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Efficient Simulation of Coupled Circuit-Field
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Abstract—in this paper, we present an efficient method to high-power-density applications. Due to the increasing current
solve the coupled circuit-field problem, by first transforming  density and higher power requirements of advanced power
the partial differential equations (PDEs) govering the field = gomiconductor devices such as insulated gate bipolar transistor
problem into a simple one-dimensional (1-D) equivalent circuit (IGBT) and metal oxide semiconductor field-effect transistor
system, which is then combined with the circuit part of the overall ) S i
coupled problem. This transformation relies on the generalized (MOSFET), the devices dissipate a considerable amount of
Falk algorithm, which transforms the coordinates in any com- heat. Regardless of the electrical quality of power semicon-
plex system of linear first-order ordinary differential equations  ductor devices, devices will fail if heat cannot be removed
(ODEs) or second-order undamped ODEs, resulting from the afectively. In addition, the electrical performance of the system
discretization of field PDEs, into guaranteed stable-and-passive L7 . . .

1-D equivalent circuit system. The generalized Falk algorithm, can_be limited by device heat|_ng and therma_l co_uplmg between
having a faster transformation time compared with the traditional ~ devices. Therefore, the coupling between circuit networks and
Lanczos-type methods, transforms a general finite-element system the thermal field problem to examine potential self-heating
represented by possibly a system of full matrices—capacitance problems in power semiconductor devices requires an accurate
and conductance matrices in heat problems, or mass and stiffness g|actrothermal simulation of complete power electronic sys-

matrices in structural dynamics and electromagnetics—into an t 11 121. The d th di - | kagi di
identity capacitance (mass) matrix and a tridiagonal conductance ems [1], [2]. The dense three-dimensional packaging used in

(stiffness) matrix. We also discuss issues related to the stability COmpact electronic systems often produces magnetic interac-
and the loss of orthogonality of the proposed algorithm. In circuit tions that interfere with system performance, and thus requires
simulation, the generalized Falk algorithm does not produce accurate simulation of this coupled circuit-field problem. Most
unstable positive poles, and is thus more stable than the widely yqnjinear semiconductor device models are implemented in
used Lanczos-type methods. The stability and passivity of the .~ . = - .
resulting 1-D equivalent circuit network are guaranteed since circurt Slm_ulators that are yvldely u_s_ed by engineers. I\/I_ar_1y
all transformed matrices remain positive definite. The resulting ©Of these simulators have highly efficient solvers. Thus, it is
1-D equivalent circuit system contains only resistors, capacitors, advantageous if coupled circuit-field problems using circuit
inductors, and current sources. The generalized Falk algorithm  simulators. To this end, methods to develop circuit networks
offers an extremely simple and convenient way to incorporate oqjivalent to discretized field equations have been proposed
field problems into circuit simulators to efficiently solve coupled o
circuit-field problems. Numerical examples show a significant [2], [3]. Evep for certain field problems alone, such as St“,JC,'
reduction of simulation time compared to the solution without tural dynamics, it has been demonstrated recently [4] that it is
using the proposed transformation. definitely quite advantageous to transform the discrete equation
Index Terms—<<AUTHOR, PLEASE SUPPLY YOUR iqto t_aqu.ivalent circqit networks Fhat are subseque_ntly fed into
OWN KEYWORDS OR SEND A BLANK E-MAIL TO KEY- circuit simulators with fast circuit solvers for startlingly short
WORDS@IEEE.ORG TO RECEIVE A LIST OF SUGGESTED  simulation time, compared to traditional finite-element solvers.
KEYWORDS>>. On the other hand, the construction of this equivalent circuit
network could be time consuming and take up considerable
space in the circuit simulator [4]. To remedy such pitfalls, we
o ) _ ) ) ~ propose in the present work efficient algorithms to transform
M ANY applications in engineering require the solutioRne coordinates of the discrete equations of the field problem
of coupled circuit-field problems. With the recenfnto extremely simple one-dimensioanl (1-D) circuit networks
advances in high-temperature semiconductor technology, thg{gt can be easily input into circuit simulators.
is growing need for power converters in high-temperature, 1o solve a field problem using a circuit simulator, we need
to have a circuit network equivalent to the discrete finite ele-
ment model or finite difference model of the field problem. To
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of the discrete field equations to obtain the resulting equatiotechniques (or matrix diagonalization) were explained in [10, p.
in simple form, such as diagonal capacitance matrix and tridia@@5], with the row-sum technique being a popularly used one.
onal conductance matrix, then the circuit network equivalent iass lumping techniques have been extensively developed to
the field problem can be constructed in a much easier fashiomcrease the efficiency of wave propagation analysis in electro-
In this paper, we first review the Falk transformation methoehagnetics (e.g., [11], [12]) or in solid and structural mechanics
[5] in structural dynamics, and establish a formal mathemdt3], [14]. Mass lumping has also been extensively used in fluid
ical framework for this method. Unfortunately, the originaflow and transport problems [15]-[17]. Careful design of mass
Falk method displays a detrimental loss of orthogonalityymping techniques is important to obtain accurate results, com-
among the generated trial vectors; perhaps for this reaspared to those from the consistent mass [13], [14], [18], [19].
this method has long fallen into disuse and forgotten. THehe use of pentadiagonal mass matrix has also been suggested
loss of orthogonality in the original Falk method is similar tdo improve the accuracy, compared to row-sum lumped mass
that found in the original Lanczos method (e.g., [6] and [7]]18]; even in this case, the proposed generalized Falk method
Here, we stabilize and generalize the original Falk methatdill remains effective, since there are efficient algorithms for
by employing aselective reorthogonalizatioprocedure to solving pentadiagonal matrices. Lump mass matrices are also
ensure the orthogonality among the generated trial vectoused in multibody dynamics formulation [14].
The generalized Falk method doest produce any positive  Krylov-subspace algorithms for modeling and specifically
poles, while some other methods do (e.g., [8], [9], etc.). THer order reduction have been extensively applied to the context
generalized Falk method enjoysfaster transformation time of interconnect modeling in the frequency domain for several
compared to traditional Lanczos-type methods and generagears, mostly related to Pade-type approximations and mo-
a guaranteed stable and passive 1-D simple circuit system thment-matching methods [8], [20], [21]. Much is known about
is equivalent to the original complex system. Even thoughe properties of the various methods such as the Lanczos and
our coordinate-transformation method is inspired by the Fafknoldi methods. The Lanczos method in particular has been
method, the derivation of the generalized Falk methodads extensively used to compute Pade approximations of linear
the same as presented in [5] (in German). Our presentatidynamic circuits. We emphasize here that the proposed method
is self-contained and can be read independently from thlee more advantageous than many Lanczos-type methods,
original paper [5} The generalized Falk method transformgspecially for applications to high-frequency coupled cir-
a general finite-element system, represented by possibly fallit-field problems often encountered, e.g., in advanced power
system matrices, into a system with identity capacitance (mas#ctronics circuit design, very large scale integration (VLSI)
matrix and tridiagonal conductance (stiffness) matrix whileircuit analysis, etc., since there are no unstable positive poles
maintaining orthogonality among the trial vectors used for ttgenerated by the generalized Falk method. Many Lanczos-type
transformation. In the original Falk method, the transformedodel-reduction methods, on the other hand, encounter the
capacitance (mass) matrix is a diagonal matrix, but not gnoblem of having positive poles destabilizing the reduced
identity matrix, i.e., the transformed capacitance (mass) sgstems [21], and thus require additional special treatment
not uniform. On the other hand, the present generalized Fatkavoid this problem [22]. Our method does not require any
method does lead to a uniform transformed capacitance (masddlitional treatment, and is more efficient than the Lanczos
matrix. For thermal problems, which are governed by systemethod. In addition, transient behavior, which is important in
of first-order ODEs in time, the resulting equivalent 1-D circuipower electronics, can be clearly predicted by our method in
network is simple, since it contains only resistors, capacitotbe time domain.
and current sourcées.The stability and passivityof the re-
sulting 1-D equivalent circuit network is guaranteed since all
transformed matrices remain positive definite. Once connected
to the circuit part of the overall coupled circuit-field problem, Il. COORDINATE-TRANSFORMATION METHODS
the resulting transformed ordinary differential equations can be
efficiently solved using any general-purpose circuit simulator. To present our idea, we will use the electrothermal-coupled
Several numerical examples involving both circuit probproblem as an example. We will focus on the heat problem
lems and coupled circuit-field problems such as a full bridgg describe the construction of models for the thermal com-
converter with IGBT devices and a voltage regulator modufgonents (e.g., heat sinks) of the overall electrothermal system.
(VRM) with MOSFET devices are used to demonstrate thenese thermal models are obtained from a discretization of the
computational efficiency, accuracy, and ease of use of theat-diffusion equation, and can be expressed in several dif-
proposed methodology. ferent coordinate systems: the original finite-element coordi-
It should be noted that the proposed coordinate-transformite system, and other transformation coordinate systems that
tion algorithm is especially efficient when used in conjunctiofill make the subsequent analysis extremely efficient. We first
with a lumped (e.g., diagonal) capacitance matrix, since it égate the heat-diffusion problem, and summarize its finite-ele-
not costly to invert a diagonal matrix. Several techniques of marent formulation. We then present the generalized Falk method.
trix lumping have been proposed in the literature. Four sughe derive the connection between the generalized Falk method
1For general thermal problems, the capacitance (mass) matrix is invertiblée.l_nd the orlglnal Fglk method. B_Oth methods tranSfO!’m the fi-
2For second-order ODEs in time, inductors should be included. The form'l]lt(':"elemem coordinate system in such a way to obtaidem
lation is more complex when the first-order (damping) term is present. tity capacitance matrix andtadiagonal conductance matrix.
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Passive elements and Sources Semiconductor is decomposed into two parfB; for the input power boundary
devices with . . .
|| thermal model | Power dissipation P(n) condition (4), and’; for the convective boundary condition (5).
i e @ —— Heat Sink There are two methods to solve electrothermal-coupled prob-
T Hgs. (2.3) - (2.6) lems: the direct method (fully coupled method) and relaxation
— @ method. The direct method is based on the combined modeling
of electronic circuits together with the thermal problem in a
= flue,T) single simulation tool such as SABER, etc. Here, a single system
of algebraic equations encompasses both the electrical compo-
Fig. 1. Coupled electrothermal system. nents and the thermal components, and is used to simultane-
ously solve for both the electrical states and the thermal states.
A. Electrothermal-Coupled Equations In SABER, the electric circuit can be described by a netlist,

L . : . while the thermal problem can be described by an analog be-
Many electronic circuits contain semiconductor devices (see . : . . .
. . . . havioral languageé.The discretized thermal equations are built
Fig. 1) can malfunction when heat generated during their op-

erations goes beyond a certain limit. It is, therefore, im ortarrl]tto a circuit and system simulator, such as SABER, as supple-
g y ' ' » IMP mentary equations. A problem with this method is the thermal

to predict, so as to avoid such detrimental self-heating effects, , . : .
. 0deling process is complicated due to the structure ofthe
The nonlinear electrothermal coupled system can be generfgﬂy
expressed as chip, header, and package.
The relaxation method is based on the coupling between a
i =f(ueT) 1) circuit simulator and a field-equation (e.g., thermal) simulator,
pP_p N 5 with each simulator performing the computation independently
=P(u) @ from each other, and with the results from each simulator passed

wherew is the matrix containing the nodal voltages or current@ 1© the other simulator to adjust input data before the next
e the electrical input?’ the temperature, anB the electrical cpmputatlon_al cycl_e b(_aglns [24], [25]'_ The circuit part can be
power loss. The nonlinear electrical system is governed by tﬁlg\ulated with a circuit simulator, while a me.chamcall sensor
semiconductor equations [partial difference equations (PDEgﬁthermarI]effects can be analyzed by l:amrkllloylng trll,e finite ele-
and circuit equations (ODES). The electrical power loss is origi'ent method (FEM) program. Generally, the modeling process
nated from the heat generated inside the semiconductor devid@s (e relaxation method is not so complicated because spe-
Since the semiconducter junction region where most of thec'al simulators have been developed for a particular circuit or
heat is generated is small compared to the whole device regigﬁl,d, problem. A key point of the n_’-zlaxanon method is how to
and s close to the top surface of thichip, the electrical power realize the data transfer, synchronization, and convergence con-

loss can be assumed to be imported from the top boundary of i The coupling relaxation algorithm requires some repetition
Si chip, i.e., the electrical power loss is treated as a bound4}yte computed time steps. Furthermore, the data communica-
condition in the thermal problem tion between the two simulators will greatly affect the efficiency

The heat-diffusion problem on a domaihwith boundary of the overall computational process. Another disadvantage of
80 =T, UT, is governed by the PDE the relaxation method is the relatively large simulation time for
large-size FEx<AU: DEFINE “FE">> models.

. oT
div(w grad T) = Per gy @ ®) B. Finite Element Formulation for Thermal System
and the boundary conditions The semidiscrete equation of the thermal system, derived

9 P from a Galerkin finite element projection [2], [26], takes the

kgrad Ten = n—T == only @) form
an A .

wgad Ton=ror —h(T, 1) only  (5) Cd+Kd=f=1I,+1I (7)
on d(0) =do ®)

and initial condition ) ) _
whereC € R™*" s the capacitance matri{ € R**™ the

T(x,0) =T, = 27°C (6) conductance matrixf € R™*! the heat supply matrix,, the
input power supply from the electrical componeht,the heat

wherel” :  x Ry — R is the temperature (a function of spacgupply coming from the convective boundary condition, drel
and time),x : @ — R the thermal conductance,: @ — R R™*! the column matrix of nodal temperaturgsat the FE node
the mass density;, : & — R the specific heat]” : I'; x 4. Let N; be the shape function associated with nédénen
R4+ — R the input power from boundaiy;, A the input-power the temperature field over the domain of the heat problem is
cross-section area, the convection coefficieny the outward approximated b{*(x.t) = > | d;N;. The capacitance matrix
normal vector to the boundary, afffl the ambient temperature.C can be realized by capacitor elements, the conductance matrix
In the above, the set of real numbers is denoted lwith R, := Netiisti | descrintion of vour desi dedasi he SABER
t € R|t > 0, denoting the set of nonnegative numbers. T@%Nuitfr“[szg]tlexwa escription ofyour design provided as inputto the
domain of the heat sink is denoted 8yC R*, withs = 1, 2,

¢ ; ) ‘ 4A behavioral model is one that describes an observed behavior with an ap-
3 being the space dimension. The bound#ryof the heat sink propriate set of equations and coefficients [23].
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Input power reduced by congruence transformations (such as our generalized

Falk method) remains passive and thus absolutely stable.
| Si chip I Remark 2.1:For a general field problem such as electro-

magnetics or any linear ODEs, all of the following derivation
TO-247 package in this paper should be modified by replacing the system ma-
trices (capacitance and conductance matrices after finite ele-
ment discretization) by the corresponding FE discretized system
matrices. The reader should refer to [27] for the application to
Fig. 2. 2-D thermal-model problem. the Maxwell equation in electromagnetics model reduction.

In [2], thermal networks equivalent to a discretization of

: the heat equation by the FEM were presented. The proposed
K by resistor elements, and the heat supply veftoy current methodology not only solves the field problem, but also pro-

sources, so that thermal effects for the semiconductor device S
. ; : . vides a natural way to solve the coupled circuit-field problem as
like IGBT and MOSFET can be dynamically incorporated intQ . o . .
A . : ._a single circuit problem. Depending on the order of interpola-
circuit simulators with thermal connection. The global matrlceuson emploved. the elemental equivalent circuit networks could
C, K, f are assembled from the elemental matriges., and ployed, q

. . be complex, thus making the overall thermal circuit network
f., expressions for the elements of the matriees., and f. ; . ) ) S
: extremely involved, and not simple to implement in a circuit
are given below

simulator. If we can transform the original discrete field model

into an equivalent simple model (diagonal capacitance matrix

(ce)ij = pcpA/NideQG (9) and tridiagonal conductance matrix), then the circuit network
equivalent to this simple model can be easily constructed.

=== ]ine boundary (input power)
— line boundary (convection)

§2.
(ke)ij = /{A/ gradN; - grad N;d€2,
Q.

+hA / N;N;dl, (10)
Iy

C. Coordinate Transformation Based on Falk Method

As mentioned in the introduction, when the capacitance
(mass) matrix is diagonal, tridiagonal, or even pentadiagonal,
and the conductance (stiffness) matrix is full, it is more efficient

(fo); =Pp; +hi =I,), + (Ic); (11) to transform the system into a diagonal capacitance matrix and
a tridiagonal conductance matrix prior to an implementation in
where a circuit simulator, since the transformed system can be repre-
sented by an extremely simple 1-D equivalent circuit network.
p=1{p}, (I,),:=Ppi= P/Nidrl (12) To this end, we propose a coordinate-transformation algorithm
2 that can be thought of as the generalized Falk method. The
proposed coordinate-transformation method transforms any
h={n}, (), =h;= hATa/NidFQ. (13) general FE system represented by possibly full capacitance
I, matrix C and full conductance matriX, to a simple system
represented by adentity capacitance matrix andtadiagonal
Equation (9) and the first term in (10) are the conductive termsonductance matrix. The resulting equivalent circuit is a simple
The second terms in (10) and (11) are the convective terms. Th®, contains only capacitors, resistors, and current sources.
first term in (11) is the input power. The thermal network baseftansient analyzes or eigenvalue problems of such simple
on the FEM is an equivalent circuit network that yields the sanieD circuit network can be solved extremely fast in circuit
semidiscrete equations (ODES) resulting from a Galerkin preimulators.
jection using FE basis functions. Similar to FE global matrices, 1) Original Falk Method: The Falk method, first introduced
the global thermal network is assembled from elemental nét-[5], is mainly the coordinate transformation of any complex
works equivalent to the elemental matrieesk. andf.. The mechanical system into an equivalent simple one-dimensional
coupled electrothermal system is shown in Fig. 1, from whiahass-spring system via a class of trial vectors. Due to its sim-
it can be seen that the coupling between these two systemplisity and generality, it has been used for exact model reduction
through the power los# and the nodal temperatuek Re- in structural dynamics for mechanical systems [28]. The idea is
call that the nodal temperaturesdnare system unknowns in to generate a transformation matrix in such a way that the trans-
a circuit simulator such as SABER, and are solved for simudbrmed system matrices will be diagonal and tridiagonal. Then,
taneously with the electrical unknowns. As an example of tlamother scaling process will be performed to further transform
thermal problem, we consider tt#& chip and package shownthe simplified system matrices such that they can representa 1-D
in Fig. 2. lumped structure. It can be easily proved that the transformed

It should be noted that the system capacitance and condsygstem has the same eigenvalues as the original system. In [28],
tance matrices are symmetric and nonnegative definite, andlie one-dimensional lumped system is further reduced to an ar-
general, for any linear first-order ODEs or second-order ubitrary selected degree of freedom. Unfortunately, the Falk algo-
damped ODEs, the resulting circuits are RC, LC, or RL netithm presented in [28] contains many errors. The readers should
works. It is well known that any passive RC network which isefer to [5] for complete derivation of Falk algorithm.
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2) Generalized Falk MethodUnlike the Lanczos and WYD
methods, in which the trial vectérsare generated from the
Krylov subspac&C™ (K 1C, z;), here, we choose to generate
the trial vectors from the Krylov subspadé® (C 'K, z):
K“(C™K, ) = sparz;, (C 'K)z,(C
K22 (CT'K)3z,,...,(CT'K)*12]. We propose the
following procedure to generate the trial vector basis.

1) Choose a random starting vector or the steady-state so-
lution as starting vectolC-normalize starting vector to
obtainz; .

2) The next vector is generated from the iterative process
Cz; = Kz to obtain

25 =C"'Kz. (14)

To generate alinearly independent vector basis, the vector
z3*, orthogonal taz , is generated by subtracting frash

the component of} that is parallel tee; (Gram-Schmidt
orthogonalization)

2 =25 — a1z (15)

Setz{ Cz5" = 0, to obtain

T
z1 Kz T
= =2z Kz;.
al Zfazl 2 Bz (16)
Thus,
2 =C 'Kz — (2{ K21) 2. 17)

Finally, normalize  z5* to obtain 29
= (257)/(\/257C2Y).

3) Similar to the generation af; in (14), subsequent vectors
zf, for¢ = 3,...,n, are generated by the recurrence
relation

Czi =Kz, 1=z = C 'Kz ;. (18)

We consider two methods to generate vecterghat
are orthonormal with respect to the mat@% The first
method is similar to the Lanczos method, in which
the new vector; is obtained byC-orthogonalizingz}
generated from (18) with respect to the two previously
generated”-orthonormal vectorg;_; and z;_». First,
we generate vecter* that isC-orthogonal to the vectors
z; andz;_1. Let

z*

z* = z;* — QoR;—1 — bgzi_g. (19)

With the C-orthogonal conditions

T ok T * T T
z;_oCz" = 2z;_,Cz —axz; Cz_1 —bsz;_5Cz;_»

=0 (21)
also consider th€-normalization we obtain
b2 = z;‘iQKzi_l ao = z;{lei_l. (22)

It follows thatz}* can be expressed in terms of the vectors
Zi_1 andzi,g

2 =C 'Kz, — (z;‘f—lei’l) Zi-1
— (zngKZifl) zi—2. (23)

Next, we C-normalize z* to obtain z; by:
2 = (27)/(\/27TC]).

In the previous formulation, a trial vectaf is only
C-orthogonalized with two trial vectors;_; and z;_»
previously generated. The resulting trial vector is then
C-normalized to obtain the next trial vectey. Now, in-
stead ofC-orthogonalizing with only the previous two
trial vectors, we propose a generalization @yorthog-
onalizing with all previously generated trial vectors. To
this end, we start the generation of the trial vectors in a
similar fashion as described above, andégt= z;, and
wo = 2. Fromws onward, the generation process be-
gins to differ with the above formulation and we will have
w; # z;, fori = 3,... n. To generataw,, first compute
w! = C'Kw,;_, asin (18). Next, express:* as

w'*

?

%
=W, — Cii—1Wi—1 — Ci;—2Wi—2 — ... — C;1W].

(24)
With the C-orthogonal conditions

wl Cw* =w!l ,Cw =...=wfCw* =0 (25)

we can expressa:* in terms of all previously generated
vectorsws, ..., w;_; as follows:

—1 T
wi* =C7 Kw;_; — (w_ Kw,_,)w,_,

— (w/ Kwi_ ) w2 — ... — (w{ Kw;,_1) w;. (26)
A C-normalization ofw}* yieldsw; as follows:

W= i 27)

Vw Cw”

In the generalized Falk method, the transformed matrix
K" is computed by

K" =W 'KW. (28)

We will show that the transformed matrix in the case of
the generalized Falk method is tridiagonal and the trans-

=0 (20) formed capacitance matr®* = Z'CZ = W CW =
I,, is an identity matrix due to th€-orthogonalization
process for the generalized Falk method.
2L [ Cz = 2T Cz — azz” [ Criq — bozt [ Cri_s Unlike the Lanczos method and the WYD method, in which

the generation of the trial vectors can be truncated to obtain a

5To simplify the description of both the new coordinate-transformatiopeduced-order model. in the Falk method and the generalized
methods, we will use the terminology “trial vectors” to designate the vecto, ' .

generated by these methods. Thus, Lanczos vectors, WYD vectors, general z@&( method, a Complete set of trial vectors must be generated,

Falk vectors, and original Falk vectors are all trial vectors. and the transformed matrices have the same dimension as in
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the original model. The reason is because the Falk and gen&igorithm 2.4 . Generalized Falk method:
alized Falk methods generate the trial vectors that are relatedrtgplementable Algorithm
the highest eigenpairs first, with the trial vectors related to tHe Given : Capacitance C, conductance K,
lowest eigenpairs appearing toward the end of the generatiorand heat supply vector f
process. Also, unlike the Lanczos method and WYD methodl, Kw;, = f = w, = L™ L™'f
the transformed matrices in the original Falk method and in tBe C-normalize ~ w; = (w1)/(\/wi Cw,)
generalized Falk method have the same topology, i.e., a tradsbDecompose C = LL*
formedidentity capacitance matrix and a transforntediag- 5 Generate the remaining vectors w;
onal conductance matrix. Since the original Falk method ar@l do i =2,....n
the generalized Falk method only involve the inverse of the ca- Compute V = Kw,;_;
pacitance matrix, it would be especially efficient to genera® Compute w; = L L'V
the transformed matrices if the capacitance matrix were dia@- C-normalize w, to obtain
onal, tridiagonal, or pentadiagonal. Of course, when a speciaw,; = (w;)/(\/w! Cw;)
topology of the conductance matX cannot be taken advan-10 do j =1,...,i—1
tage of in the solution proces€, should be decomposed atthell ~ Compute k; ; = w Cw;,
beginning of the generation process, so that only backsubstiti2- Compute w; =w; — k; jw;
tions are carried out within the generation process of the FalB end
method and the generalized Falk method. 14 end

In the generalized Falk method, we orthogonalize the cur-
rent trial vector with respect to all previously generated vectors. Relationship Between Falk Method and Generalized
We construct the transformed tridiagonal conductance matrix Bk Method
formal matrix multiplication.

Remark 2.2: The trial vectors obtained from the original Fal
method are different from those obtained from the generaliz

Here, we show that the generalized Falk method leads to
rgnsformation matrices having the same topology (diagonal ca-

Falk method because we use a random starting vector in the I It;nectf}}: dndEt\;frﬁ?]gEalhctﬂd;Ctggce)oiiﬁz(:f:ng;?ﬁ,g(;'?T']TI
method and the static solution as starting vector in the gen & ' 9 pology

alized Falk method. Even if we used the same starting vecf(r)'(l;es in both methods are the same, the numerical values of the
in both methods, the trial vectors are still different from Ongoeffluent in these matrices anet the same, since the gener-

method to the other, because of the difference in the orthogi&-ed trial vectors are not the same. Furthermore, the generalized

nalization procedure alk method leads to adentity capacitance matrix, instead of
. ' . just adiagonalcapacitance matrix obtained by the original Falk
neraliz Falk  Method: n | Algol¥s .
3) Generalized a ethod Conceptua g0 method. In other words, the generalized Falk method leads to a

rithm: Similar to the WYD method, the starting vector is niform distribution of capacitance (equal to one), whereas the
the static response obtained from the spatial distribution of tHe' IStrDUT pact qu W

dynamic excitation, and will ensure that the generated trit Tleglnjr:elzrg:li(zgjelt:g?lgrggtekio; ;shergsrtehnciggn;k!g\?élzgnsgeepv:/rr]itten
vectors contain important information of the response. 9 P

in matrix form as follows:

C'Kwi|ws|... |[w]=[wi|ws|...lw]H  (29)

with
Algorithm 2.3 . Generalized Falk method: €11 €21 €31 . Cr1
Conceptual Algorithm €12 €22 €32 . Cp 2
1 Starting vector Kw,=f=w =K 'f. Ho| 0 e as (30)
2 C-normalize w] to obtain 10 0 ¢34
w; = (w?)/(wTCw) such that . . . . .
w! Cw; = 1. 0 0 C ot Cond o,
3 Generate w; with ¢=2,...,n such that w;= .
C'Kw,_,. or simply
4 C-orthogonalize w; to obtain w* = w C KW - WH (31)
— 23;11 Cjw; with cj = ’U);FO’U)j
5 C-normalize  w}* to obtain whereH in (30) is a matrix in upper Hessenberg form, which is
w; = (w*)/(VwTCw,"). an upper triangular matrix with nonzero entries on the subdiag-
onal. Premultiplying (31) b§%”'C, we obtain
wWrcCc 'Kw =W CWH. (32)

_4) Generalized Falk Method: Implementable  AlgoThg |efi-hand side of (32) must be symmetric sid€ds sym-
rithm: The detailed pseudocode for the implementationatric. Using the fact tha¥TCW = I. we obtain
of the proposed generalized Falk method, with particular atten- ’

tion on computational efficiency, is presented in Algorithm 2.4. W KW =H (33)
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. . h 1 Vi Basis -- 2-D th | I; full =21
which must be symmetric. The only way that the upper Hesse rihogonal Vector Basis -- 2-D thermal model; full order =215

1 Fe T t S T O=—0T T
berg matrixH is symmetric is thaH is tridiagonal; i.e., l \\‘f o $
09 r! \ ! + WYD L .
H=T (34) 08 L1 t l M Eiﬂgfc',ks ¢
" S : | ! ! % Falk i
It follows from (34) that the generalized Falk method is equi\@' o7 1 ': i )
alent to the original Falk method. £ o6}t ! | ﬁ ]
For the heat equation given by (7), the transformed thern’s o5 E * ! ‘.‘ |
system expressed in original Falk coordinates and in generaliz® =~ | | ! 4 |
Falk coordinates are obtained by premultiplying (7) wit#ff , £ o4t ! ! 1 ]
and by using the substitutiah= Wy. Consider the facl* = J | ! 1 i
WTCW = I, we obtain 8 °°r . | i 1
021 E l: ! ]
N + T | | | |
Iy+ K'y=W' f (35) onf: i | '. ]
o L4 ) i ) L ) ) ) ) ,
whereK* = WY KW = T,,. For both the original Falk method 0 20 40 60 80 100 120 140 160 180 200

: - Number of Calculated Ritz Vectors
and the generalized Falk method, the transformed capacitance

matrix C* is an identity matrix, and the transformed condud=ig- 3. Lo_ss of orthogonalily in_WYD/Lanczos and Falk/generalized Falk
tance matrixK™ is tridiagonal. The two transformed matricesmemOds without reorthogonalization.

K* are different from each other though, since the generated .

generalized Falk vectors are not the same as the generated orid? 9éneral, a loss of orthogonality occurs when the spectral
inal Falk vectors. content of a starting vector has been exhausted. Thus, with aran-

Remark 2.3:It should be noted that the coordinate-transdomly genera?ed starf[ing _ve_:ctorfo_r usein the_WYD method, in-
formed Arnoldi algorithm in [8] and the block-Arnoldi-basegStead ofastatlc-solutlon_, it is possible to o_btal_n the complete set
passive reduced-order interconnect macromodeling a|gcg_WYD vectors, even withoutorthogonalizationThe reason
rithm (PRIMA) in [29] only preserves half as many as matched Pecause a randomly-generated vector tend to have nonzero
number of moments by the block Lanczos algorithm. Therefofg?MPonents alongll eigendirections. We note that without re-
accuracy in the Pade approximation through moment matchm@hogonahzatmn or selective reorthogonahzauoq, the Lanczps
is not preserved. The generalized Falk method generate@eo{[md always suffers f“?m a loss of orthogonality, even with
reduced-order model directly through the WYD process Wilr@ndomly_—generated starting vectqr. The reason for this remark-
a full orthogonalization and a selective reorthogonalizatigiP'€ stability of the WYD method is that each generated WYD
[30]. Time-domain transient analysis is performed with th&eCtor is orthogonalized with all previously generated WYD
reduced-order model without solving any eigenvalue proble§¢tOrs, whereas a generated Lanczos vector is orthogonalized
or system transfer functions. to only the Igst two 'pre\l/lously generated vgctors.

If the static solution is used as the starting vector, a loss of
orthogonality generally occurs when about half of the WYD
vectors have been generated without reorthogonalization (see
A. Lanczos Method and WYD Method Fig. 3). Even with reorthogonalization, the linear independence

It is well known that both the Lanczos method and the WY f the generated WYD vector as monitored by a global Orthog-
method will exhibit a loss oC-orthogonality among the gen_onality Inde¥ (OI)—defi_ned asthe rgtio ofthe I(.)WGSt e_igenvalue
erated vectors after a finite number of steps. The Lanczos VQJ:—O =W OW over its largest e|genyalae—|s sensitive to
tors, which are orthogonal in exact arithmetic, not only lose thé e orthog_onahzaﬂon tolerance (see Fig. 4). To generate a.set
orthogonality as their generation progresses, but may even Bgl_lnegrly independent WYD vectors, we negd to be careful in
come linearly dependent. It is not surprising that the samquOOSIng the orthogoqahzaﬂon tolerance. This tolerance shogld
true for the WYD method, since the two methods are relatdd" be_ too large (in which case we do not have a QOOd _set of lin-
to each other. The generated vectors, once becoming line ly mdeper!dent WYD vectors), nor too small (in which case
dependent, are no longer useful since they cannot be used f computational cost would be too high).
coordinate transformation of a FE system [6], [26], [30]-[32]. - ;

For both the Lanczos method and the WYD method, sele%' Original Falk Method and Generalized Falk Method

tive reorthogonalization is necessary to maintain orthogonality Without reorthogonalization, loss of orthogonality among the
among the generated (trial) vectors. For the WYD method, Whg@n_erated trial vectors also occur in the original Falk and gen-
a static-solution starting vector can produce a set of trial vect&i@lized Falk methods, but much later as compared to the tra-
(i.e., WYD vectors) that capture much of the dynamical featur&§ional Lanczos and WYD methods. In [6], it is shown that
of the system, a randomly generated starting vector usually pH3€ 10ss of orthogonality in the Lanczos process is also a mea-
duces a set of trial vectors with a better orthogonality propergyre of the convergence of the Ritz values (i.e., approximated
in the sense that these trial vectors remain orthogonal to eack, principle,C* is identity matrix. Because of loss of orthogonalify; in
others longer, before a loss of orthogonality begins to set in. practice can not be exactly identity.

IIl. STABILITY AND REORTHOGONALIZATION
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Sensitivity of indept WYD vector wrt reorthog tolerance; original DOF = 78 R1 R2 R3 R4
90 T T T T T T i *;) AMA AMA W/i
/ *’
Lt e 14
ol %’ o A pRs! |l jc3 C4
x TOL=10E-16 P T T e
70 A _
@ © TOL=1.0E-20 Rl
S _ . K d
] 60} + TOL=1.0E-24 ) /}i’/
2 L /” Fig.5. Simple circuit shows that PVL algorithm can produce unstable positive
§ 50 | v 7 /// 4 poles even if original systems are passive.
E 2 )}-/ ' e ’
5 401 R 1 TABLE |
g L7 e GENERATED POLES FROM VARIOUS KRYLOV-BASED MODEL REDUCTION
E 30t ot 1 METHODS PVL METHOD, ARNOLDI PROCESS AND
= S0 GENERALIZED FALK METHOD
20+ i _ _
e 2 Krylov methods Negative poles Positive poles
10} L7 i 1 2 3 4 1
/’/ exact —2.6055 | —1.8198 [ —0.9928 | —0.4856 ——
o ; . . ; . . ; PVL —— —2.0028 —— —0.4856 2.0360
0 10 20 30 40 50 60 70 80 Arnoldi —— —1.9779 | —0.9978 | ~0.4856 ——
Number of WYD Vectors GenFalk —-2.6187 | —1.8390 — —0.4864 ~—

Fig. 4. Sensitivity of independent WYD vectors with respect to reorthogonal
tolerance. Block Lanczos can solve multiple eigenpairs, however like sub-
space iteration, the modified WYD method converges faster

eigenvalues). The original Falk and generalized Falk proces$@an the Block Lanczos method.

tend to converge to the highest eigenvalues, with slower rate ) .

of convergence compared to the traditional Lanczos and WY Pade Via Lanczos (PVL) and Arnoldi Algorithms

methods, which converge to the lowest eigenvalues. To demontt is well known that the Lanczos-type algorithms based on

strate the different behavior in the loss of orthogonality, wdirect Pade approximation does not guarantee passivity of the

consider a 2-D thermal finite-element model employed in [2leduced-order model and hence its stability. Unstable positive

Shown in Fig. 7 is the FE mesh with 368 triangular elements apdles could be generated in the AWE and PVL method. Post-

215 nodes. The resulting Ol for the original Falk or generalizecbrocessing is needed to eliminate the unstable poles. The co-

Falk method, and for the traditional Lanczos/WYD methodsrdinate-transformed Arnoldi algorithm ([8]) generates guaran-

is plotted in Fig. 3, where an earlier loss of orthogonality iteed stable reduced-order modelddiC circuits, but it cannot

the Lanczos method and original Falk method can be observgdarantee passivity [29]. The Arnoldi-type PRIMA in [29] in-

Static starting vectors are used for WYD and generalized Falludes guaranteed passivity but eigendecompisition of the re-

methods. Random starting vectors are used for Lanczos ahited-order model is needed for system transfer function in

original Falk methods. the Laplace domain. The generalized Falk algorithm introduced
For the Lanczos method, instead of full reorthogonalizationjgere generates guaranteed passive and thus stable transformed

more cost-effective selective reorthogonalization has been proedel. Transient analysis in the time domain is performed easily

posed ([6], [31], [33], [34]) by monitoring the components ofind accurately in a circuit simulator without solving any expen-

each generated Lanczos vector along the previously generatiz@ eigenvalue problem. Fig. 5 shows two simple circuit ex-

Lanczos vectors. A reorthogonalization of the just generatathples to demonstrate the advantage of the generalized Falk

Lanczos vector is only effected against those previously gemethod over the PVL method.

erated Lanczos vectors for which these components are largeTable | shows clearly that unlike the PVL algorithm, the gen-

than certain tolerance. eralized Falk algorithm does not introduce positive poles that
Remark 3.1:1t is shown in [30] that working directly with destabilize the originally stable system. In [8], the RC circuit in

T, is less stable than working with ™ matrix, especially if the Fig. 5 showed that the PVL algorithm can produce an unstable

eigenspectrum has close eigenvalues. Itis well known that, thesedel even if the system is described by a symmetric positive

retically, the Lanczos method cannot treat multiple eigenvalueigfinite matrix, while our generalized Falk algorithm does not

however, in practice, the multiple eigenvalues are determinsdffer from positive poles.

by round-off errors. In [35], a modified version of the WYD

method is used in which the method starts with block initial IV. NUMERICAL EXAMPLES WITH COORDINATE

vectors, in a similar format to the subspace iteration method, TRANSFORMATION

but carries on iterations one by one. This way, multiple eigen- In this section, we present numerical examples to illustrate

pairs may be extracted. The convergence of the modified WY

e efficiency of the coordinate-transformation methods in
method was better than the Lanczos method, and was an orger

of magnitude faster than the standard subspace iteration metho(c:'iCtrOthermal simulations of power electronic circuits and
9 P systems. thermal models, coupled with the other circuit net-

“Each node has one unknown voltage. Work, the circuit temperature distribution as the currents and



VU-QUOC et al: EFFICIENT SIMULATION OF COUPLED CIRCUIT-FIELD PROBLEMS: GENERALIZED FALK METHOD 9

2D thermal problem with 2-D triangular elements
0.5 T T T T T T T T T

04} .

ower
03l P 1

-02 -01 0 0.1 0.2 0.3 0.4 0.5

Fig. 6. Coarse FE mesh for 2-D thermal problem.

2D thermal problem with 2-D triangular elements
03 T T T T T T ; T

power

0.25-

0.2

0.15-

0.1+

0.05-

-0.05 ‘ ‘ ‘ \ \ \ \ \ \
-05 -04 -03 -02 -0.1 0 01 02 03 04 05

Fig. 7. FE mesh2 for 2-D thermal problem.

. L . . . A =
Simulation times Simulation times for both full-order model§
. ime 7,
and the transformed models are presented for comparison.

A. Verification of Thermal Component Models

TABLE 1l
MATLAB CPU TIMES USED TO GENERATE THE TRANSFORMED
MODELS WITH REORTHOGONALIZATION

Generalized Falk
613.33s

Falk
609.71s

WYD
1,854.1s

Lanczos
1,834.4s

simulation models
Coord. transf.

and MATLAB (See [2] for the implementation of the full-order
model in SABER). The nodal temperatures at the top ofthe
chip from two types of model agree well with each other.

Table Il gives the transformation time for a thermal compo-
nent model with 1226 dofs from various Krylov transforma-
tion methods: WYD method, Lanczos method, generalized Falk
method and original Falk method with selective reorthogonal-
ization. The tolerance for reorthogonalizatioriis ¢ and the
number of reorthogonalization is 5. It clearly shows that the
original/generalized Falk methods are more advantageous com-
pare to the WYD/Lanczos methods. This is mainly because that
unlike the WYD/Lanczos methods, in the original/generalized
Falk methods, we do not need to invert the system conductance
matrix K.

B. Electrothermal Simulation of a Full-Bridge Converter

To meet the continuing demand of further reduction in size
and weight and of increased efficiency in power electronic
devices, switched-mode technology for regulated power supply
has received considerable attention due to the possibility of
achieving lossless power conversion. The switched-mode
regulator employs duty cycle control of a switching element to
block the flow of energy and thus achieve regulation. It has the
added advantage when applied to offline applications of giving
significant size reduction in the voltage transformer and energy
storage elements [36].

Among power-electronic switching devices, IGBT is
highly suited to high-power and high-voltage applications. A
full-bridge transformer-isolated buck converter with four IGBT
devices, shown in Fig. 8, is simulated with the circuit simulator
SABER [3]. Fig. 9 shows the driving voltages for the full-bridge
converter, with the on timé&;,, = 15 us, the dead time-period
10 us when all switches are off, and the switching

= 50 ps. During the first subintervdl < ¢ < Ty,
transistors IGBT1 and IGBT4 conduct, and the transformer
primary voltage i9in. The voltage appearing across each half
of the center-tapped secondary windingnigin, with n the

To verify the thermal-component model, obtained from thgrimary to secondary turn ratio and the polarity mark at positive

algorithms described in previous sections, we considetSthe potential. DiodeD; is, therefore, forward biased, adds is
chip and TO247 package shown in Fig. 2 (2-D problem). Figst8verse biased. The voltage across the filter is then equal to
and 7 show the finite element meshes of this device: Meshi/;,, and the output filter inductor curreitt) flows through
(Fig. 6) contains 16 linear triangular elements and 16 nédegjode D;. For the second subinternval, < t < 7., + A, all
Mesh2 (Fig. 7) contains 368 linear triangular elements aRglr transistors are switched off and, hence, the transformer
215 nodes. Two types of model are used in the analysis: Th§itage isV = 0. DuringZpn + A < t < T, — A, transistors
full-order model and the transformed model (1-D equivalent CifsBT2 and IGBT3 and diod®g conduct, thus, the transformer
cuit with the same number of dofs) obtained from using the gegrimary voltage is-Vin.

eralized Falk/original Falk method. The input power at the top The parameters used are input voltdge = 100 V dc,

A = 0.1 cm?. All types of model were implemented in SABERRgi = 100 €, low-pass filter inductancl, = 300 pH,

8Since each node has one unknown voltage, the number of nodes is alsd%'pass filter capacitanc€, = 100 nF, and output resis-

number of equations.

tance R, = 5 . These values are chosen so that thermal
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run-away occurs. Thermal run-away cannot be predicted frol
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a conventional circuit simulation with a fixed temperature kot s J ﬁ_lﬁ | | ]
The electrothermal IGBT model in SABER is used in th JCCNN i P

simulation with the following parameters [23]tduhl: the Ves W =

high-level excess carrier lifetiméguhlezp: temperature expo- Vg Rg3 D5 Lo Ro |

nent fortauhl; wh: metallurgical base widthyb: base-doping -
concentration;a: device-active areaggd: gate-drain-overlap
active areajsne: emitter electron saturation curreitpctexp:
temperature exponent fiyne; vt; MOSFET channel-threshold
voltage; vttco: temperature coeff. fovt; rs: intrinsic anode

series resistanceheta: empirical parameter which models

Vin

IGBT2

transconductance reduction due to the transverse electric field
in the MOSFET,;thetatexp: temp. exponent fotheta; kf:

empirical factor to model ratio dfp in triode region to that in
saturation for MOSFET= kp, linear/kpt); kftexp: tempera-
ture exponent fok f; kp: MOSFET channel transconductance

Vgl =Vgd

in saturation regionkptexp: temperature exponent fé@p; cgs:
gate to source capacitanee;zd: gate drain oxide capacitance;

Fig. 8. Full-bridge converter with four IGBTs as switching devices.

vtd: gate drain overlap depletion thresholdidtco: temp.

coeff. for vtd; buf: buftexp: bun: avalanche multiplication \

exponent;buntexp: temp. exponent fobun; tnom: temper-
ature for which parameters applyilpha: temp. exponent
for mobilities; gmin: minimum slope for MOSFET current];

tauhl = 7.1 p, tauhlexp = 1.5, wb = 10 m, nb = 2.0el4,
a = 0.1, agd = 0.05, isne = 10 {, isnetexp = 0.5, vt = 5.0,
vttco = —0.009, rs = 0.01, theta = 0.01, thetatexp = 0,
kf =20, kftexp =0, kp = 0.25, kptexp = 1.5, cgs = 1 n,
coxd = 2n,vtd = 0, vtdtco = 0, bvf = 1.0, bv ftexp = 0.35,
bun = 4.0, buntexp = 0, tnom = 27, alpha = 2.54, and
gmin = 1 p.

The short-circuit-test simulation result of the IGBT model
with the above parameters is similar to that in [1]. By using

k]

Ton

D—

s

TABLE Il

Fig. 9. Waveforms of the driving voltages for the full-bridge converter.

FuLL-BRIDGE CONVERTER COMPARISON OFSIMULATION TIMES (WITHOUT
TRANSFORMATION TIMES) BETWEEN FULL MODEL AND TRANSFORMED
MODEL: MESHL WiTH 16 NODES ANDMESH2 WITH 215 NODES

the generalized-Falk transformed model, we also established simulation models ﬁl‘:SBlﬁR tranSie;Z;i‘;lySis
the efficiency in electrothermal coupled simulations. Table Il il model 915 11905
gives the comparison between the transient-simulation times generalized Falk 1165 3975

for the original full 2-D equivalent circuit thermal model and Lanczos 131s 337s

for the generalized-Falk transformed model of the heat sinks

in the four IGBT devices of the full-bridge converter. It is im- Graph3

portant to note that in Table IlI, the SABER simulation time 2500
doesnotinclude the transformation time from physical coordi- 200.01
nates to trial-vector (generalized-Falk or Lanczos) coordinatesa 150.0-
but does include the transformation time from trial-vector co- ~ 1¢g.01
ordinates back to physical coordinates. The SABER simulation

50.0-
time for the Lanczos method is approximately the same for the 0.0)
generalized Falk method, but the transformation time for the '
Lanczos method is longer than that for generalized Falk method
as shown in Section IV-A (see Table II). 2000.0 | With thermal effects

g
C. Electrothermal Simulation of a VRM 1800.01
In order to meet faster and more efficient data-processing de 1600.0) y

mands, modern microprocessors are being designed with lowe ol 0002  0.004 0006  0.008 0.01
voltage and higher current implementations. Meanwhile, more t(s)

9Thermal run-away is a major cause of fires and failure of electronic equipid- 10-  Full bridge converter: simulation results from SABER.

ment. It occurs when the equipment continues to generate heat faster than it can

be dissipated. The temperature will continue to rise until the equipment fails : . .
a fire breaks out. dbvices are packed on a single processor chip and the proces

10The original Falk method yields the same results as the generalized FAR'S operate _at higher operating fr.e.quenCieS' To minimiz? the
method. effects of the interconnection parasitics, also to achieve a highly
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accurate supply voltage regulation that cannot be accomplished TABLE IV

; ; _ CK-CONVERTER VRM: COMPARISON OFSIMULATION TIMES (WITHOUT
by a centralized power system, special on-board power Suppl?‘lL'JRANSFORMATION TIMES) BETWEEN FULL MODEL AND TRANSFORMED

modules, VRMs, located on the motherboard next to the l0ad,  MopeL: MesHl WiTh 16 NoDES AND MESH2 WITH 215 NODES
is required to provide lower voltages with higher current capa-

SABER transient analysis

bility for microprocessors [37]. In a distributed power system, simulation models [P e
the dc—dc converter produces an intermediate voltage, Which ap- Tall modal 12805 56905
pears at the computer backplane. Each card contains high-den- generalized Falk | 258s 1130s
sity dc—dc converters that produce locally regulated low volt- Lanczos 259s 1160s

ages. Generally, since the board real estate is relatively expen-

sive, the on-board converter modules (the VRM) is required Y i

have high-power density and to operate with high efficiency. 1 ™ % .
meet these requirements and to provide fast transient respot N
the power conversion must be performed at high-switching fr Ly )]

quency, thus presenting a serious design challenge. The rea

to keep the regulated voltage fixed is because each silicon MOSFET2

vice has a maximum and a minimum voltage limit, and eac + A 1
silicon device is most efficient at a certain fixed-voltage rangy,,, (‘/_9 ¢ - %
If the output voltage goes out of the device-voltage toleranc B
the device will blow up.

MOSFET1

The VRM shown in Fig. 11<<AU: FIG 10 MUST BE

T2
CITED BEFORE FIG 11!>> [38] was simulated in SABER,

using our equivalent-circuit model for the thermal componer 1
The waveforms of the driving voltages are shown in Fig. 1Z. =
The operating frequency for the simulated VRM is 500 kHzZig 11 Buck-converter VRM with synchronous rectifier.
The following major components of the VRM power stage
were selected: Switch SW-2XIRF7811, Synchronous rectifierVs"
SR-4XIRF7811, inductol. = 500 nH, output filter capacitor 15v

15V
C = 100 pF, input voltageV, = 60 V, and load resistance
R=15Q.
1

Table IV gives the comparison between the transient simula- Lus
tion times of the full 2-D thermal model and of that by general- i “n
ized Falk transformed model of the VRM.

D. Comparison of Results From Circuit Simulator VsR
In this section, we compare the results of the above-describe 15V 15V
examples obtained from full-order models and from the pro- / \ / \
posed coordinate-transformed models, with two types of models
implemented in the circuit simulator SABER. 2us )[
|

Fig. 10 shows thé&'i-junction temperature of heat sifk;j1
andT]Z Versus SImUIatlo_n tlme and the Conver_ter output po""ﬁfg. 12. Waveforms of the driving voltages for the Buck-converter VRM.
(V, * 1,) versus simulation time for the full bridge converter,

both with thermal effects and without thermal effects. It clearly 3.0
shows the output power difference which will be neglected in
the simulation without considering the electrothermal coupling 25
of the power switching devices. Also, big ripples exist from the
simulation without thermal effects, which are undesired. 5 2.09
Fig. 13 shows a more significant increase of the MOSFET §
bulk-drain total energy dissipation against simulation time for 5 151
both the full-order model and the generalized Falk-transformed
model obtained from FE Mesh2 for the buck-converter VRM ']
example. 0.51
Fig. 14 shows the converter regulated voltage output withanc
without thermal effects anfli-junction temperature rise versus ol
simulation time. It slightly shows the decrease of the output 0.0 0.002 0.004 0.006 0.008 0.01
voltage with time, which means the loss of energy due to heat t(s)

dissipation.
Thp fi | v sh hat th | l . F#i 13. VRM: MOSFET bulk-drain total energy dissipation versus simulation
ese figures clearly show that thermal coupling Is essentigfe 1 transformed model obtained from FE mesh2 with generalized Falk

for an accurate simulation of a power electronic system. Witfansformation.
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it easy to incorporate coupled circuit-field problems into circuit
simulator, whether the order of the model for the field problem
is reduced or not.

Without reorthogonalization, the loss of orthogonality in the
generalized Falk method is much less severe than in the original
Falk method and in the WYD/Lanczos methods. As a result,
the necessity for reorthogonalization of the trial vectors is more
important in the original Falk method and in the WYD/Lanczos
methods, as compared to the generalized Falk method. Of
course, the generalized Falk method with reorthogonalization
would be even better.

Several numerical examples involving both circuit problems
and coupled circuit-field problems are described in details to
illustrate the mentioned advantages of the proposed generalized

Graph3
200.0-
T
G 100.0 /’-’5"""’_'71‘2
0.0
30.2,
30.0 Without thermal effects
S 2038 With thermal effects
29.6
29.4 : : : ;
0.0 0.002 0.004 ¢ 0.006 0.008 0.01

(s)

Fig. 14. VRM: Output voltage anfii-junction temperature versus simulation
time by transformed model obtained from FE mesh2 with generalized Falk
transformation.

Falk method.
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our proposed generalized Falk transformation, the speed-up
ratio for the simulation of the full bridge converter is 2.5 for
FE meshl and 3.64 for FE mesh2. The speed-up ratio for the
simulation of the VRM is about 5 for FE mesh1 and 6 for FE [1]
mesh2.

It is noted that our circuit examples involve highly nonlinear 2
component (IGBT and VRM), and the speed up ratio is based on
the reduction in the total simulation time, but not based on just
the reduction of the field (heat sink) part. One the other hand,[S]
the time reduction demonstrated in VLSI computer-aided de-
sign literature with the Lanczos-type algorithms based on mo-4]
ment-matching technique was restricted to the linear part of the
circuit (interconnect) only. [5]

V. CLOSURE 6]

We proposed a generalized Falk method to transform any;
complex system of linear first-order ODESs or second-order un-
damped ODEs, resulting from the discretization of field PDEs, [8]
represented by possibly full-system matrices—capacitance and
conductance matrices in heat problems, or mass and stiffness
matrices in structural dynamics and electromagnetics—intol®l
a simple 1-D equivalent circuit system with the capacitance
(mass) matrix being identity and conductance (stiffness) matrixio]
being tridiagonal.

The generalized Falk method computes accurately higheEl]
order poles or eigenvalues of the original full system matrices.

It is well known that truncating the higher-order poles usingl12]
certain model-reduction methods can lead to unstable reduced-
order models. Unlike other Lanczos-type methods, the generaftt3]
ized Falk method does not produce any unstable positive poles,
and is more efficient than the Lanczos method. The generalizggly
Falk method, therefore, generates guaranteed stable and passive
reduced-order models.

It is easy to construct the equivalent circuit network for the
resulting 1-D system, which is then combined with the circuit
part of the overall coupled circuit-field problem. The resulting [16]
combined circuit can be solved easily and efficiently by any
circuit simulator. The proposed generalized Falk method makes

(18]
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