, ..., 05 P, o¢, ..., Bsc)ze, which

belongs to the kernel of K. This implies that conductance matrix [K] can be obtained from the
latter by deleting any row and the same column, for instance, the last ones.

Example 1
Let us assume that domain Q is a cylinder of length L; more precisely Q= x [0, L]. Let us take

I"=wx{0}),IY =ox{L} and T*=0dwx][0,L].

Then n? =2,n¢ =0 and the adapted reduced basis consists of the two functions

p X3 P X3
o] (x)=1——, x)=—.
P1 I %) I
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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950 A. BERMUDEZ AND F. PENA

Therefore,
k meas(w) k meas(w)
L L
[K]=
k meas(w)  k meas(w)
L L

where meas(w) denotes the area of w. This matrix is clearly singular. Then the conductance

matrix is
K] <k meas(w) >
L

and the resistance matrix is

L
[R]= <k7> .
meas(w)

It is worth pointing out that the latter is the formula for the electric resistance of a cylindrical
conductor with electric conductivity k.

The following alternative expressions for the entries of matrix [K] are useful from the compu-
tational point of view. Let us write this matrix in block form, namely,

KPP gPC
(K]= ( cp cc) :
K K
Proposition 2
The following equalities hold:

6([)1.J n€
1. K;;?P;=/rpka—n’dr=/9kgrad<pf-grad<pfdx+z/ et el dl, i, j=1,....n",
! =1
op?
2. K}j@:/ k—fdr=—/ vt dl, i=1,....n%, j=1,...,n",
re” on e
CP. a(pJ r l—* . 1 P . 1 C
3. Kij = kﬁd =— oc](/)l d i=1,....,n", j=1,...,n",
(P
4. Kgczzf JdF 5,]/ o dl— / oS dr, i, j=1,....n°.
re ¢
Proof
We have
1.
0 aq;P 8q)P
k—dr dI'= | kgrad rad o? dx — Ll dr
fr,” n Zrl an(p’ fg ¢} - grad ¢; Z k——0i
/kgrad(pj grad ¢! dx—i-z ocl(p] of dr
by using (19) and (20).
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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A FEM/BEM FOR MODELING OF INDUCTION FURNACES 951

5@1?
2. k—Ldll=— [ ojefdl
r¢ om re
by using (20).

3. First we have

C
n
fkgradgo?gradgofdx—i—i a,q)]?(pfdr:o.
Q 1=1JIf

Indeed

nC
/kgradw?-gradwfdx—kZ/ OCIQDJCQD;PdF
Q 1=1Jr¢

n? oot n¢ oot
22/ kLipCar+ Y [ k2 gCar
—1Jrr dn i=1Jr¢ dn
n€ c P n< dof P\ ¢
+ o @; dI'= k——+oo; -dl'=0
1; ]"IC Z(Pj ®b; [; FIC on 10; (pJ
by using (23) and (20).
Moreover,
Gq)C nf agDC n< a(pC"
k—Ldr=% | k—L¢Pdr'= [ kgrad¢S grade’ dx— " —Lpfdr
@i ?; P; i
r’ on i=Jrf on Q i=Jr¢  on
I’LC
=/kgrad<pjc--gradq)fdx—2/ al(élj—@f)@fdr
Q 1=1J1f
n€
:/kgrad<pf~grad<pfdx+2 Calipjcq)ipdr—/caj(/’ipdr
Q 1=1JT I
P
:—/FC ojp; dI'.
J
4. Finally
k_aq)f dr= [(0ij— 0$)dT =0y, ;dl” ;¢ dl’
FiC on = FiCOCl( U_(Pj =0jj FiCOCz - r‘iCOCl(/)j
from (24).
Corollary 3

Matrix [K] is symmetric.

Proof

According to the previous computations we only need to show that KgczK gc or, equiva-

lently, that

Copyright © 2011 John Wiley & Sons, Ltd.
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952 A. BERMUDEZ AND F. PENA

For this purpose we note that
‘3 dof e 2 c. C
/r[ oc,q)j dIr' = Z 6 jdl"—i—g:1 rlcal(pi @ dl

nP

a(pc n€ 6(pc n€
=Z/ k—’(p]CdF+Z/ k——§dl+ Y Otl(pl @ dr
i=1Jrr on " i=1Jr¢  dn i=1Jr¢

nC
= / k grad of - grad o§ dx+ )" / oy ¢ drI’. (34)
Q =1

Now the result follows because the last expression is symmetric with respect to i and j.

5. THE TRANSIENT PROBLEM. THERMAL CAPACITANCE

Let us come back to the transient problem (1)—(5). We seek a solution that, at each time 7, belongs
to the space Z spanned by the (time independent) reduced basis introduced in the previous section.
More precisely, we look for an approximate solution of the form

nP }’lC
0x.0):= Y 0P pF )+ X 0500 ().
j=1 j=1

In order to determine the time-dependent coefficients 0,?D vi=1,...,n" and Oic, i=1,...,n%, we
introduce the following semi-discrete problem:

Z t)/ peolydr+ Z —(t)/ pcw,lﬁderZ HP(t)/kgradcoj grady dx

nC nP
+¥ Gf(t)/ k grad(pjc~gradtpdx+ > QP(I) Z OCI<PJ Pydr
j=1 Q j=1

I’lC nC
+3 95(:)2/ oy @Sy dl
j=1 =1

n€ "
=/ f¢dx+2/ o Oy wdD for all Y€ Z. (35)
Q I=1JTf

Equality (33) shows that the constant function yy=1 belongs to the space of test functions. This
fact allows us to prove the following result.

Lemma 4
The solution of the above semi-discrete problem satisfies the following energy conservation
principle:

nC ~ N
ifpc@(x,z)dxzf fdx—i—Z/ o @ —0(x, 1))dT. (36)
dr Jo Q i=1Jr¢

Moreover, by replacing the test function i by the basis elements (pip and (/)ic we see that
problem (35) is equivalent to an ordinary differential equation system which can be written in a
compact way as follows:

de

M—+A®=b, 37
dt+ (37)

Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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where
OW)=(07 (1), .... 00, (1), 05 (1), ... 05 (),
M is the so-called thermal capacitance matrix given by
MPP  pmPC
M=
MCP mccC

with

953

MI-I;P:/Qpcwl»P(pfdx, i,j:l,...,nP, (38)
MiI;C:/Qpcijwplde, i=1,...,nP, j:l,...,nc, (39)
MSP:/Qpapf(piCdx, i=1,...,nc, j:l,...,nP, (40)
Mlg?C:/mef(p]C.dx, i,j=1,...,n°. (41)
Similarly, the ‘stiffness’ matrix A is given by
APP  4PC
A:<ACP Acc)
nC
A;;P=/Qkgrad<p;’.grad(pfdx+121/rcaz<p§»’<pfdr, ij=1.-n". “2)
= 1
”C
A§C=/ngrad<pf-grad<pfdx+lzl Fcaﬂpfq){’dr, i=1,....nC, j=1,....n", 43)
= I
l’lC
AI.CJ.P:fgkgrad(pf-gradwicdwlg1 rcoqgoj.’goicdr, i=1,....n¢, j=1,....,n", 44
= 1
nC
AI.CJ.C=fgkgradgof-grad¢fdx+l§/rcal<pf<pfdr, i,j=1,...,n€. (45)
= 1
Finally, vector b is defined by
»P
b= ,
bC
with
nC ~C
bf(t):/f(pfdx—i-Z/ 00, pfdl, i=1,...,n", (46)
Q 1=1J1f
nc ~C
bf(z):/ fofdx+Y | o0 ¢fdl, i=1,...,n". (47)
Q 1=1Jrf
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2011; 87:943-961
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954 A. BERMUDEZ AND F. PENA

Now, let us explore the relation between matrix A and matrix [K]. We have

n¢ a(p”
A5P=/Qk gradcpf-grad(pfpd)c—i—lzl OCI(PJ of dI'= Z kﬁ(/’ipdr
= I
n€ &(pP n€ 6(pP
+ k—Lf dr+ / % dr'= / k—Ldr=k\."” 48
l; \/I:IC an (pt [; l(PJ (pl FIP an ij ( )

from (19) and (20).
Af;C:AJCiP /kgradcp] grad o dx+2/ @l of dT

5@
Z k—qol dF+Z/ k—¢, dF+Z ” oy PoCdr

l

=K£C—|—/FC oc,-qofdr (49)

from (23) and (20).

nP a C
cc c c
Ajj /kgradq)] grad<pl dx—i—lzl e oq(pj(p dI'= Z s ké—(p dr
C a(pc
+Z k—% dI'+ Z/ ¢ of dI
= o€ dlr =4, AT — g CC
_/rc.aj(pi dI'=9;; rcocldl“ Kl] . (50)

J i

Remark 5
We note that the capacitance matrix M is symmetric and positive definite. Thus, initial-value
problems for the ordinary differential equation system (37) are well posed.

Example 6
In the case of the geometry of Example 1, assuming that all thermo-physical parameters are
constant in Q we have

kmeas(w)

Al =—, 51
1 T (51
k meas(m)
Ap=A)=———"7—, (52)
L
kmeas(w)
Ap=—-—7"—, (53)
L
and
x3\2 1 1
M) =My =pc (1 — —) dx = —pcmeas(w) L = = pcmeas(Q), 54)
Q L 3 3
1 1
My = My :pc/Q (1 — %) )2—3 dx= gpcmeas(w) L= gpcmeaS(Q). (55)
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6. LUMPED PARAMETER DOMAIN DECOMPOSITION METHODS

In this section we combine the above ideas to introduce lumped parameter models with domain
decomposition techniques (see, for instance, [13, 14]). For this purpose we decompose domain Q
into subdomains Q;, i=1,..., N, connected among them through boundaries to be called ‘ports’.
Thus, in the boundary of each subdomain Q;, called I';, we distinguish three parts,

e the ports,

P_ '\ P
j=1
e the convective boundary,
o) " C
Iy = U I; G
J=1
e the adiabatic boundary, FIA.
We assume that each Fip ,i=1,...,n" has been written as the union of its connected components.

In order to compute an approximate solution to problem (6), (7), we introduce an adapted reduced
basis for the whole domain Q, by gluing the ones for each subdomain obtained in Section 4. Recall

that the basis for the ith subdomain consists of nl.P +nic elements, to be called (pg cj=1,...,n f ,
and qol.cj j=1, ...,nic which are defined, respectively, as the unique solutions to the following
boundary value problems:
e Fori=1,...,N and j=1, ...,nf find q)f; e H'(Q) satisfying,
—div(kgrad/)=0 inQ;, (56)
(pllj(x)zéjl on Fl[l)’ l=1,,an, (57)
ool
k 61:’+a,¢;'}=00nr,¢,, I=1,...,nS, (58)
a(pP.
k—2L =0o0n T4 (59)
on
e Fori=1,...,N and j:l,mnic find gol.Cj eHl(Qi) satisfying,
—div(kgrade)=0 inQ, (60)
(pfj(x)=0 onTH, 1=1,...,nf, (61)
6¢icj c C c
ka—n+a1((pij—5j1)=0 onIy, I=1,...,n;, (62)
6q>.c-
k—2L =0o0n T4 (63)
on

With these functions it is straightforward to introduce an approximation space to functions
defined in the whole domain Q. First, the ports are defined as the maximal elements of the set
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{1“5: =1, ...,nl.P, i=1,..., N} with respect to the inclusion relation. Let us denote by n? the
total number of ports and by n€ the total number of convective boundaries. We note that

N
nczZ:niC
i=1
but
p_1 Y p
n'<=y nj,
2.3

because each port is shared by at least two subdomains.
Let us introduce a set of linear independent scalar fields, {wlP A=1,...,n" }U{wlc:lz

1, ...,nC}, defined in Q as follows:

1. For the /th global port, let ix,k=1,...,m;, be the numbers of the m; subdomains sharing
it and ji the corresponding number of this port in the local numbering of ports of domain
Qi k=1,...,m;. Then w/’ :Q—> R is defined by

w] ()= @ ;, () in Q. (64)

wf (x):=0 in Q,, for m#iy, k=1,...,my. (65)

2. For the /th global convective boundary, let €; be the (unique) subdomain of which it is the
convective boundary number j. Then wlc :Q— R is defined by

wp (x) 1= pjj(x) in Qi (66)
wf(x):=0 inQ, form#i. (67)
Let us call ¥~ the linear space spanned by the above set of n 4+nC functions. The lumped

parameter model is defined as the Galerkin approximation of problem P corresponding to this
basis, namely,

LP. For t€[0,T], find é(., tYe V" satisfying

C

a0 - L - n -
/pc—npdx+/kgrad0~gradlpdx+z oy O dI’
Q Ot Q i=1Jr¢
~ n® ~C ~ ~
:/Qflpdx—l-lZI/rc w0 AT Ve v 69)
= 1
0(x,0)=0p(x) in Q, (69)

where 0y denotes a projection of the initial condition 0y on the space 7.
By writing

nP nC
0, 0= 0F ywf )+ 05 (Hw (x),
=1 =1

problem (68), (69) becomes an ordinary differential system of equations similar to (37), namely,

- d® .. -
M—+A®=D, (70)
dt
where
n P P C C T
G(t):(ol (t)i ey OnP(t)’ 01 (t)a ey OnC(t)) .
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Remark 7
We note that, by construction, 7" C H'(Q) hence the above lumped model is conforming unlike
the one studied in [8, 9].

Remark 8 _ ~ _

The mass and stiffness matrices M and A as well as the force vector b, can be easily computed
by assembling the ones corresponding to domains Q;, i=1,...,n" +nC, computed in Section 5.
Remark 9

All elements in the reduced basis are constant on the ports which can limit the accuracy of the
method. This can be overcome in an easy way. Indeed of considering one single reduced basis
function associated with each port, we can build a family of them by considering a mesh of the
port and then associating to each node a reduced basis function taking the value 1 at this node and
0 on the rest of the nodes on the port.

7. NUMERICAL RESULTS

The lumped parameter method, introduced in the previous section for several domains, has
been implemented by using Matlab. The program consists of two parts, that can be executed
independently:

1. in the first one, a finite element mesh for each domain is loaded; functions (pi}; and (pl.cj are
calculated as solution of systems (56)—(59) and (60)—(63); the meshes need not be conforming
on the ports, which makes their construction easier;

2. in the second one, function 0 is calculated along the time as solution of (68)—(69), using an
implicit Euler method.

The lumped parameter method is suitable for problems where the global mesh is very large and
it can be decomposed on smaller pieces. Thus, problems to be solved in the first part are much
smaller than the global one and are time independent. Since they can be solved independently,
without any information exchange among them, parallelization is straightforward. Moreover, since
functions gof; and (picj only depend on meshes and functions k and «;, they can be calculated only
once, even when heating or boundary conditions are time dependent.

The solution of the lumped parameter method has been compared with the solution of a classical
finite element method for a real-life engineering application. As a previous step and in order to
validate the implementation of the latter, a transient thermal test problem has been solved in the
domain [0, 1] x [0, 1.1] x [0, 1.2] along the time interval [0,1]. A set of meshes {m,-}l.lg3, composed
of tetrahedra, has been considered. For i =3, ..., 10, mesh m; has i intervals along each edge of
the domain (see Figure 1). The exact solution of the problem is

2y .—3z .3

u(x,y,z,t)y=cosxe e “t.
The expected error reduction is quadratic in space and linear in time for the L2([0, T']; Q) norm.
Taking a time step of the type Az = O(h?), where / is the maximum edge length, we can observe

such quadratic decay of the error in the following table (and in Figure 2).

Mesh At Error

ms3 1.1111e—01 2.0080e —02
my 6.2500e —02 1.1596e—02
ms 4.0000e —02 7.5715e—-03
me 2.7778e—02 5.3369e —03
my 2.0408e —02 3.9647e—03
mg 1.5625¢ —02 3.0609¢ —03
mog 1.2346e —02 2.4339e—-03
mio 1.0000e —02 1.9813e—03
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Figure 1. Mesh m3 of a parallelepiped (three intervals along each edge).

Square root of error vs. spatial step

1 2 3 4 5 6 7
h x 1074

Figure 2. Quadratic decay of the error for the classical finite element approximation.

The comparison between the lumped parameter method and the classical finite element method
has been carried out in a ‘brushless permanent-magnet’ motor, divided into 34 pieces. The electric
motor has been designed by the University of Mondragén and the Orona company. The values for
electric losses, physical magnitudes and coefficients for boundary conditions have been provided
to us by the former institution.

At the beginning of the simulation, the electric motor is at room temperature and it is running
for 2 h. Natural convection has been considered outside the motor, while a constant temperature
has been taken for air in the inner cavities.

We should note that it is not possible to carry out an error reduction analysis similar to the finite
element method. Indeed, theoretically the convergence of the solution of the lumped parameter
method would occur when the number of ports tend to infinity. In a realistic case, the number
of pieces remains constant, and the only possible improvement can be done in the mesh used to
compute the basis functions and/or in the time step. For the purpose of comparison, we created
two meshes for the motor:

e the coarse one, composed of 5081 nodes, 21 099 elements, and a maximum edge length of
0.04457 m;
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Figure 3. Solution by the finite element method for the thin mesh.
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Figure 4. Solution by the lumped parameter method for the coarse mesh.
Temperature Temperature

43.58981 4358981
' \ '

= A0 a0

l 36 E 38
E 32 E 22
l 28

2608384 2608584

Figure 5. Solution by the lumped parameter method for the fine mesh.

o the fine one, composed of 26 066 nodes, 126 006 elements, and a maximum edge length of
0.022554 m.

The time step was 10 s.

Figure 3 shows the solution of the finite element method at time =2 h, whereas Figures 4
and 5 show the solution of the lumped parameter method at time ¢t =2h for the coarse and the
thin meshes, respectively.

First, for the coarse mesh we have compared the solution of problem P obtained by the finite
element method with the one of the lumped parameter model LP after computing the reduced
basis with the same mesh. The relative error in the L2([0, T]; Q) norm was 2.127%. The same
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Figure 6. Evolution of temperature in nodes belonging to winding and stator.

computations have been done for the fine mesh. In this case the relative error was 2.056%. We note
that the slight improvement should be attributed to a better calculation of the basis functions qof;

and (picj because we have not increased the dimension of the reduced basis space.

Figure 6 shows the evolution of temperature according to both methods in some nodes, belonging
to the winding and the stator, by using the thin mesh.

Of course, the computing time is favorable to the lumped parameter method. For the thin mesh,
the first part of the computations lasted 275 s (the basis was computed sequentially) and for the

second part it lasted only 83 s. We took advantage of the fact that air temperature g)lc and heating
f were time independent, allowing to precalculate a part of vector b in (70). The computing time
for the finite element method was 715s. We note that a mesh refinement used in the first part does
not involve a longer computing time in the second part, since the degrees of freedom for the latter
are only related to the number of ports and convective boundaries.

8. CONCLUSIONS

We have introduced a family of lumped parameter models for solving parabolic partial differential
equations as those arising from transient heat transfer problems. The approach consists of a Galerkin
method corresponding to reduced bases defined for a domain decomposition. These bases are
well adapted to the geometry and the physics of the problem hence good approximations can be
obtained with a very low number of degrees of freedom.

One of the advantages of the method with respect to the lumped parameter methods existing in
the bibliography is that the capacitance and resistance matrices are built in a general and automatic
way hence we are not obliged to introduce any geometrical parameters which are, in general, rather
arbitrary.
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