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Hybrid Analysis of Nonlinear Time-Varying Circuits
Providing DAEs with Index at Most One

Satoru Iwata* Mizuyo Takamatsuf and Caren Tischendorf*

Abstract

Commercial packages for transient circuit simulation are often based on the modified
nodal analysis (MNA) which allows an automatic setup of model equations and requires a
nearly minimal number of variables. However, it may lead to differential-algebraic equa-
tions (DAEs) with higher index. Here, we present a hybrid analysis for nonlinear time-
varying circuits leading to DAEs with index at most one. This hybrid analysis is based
merely on the network topology, which possibly leads to an automatic setup of the hybrid
equations from netlists. Moreover, we prove that the minimum index of the DAE arising
from the hybrid analysis never exceeds the index from MNA. As a positive side effect, the
number of equations from the hybrid analysis is always no greater than that one from the
MNA. This suggests that the hybrid analysis is superior to MNA in numerical accuracy
and computational effort.

1 Introduction

When modelling electric circuits for transient simulation, one has to regard Kirchhoft’s laws for
the network and the constitutive equations for the different types of network elements. They
are originally based on the branch voltages and the branch currents existing in the network.
They form the basis for all modelling approaches as for instance the popular modified nodal
analysis (MNA).

Concerning the huge number of variables involved (all branch voltages and branch currents),
one is interested in a reduced system reflecting the complete circuit behaviour that can be
generated automatically. Whereas MNA focuses on a description depending mainly on nodal
potentials, the hybrid analysis approach [1] here employs certain branch voltages and branch
currents obtained from a construction of a particular normal tree.

A normal tree is a tree containing all independent voltage sources, no independent cur-
rent sources, a maximal number of capacitive branches, and a minimal number of inductive
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branches. Normal trees have already been used in [2] for state approaches for linear RLC net-
works. The results have been extended in [3] for linear circuits containing ideal transformers,
nullors, independent /dependent sources, resistors, inductors, capacitors, and, under a topolog-
ical restriction, gyrators.

The hybrid analysis is a common generalization of the loop analysis and the cutset analysis,
which are classical circuit analysis methods. Kron [4] proposed the hybrid analysis in 1939,
and Amari [5] and Branin [6] developed it further in 1960s. In contrast to MNA, the hybrid
analysis retains flexibility in the selection of a normal tree, which can be exploited to find a
model description that reduces the numerical difficulties.

The differential-algebraic equations (DAEs) arising from the hybrid analysis are called the
hybrid equations. Recently, the analysis of the index of the hybrid equations has been developed.
For linear time-invariant electric circuits which are composed of resistors, inductors, capacitors,
independent voltage/current sources, and dependent voltage/current sources, an algorithm for
finding an optimal hybrid analysis which minimizes the index of the hybrid equations was
proposed in [7]. For linear time-invariant RLC circuits, it is shown in [8] that the index of
the hybrid equations never exceeds one, while MNA often results in a DAE with index two.
Moreover, [8] gives a structural characterization of circuits with index zero.

For nonlinear time-varying circuits, this paper shows that the index of the hybrid equations
is at most one, and gives a structural characterization for the index being zero, which is an
extension of the results in [8]. By this structural characterization, we prove that the minimum
index of the hybrid equations does not exceed the index of the DAE arising from MNA (cf.
[9, 10, 11, 12]). Here, we follow the hybrid analysis approach in [7] but use projection techniques
(cf. [11]) in order to prove the index results for general nonlinear time-varying circuit systems.

The organization of this paper is as follows. In Section 2, we describe nonlinear time-varying
circuits. We present the procedure of the hybrid analysis in Section 3. Section 4 is devoted
to the definition of the tractability index of DAEs. We analyze the hybrid equation system in
Section 5, and characterize its index in Section 6. In Section 7, we make comparisons between
the hybrid analysis and MNA. Finally, Section 8 concludes this paper.

2 Nonlinear Time-Varying Circuits

Here, we consider nonlinear time-varying circuits composed of resistors, conductors, inductors,
capacitors, and voltage/current sources.

We denote the vector of currents through all branches of the circuit by ¢, and the vector
of voltages across all branches by w. Let V, J, C, L, R, G, Sy, and S; denote the sets
of independent voltage sources, independent current sources, capacitors, inductors, resistors,
conductors, controlled voltage sources, and controlled current sources, respectively. The vec-
tor of currents through independent voltage sources, independent current sources, capacitors,
inductors, resistors, conductors, controlled voltage sources, and controlled current sources are
denoted by v, %5, ic, i1, iR, G, 5., and ig,. The vector of voltages across independent
voltage sources, independent current sources, capacitors, inductors, resistors, conductors, con-
trolled voltage sources, and controlled current sources are denoted by uy, wy, uc, ur, ug,
ug, ugs,, and ug,. The physical characteristics of elements determine constitutive equations.



Independent voltage and current sources simply read as
uy =vs(t) and iy = js(t). (1)

We assume that the constitutive equations of capacitors and inductors are described by

< i) @)

Moreover, we assume that conductors and resistors are described by

d
10 = &q(uo,t) and up =

ic =g(ug,t) and wr =r(ip,t).
Finally, let the controlled sources be given in the form of
is; =Y(isy,us,t) and ug, = p(is,,us,,1).

A square matrix U is called positive definite if & Uz > 0 for all  # 0. In this paper, we
assume the following conditions.

Assumption 2.1. The capacitance matriz C, the conductance matriz G, the resistance matrizc
R, the inductance matriz L, and the controlled source matriz S given by

op op

_% s_9% p_Oor . 0% _ | 9isy  Ous,
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are all positive definite.!

Introducing
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and 5
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! Assuming the controlled source matrix S to be positive definite is very restrictive and usually not fulfilled
when controlled sources are considered alone. However, controlled sources are often used to describe certain
transistor behaviour. Considering the whole static behavior of a transistor (e.g. including bulk resistances) as a
controlled source may lead to a positive definite matrix S.



Let ' = (W, E) be the network graph with vertex set W and edge set E. An edge in
I" corresponds to a branch that contains one element in the circuit. For a consistent model
description, I' contains no cycles consisting of independent voltage sources only and no cutsets
consisting of independent current sources only. We split £ into Ey and E., ie., E,UE, = E
and E, N E, = (. A partition (E,, E.) is called an admissible partition, if E, includes all the
independent voltage sources, all the capacitors, all the conductors as well as all the controlled
current sources, and F, includes all the independent current sources, all the inductors, all the
resistors as well as all the controlled voltage sources.

We call a spanning tree T of I' a reference tree if T' contains all the edges of the independent
voltage sources, no edges of the independent current sources, and as many edges in F, as
possible. Note that a reference tree T' may contain some edges in F,. A reference tree is called
normal if it contains as many edges corresponding to capacitors and as few edges corresponding
to inductors as possible. The cotree of T is denoted by 7' = E \ T. The hybrid equations are
determined by an admissible partition (Ey, E) and a reference tree T, which is not necessarily
normal. For the sake of simplicity, we adopt a normal reference tree throughout this paper.

With respect to a normal reference tree T, we further split ¢ and u into

A

T T YIS U WS WS W §
= (iv,t0, 0y, 0y, 0, 10, 1y, 8,87, 0.)

and

_ T T T T A A A A T
u = (uy,uy, uy,uy, ur, up, uy, Uy, up,uy)

where the superscripts 7 and A designate the tree 7' and the cotree 7. With respect to a normal
reference tree T', the vector valued function f is also split into f7 and f*. Similarly, we split
h, g, and ¢. The matrix C and L are written in the form of
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Let us define
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Then %z; 8; fY is written in the form of <§ 5) , which is positive definite by Assump-
% 8UY

tion 2.1 and (4).
By the definition of a normal reference tree, the fundamental cutset matriz K is given by

.>\ .A .>\ .>\ .
i 15 iy 17 iy

=

iy in 1y 1y 1t

I 0 0 0 0 Ayc Ayy Ayyz Ayrp Ayy
0 I 0 0 0 Acc Acy Acz Acr Acy
O 0O O I 0 0 0 Azz Az Azg
o 0O o0 o0 I 0 0 0 A, Apy

Then Kirchhoff’s current law (KCL), which states that the sum of currents entering each node
is equal to zero, may be written as

Ki=0.
This is rewritten as
iv = —Ayci — Avyiy — Avziy — Avri] — Aviiy, (5)
%+ Accipy + Aoyiy + Acziy + Acri) + Acyiy = 0, (6)
iy + Ayyiy + Ay ziy + Ayri} + Ay iy =0, (7)
iy = —Agziy — Az1i) — Az iy, (8)
ip = —ApLiy — ALsiy. (9)

Kirchhoff’s voltage law (KVL), which states that the sum of voltages in each loop of the network
is equal to zero, provides

Ktu=0
with K+ being the fundamental loop matriz
—A% —A%C 0T 0 0 I 0 0 0 0
| —A¥Y —Agy —A¥Y O_r 0 0 1 0 0 0
K- = —A¥Z —Agz —A¥Z _A-ZrZ OT 0 0 1 0 0



This is rewritten as

up = Apcuy + Aboul, (10)
uy = Aayuv + Agyug + AST/Yu{/, (11)

uy — AV yuy — Alzul — AV zufy — Ajzuy =0, (12)
UL AVLuV ACLUC AYLUY A;LUZ ALLuL 0, (13)
wy = Ay yuy + AL jul + Ay jul + Agjul + A jul. (14)

3 Hybrid Analysis

In this section, we describe the procedure of the hybrid analysis. The idea is to use all consti-
tutive equations such that the equations K¢ = 0 and K +u = 0 provide a system depending on
UL, Uy, i’}, and z% only. The second and third line of K4 = 0 as well as the third and fourth
line of K+u = 0 provide us the hybrid equations (or hybrid equation system)

—Algul — Ay guy — A}Zh'T + Y = A L),
—Alpuf — Aypuy — Ay hT — A — T ¢T —|— (ZJA = A} vs(t),
. ; d d .
Aoy f2 + Acziy + Acri) + dtq + ACCdt @ = —Acyjs(t),
FT+ Ayy fA + Ayziy + Ayriy = —Aysgs(t),
where
qT = T(uga AVC’US (t) + Ag’C’”E? t)v
A @M (ug, Ayovs(t) + Abcug, t),
T = f(=Agzziy — Azri) — Azyjs(t), iy, uf, Apyus(t) + ACYUC + Ayyup, t),
i FN=Azziy — Az1i] — Azsds(t), i3, ul, Ayyvs(t) + Alyul + Ayyul, t),
h = hT( Azzlz AZL'LL AZJ]S(t),i%,u{/,A‘T/yvs(t) —l—AcyuC—i-Ayqu ),
h W\ —Agziy — Azriy — Azds(t), iy, uir, Ay os(t) + Abyul + Alyus, t),
¢T = d)‘r( ALLzL ALJ.78< ) zf,t),
" = ¢MN—ALLi} — ApLsds(t), 11, 1).

The derivation of the hybrid equations is given in Appendix A. The procedure of the hybrid
analysis is as follows.

1. The values of uy and %; are obvious from (1).
2. Compute the values of i%, 'L% and ug,, uy by solving the hybrid equations.
3. Compute the values of i%, i} from (8) and (9), and u,, ug from (10) and (11).

4. Compute the values of u7, u%, uy, u%, and %z, ié, iy, 'L}A/ by substituting the values

obtained in Steps 1-3 into (2) and (3).



5. Compute the values of 21y and w; by substituting the values obtained in Steps 1-4 into
(5) and (14).

In the case of E, = (), the above procedure is called the loop analysis or the tieset analysis.
In the case of E, = (), it is called the cutset analysis.

All operations in Steps 3-5 are substitutions and differentiations of the obtained solutions.
Consequently, the numerical difficulty is determined by the index of the hybrid equation system.
This hybrid equation system depends on the branch voltages ug, of capacitors in the tree T,
the branch voltages w3 of conductors and controlled current sources in 7', the branch currents
’L% of inductors in the cotree T, and the branch currents z)Z‘ of resistors and controlled voltage
sources in T. Higher index variables as known from MNA do not appear in the hybrid equation
system. In this paper, we prove that the hybrid equation system has index at most one. The
proof relies on the tractability index concept with the use of projector based analysis.

4 DAEs with Properly Stated Leading Term
Consider a DAE in the form of

A%d(x(t),t) + b(@(t),t) = 0. (15)

Let A be an m X n matrix. We define

D(w,t) = adg;,t)’ B(m,t) =

b(, 1)
ox '’

and M(x,t) := AD(x,t).

A matrix P satisfying P? = P is called a projector. Moreover, a projector P is called a projector
onto a subspace X if im P = X.

Definition 4.1 ([13, Definition 2.1]). The equation (15) is a DAE with properly stated leading
term if the size of D(x,t) is n X m,

ker A @ im D(x,t) = R" (16)

holds for all  and t from the definition domain, and there is an n X n projector function P(t)
continuously differentiable with respect to t such that ker P(t) = ker A, im P(t) = im D(x,t),
and d(x,t) = P(t)d(z,t).

A DAE with properly stated leading term (15) arises in circuit simulation via circuit analysis
methods such as MNA [14]. A DAE with properly stated leading term was first introduced in
[15]. The analysis of such DAEs has been developed in [14, 16, 17, 18, 19].

Lemma 4.2 ([14, Lemma A.1]). Let A be an m X n matriz and D(x,t) be an n x m matriz.
Then, the relation ker A @ im D(x,t) = R"™ is equivalent to the following three conditions:

imM(z,t) =im A, ker M (x,t) = ker D(x,t), ker ANim D(x,t) = {0},

where M (x,t) = AD(z,t).



Obviously, the DAE (15) represents a regular ODE if and only if the matrix M (x,t) is
nonsingular for all « and ¢ of the definition domain. In this case we say that the DAE (15)
has index 0. In the case of a singular matrix M (x,t) for all & and ¢, the DAE (15) contains
algebraic equations. Furthermore, one may have to differentiate certain part of the system to
get a solution. A simple criteria for the absence of this problem is given by the tractability
index 1 condition (see [13], Theorem 4.3).

Definition 4.3 ([13, Definition 3.3]). The DAE (15) is regular with index 1 on their definition
domain if M(x,t) is singular and

ker D(x,t) N {z € R™| B(zx,t)z € im M (x,t)} = {0}
for all (x,t) of the definition domain.

Remark 4.4 ([20, Remark 4.6]). A DAE (15) is regular with index 1 if and only if the matriz
M(x,t)+ B(x,t)Q(x,t) is nonsingular for all x and t with a projector Q(x,t) onto ker M (x,t).

We now adduce a useful lemma.

Lemma 4.5 ([10, Lemma 3]). Let U be a u x p positive definite matriz and N be a k X p
rectangular matriz. Then ker NUNT =ker NT and im NUNT =im N hold.

5 Hybrid Equations with Properly Stated Leading Term

In this section, we rewrite the hybrid equation system as a DAE with properly stated leading
term. We first define a reflexive generalized inverse.

Definition 5.1. A reflexive generalized inverse of a matrix A is a matriz A~ which satisfies
AATA=A and A~ AA~ = A",

A reflexive generalized inverse A~ satisfies

dimim A~ A = dimim A. (17)
We now define
0 0 0 ¢ (—ALri} — Apsjs(t),i},t)
AT AN Ar N ; 5
A= ALL 0 0 ’ d(m,t) —A A ¢T ( TALI_JFILL ALJJSg)’Zf,t) ,
0 0 0 M (ug, AYos(t) + Aboug,t)

—A‘T/sz(t) - AZ‘Z“?J - A}—[ZuTY - Agth +h
— Ay pos(t) — Al pul — Ay puy — Aj 7
Acy f2 + Acziy + Acriy + Acyds(t)
FT+ Ayy A+ Ay ziy + Ay i} + Ay gjs(t)
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By A = AA™ A, this gives the hybrid equation system in the form of (15). The Jacobian
matrices D(x,t) and B(x,t) are given by

0 —LTArp+ L} 0 0
0 —L2A L3 0 0
D(z,t)= A" A e S
0 0 C; + C)}\AQC 0
0 0 Cr+CRAse 0
and
Bz(w,t) A}ZZ;—AZL—Z:.\AZL —Agz —A;Z—i—BH(:B,t)
Bla.t) = Az Z7Azz — ApLZ] Az ZT Az —AlL — Ay —AL L HI-AL H Ayy
" | Acz—Acy FR Az z+Acy FY AcL Acy YL Aby AcyY) + Acy Y Ayy ’
Ay z + BF(:L'7 t) Ay, Y;AEY—FAY)/Y)\)‘AEY By (.’E, t)
where
By(m,t) = Apy 2T Azz — Ayz 235 — Z} Azz + 73,
Bp(x,t) = —Ay H] — AL H ALy + H) + HL Ayy,
BY (ZL', t) = YTT + Y)\ A;Y + AYYYT)\ + AYYY)\)\AXT/)/,
BF(w, t) = _F—;—AZZ + F;\— — AnyTAAZZ + Any/{‘.

Then these matrices have the following property.

Z H B t
Lemma 5.2. If (F Y) is positive definite, then (B * t;) is positive definite.

Proof. Using Ay = (—A;Z I) and Ay = (I Ayy), we have

Bz(.’c,t) BH(SB,t) o AZ 0 Z H AZ 0 !
BF($, t) By(w, t) N 0 Ay FY 0 Ay ’
By(,t) BH(ac,t)>

Z H
Since is positive definite and Ay and Az are of full row rank, (BF (x,1) By(z,1)

FYy
is also positive definite.

Let us define
Ly Ly 0 0
LY Iy 0 0
0 0 CI C}
0 0 ¢ &}
Now we have

LT Ly 0 0 0 —Ar, 0
L LY 0 0 0o I 0
Dz, t)=A"A| T A
(@, 1) 0o 0o ¢ ci|lo o 1

0 0 c} ¢g)\o 0 Al

= A" AQ(z, 1) AT,

o O O O

Hence M (x,t) = AA~AQ(z,t)AT = AQ(x,t)AT holds. By using this equation, we obtain the
following two lemmas.



Lemma 5.3. Suppose that Q(x,t) is positive definite. Thenim M (x,t) = im A and ker M (x,t) =
ker D(zx,t) hold.

Proof. Since Q)(x,t) is positive definite, it follows from Lemma 4.5 that ker M (x,t) = ker A"
and im M (xz,t) = im A. We now have

ker D(x,t) = ker A~ AQ(x,t)AT Dker A",

Let z be an element in ker D(x,t). Then, by D(x,t)z = 0, we have 2" AA~AQ(z,t) ATz = 0,
which is 2" AQ(x,t)ATz = 0. Since Q(x,t) is positive definite, we have ATz = 0. Hence
z € ker AT holds. Thus we obtain ker D(z,t) = ker AT = ker M (z, t). O

Lemma 5.4. Suppose that Q(x,t) is positive definite. Then ker A Nim D(x,t) = {0} holds.

Proof. Let z be an element in ker A Nim D(x,t). Then we have Az = 0 and z = D(x,t)y
for some y. Hence AD(x,t)y = 0 holds, which implies that y € ker AD(x,t) = ker D(«,t) by
Lemma 5.3. Thus we obtain z = D(z,t)y = 0. O

With the use of a reflexive generalized inverse, we define a constant projector P = A~ A.
Then the projector P has the following property.

Lemma 5.5. Suppose that Q(x,t) is positive definite. For a projector P = A~ A, we have
ker P = ker A and im P = im D(x,t).

Proof. We first prove ker P = ker A. It clearly holds that ker P = ker A A D ker A. For any
z € ker P, we have A" Az = 0. Hence AA~ Az = 0 holds, which implies z € ker A. Thus we
obtain ker P C ker A.

Secondly, we prove im P = im D(z,t). It clearly holds that im D(x, ) = im A~ AQ(=x,t)AT C
im P. By the proof of Lemma 5.3, ker D(z,t) = ker AT holds. Hence we have

dimim D(x,t) = m — dimker D(z,t) = m — dimker AT = dimim A" .
It follows from (17) that
dimim AT = dimim A = dimim A~ A,
which implies dimim D(z,t) = dimim P. Thus we obtain im P = im D(z, t). O
By Lemmas 5.3-5.5, we obtain the following proposition.

Proposition 5.6. Suppose that Q(x,t) is positive definite. Then the hybrid equation system
in the form of (15) is a DAE with properly stated leading term.

Proof. We obtain (16) by Lemmas 4.2, 5.3, and 5.4. Moreover, Pd(x,t) = A~ Ad(x,t) = d(x, 1)
holds. Thus, by Lemma 5.5, P is a projector satisfying Definition 4.1. O

Let us define

S O N
o O O

)

1

Remark 4.4 as follows.

2 o o o o
5 oo oo

In fact, Q is a projector satisfying the condition i

10



Lemma 5.7. Suppose that Q(x,t) is positive definite. Then im Q = ker M (x,t) holds.

Proof. Since Q(x,t) is positive definite, it follows from Lemma 4.5 that ker M (x,t) = ker AT,
Hence we obtain
ker M(z,t) = {z | ATz =0} =imQ

by the definition of A. ]

6 Index of Hybrid Equations

In this section, we prove that the index of the hybrid equations is at most one, and give a
structural criteria for hybrid equations with index zero.

We now introduce the Resistor-Acyclic condition for admissible partition (Ey, E.), which
is proved in Theorem 6.2 to be a necessary and sufficient condition for hybrid equations with
index zero.

[Resistor-Acyclic condition]

e Each conductor and controlled current source in £, belongs to a cycle consisting of
independent voltage sources, capacitors, and itself.

e Each resistor and controlled voltage source in E, belongs to a cutset consisting of
inductors, independent current sources, and itself.

The Resistor-Acyclic condition can be expressed as follows.

Lemma 6.1. An admissible partition (E,, E.) satisfies the Resistor-Acyclic condition if and
only if there exists a normal reference tree T such thatY CT and Z C T. 0

We obtain the following theorem concerning the index.

Theorem 6.2. Under Assumption 2.1, the index of the hybrid equations is at most one for
any admissible partition (E,, E;) and normal reference tree T'. Moreover, the index is zero if
and only if an admissible partition (E,, E,) satisfies the Resistor-Acyclic condition.

Proof. The index of the hybrid equations is zero if and only if M(z,t) = AQ(x,t)A" is non-
singular. Since (x,t) is positive definite, this is equivalent to the condition that A is full row
rank, which means that we have no variables z% and uy,. In other words, Y C Tand ZCT
hold. This is the Resistor-Acyclic condition by Lemma 6.1.
In order to prove that the index of the hybrid equations is at most one, we show that
M(x,t) + B(x,t)Q is nonsingular. Now we have
By(x,t) 0 0 —A;Z—I-BH(:B,t)
M(x,t) + B(x,t)Q = M(x,t) +
( ) ( )Q ( ) Acz—AcyFﬁ‘Azz—i—AcyFi‘ 0 0 AcyYT)‘ + ACYY)\)\A;Y
Ayz + Bp(x,t) 00 By (z,t)
By(x,t) 0 _A§sz+BH(m,t)
AppZTAzz — Ay Zy Mi(z,t) —Ay Ay HI-A) HI Ay
Acz—Acy FA Az 7+Acy FR z,t)  AcyY 4+ Aoy YA
Ayy —|—BF(a:,t) By(w,t)

o O

Mc

—

0
0

(e}

11

AL 7T Azs — AL Z 0 0 —A)—AL Hi-AL, HI AT,

9



where

Mp(x,t) = Af LT ALy — AL Ly — LML + L3,
Meo(x,t) = CT + C;A—Crvc + Accc,,).\ + AcccﬁAgC.

Then My (x,t) and Mc(x,t) are nonsingular, because these are expressed by

LT LT\ [ -4
wiso=( 1) (35 54) ()

3 cr Cf I
Mc(m,t) = (I Acc) <C7/_\ Ci) (Agc> .

Finally, we prove that the determinant of M(x,t) + B(x,t)Q is nonzero. The determinant is
given by

det(M(z,t) + B(z,1)Q) =

_AT
det My (x,t) - det M (x,t) - det ( Bz(w,t) Ay, + BH(:B,t)> .

Ay 7+ BF(w,t) By(:l),t)
We now have

Bz(m,t) —A;Z—I—BH(:B,t) _ 0 _A}—EZ n Bz(m,t) BH(CB,t)
Ayz + Bp(z,t) By (x,t) Ay 0 Bp(x,t) By(x,t) ’

which is the sum of a positive semidefinite matrix and a positive definite matrix by Lemma 5.2.
Hence this matrix is positive definite, which implies that its determinant is nonzero. Since
det My (x,t) # 0 and det Mc(x,t) # 0, we obtain det(M (x,t) + B(x,t)Q) # 0. O

Remark 6.3. For nonlinear time-varying circuits composed of resistors (all modelled as con-
ductances), inductors, capacitors, and voltage/current sources, the dimension of the hybrid
equation system is no greater than that one for the MNA system. This is because dim(ug,, uj,) <

n for n being the number of nodes of the circuit, dim z% is mot greater than the number of in-

ductors in the system, and dim z} is not greater than the number of (controlled) voltage sources

of the system.

7 Comparison of Hybrid Analysis with MNA

We consider nonlinear time-varying circuits without controlled voltage/current sources. Let us
assume that the constitutive equations of resistors can be rewritten as those of conductors, and
vice versa.? Then we can choose an admissible partition among the multitude of possibilities
and so do the hybrid equations. In this section, we prove that the index of a DAE arising from
the optimal hybrid analysis does not exceed that from MNA.

2For example, the function r of a resistor described by Ohm’s law is a linear time-invariant function, and
r of a diode is an exponential function with respect to its voltage variable. Thus we can regard resistors as
conductors, and vice versa.

12



MNA is the most commonly used analysis method. We call the DAE arising from MNA
the MNA equations. The index of the MNA equations is characterized by the circuit structure.
We now define an L-I cutset and a C-V loop.

Definition 7.1. An L-I cutset is a cutset consisting of inductors only, or a cutset consisting of
inductors and current sources only. A C-V loop is a cycle consisting of capacitors and voltage
sources only.

Note that a cycle consisting of capacitors only is not a C-V loop. For nonlinear time-varying
circuits, the index has the following property.

Theorem 7.2 ([11, Theorem 4.1],[21, Theorem 1.5]). For nonlinear time-varying circuits com-
posed of resistors, inductors, capacitors, and independent voltage/current sources, MNA leads
to a DAFE with index at most one if and only if the network contains neither L-I cutsets nor
C-V loops. Otherwise, MNA leads to a DAFE with index two.

This theorem is generalized for nonlinear time-varying electric circuits containing controlled
sources which satisfy certain conditions [11]. Moreover, the following theorem gives a necessary
and sufficient condition for the index being zero.

Theorem 7.3 ([21, Theorem 1.5],[12, Theorem 2|). For nonlinear time-varying circuits com-
posed of resistors, inductors, capacitors, and independent voltage/current sources, the index
of the MNA equations is zero if and only if the network does not contain independent voltage
sources and has a spanning tree consisting of capacitors only.

Theorems 6.2 and 7.3 imply that the minimum index of the hybrid equations does not
exceed that of the MNA equations as follows.

Corollary 7.4. For nonlinear time-varying circuits composed of resistors, conductors, induc-
tors, capacitors, and independent voltage/current sources, the minimum index of the hybrid
equations never exceeds the index of the MNA equations.

Proof. Let (Ey, E.) be an admissible partition such that E, includes no resistors. We prove
that the index of the hybrid equations with this admissible partition does not exceed the index
of the MNA equations, which completes the proof.

By Theorem 6.2, the index of the hybrid equations is at most one. This implies that if
the index of the MNA equations is more than zero, then that of the hybrid equations does not
exceed it. Therefore, it suffices to prove that if the index of the MNA equations is zero, then
that of the hybrid equations is also zero. Let us assume that the index of the MNA equations
is zero. Then, the network has a spanning tree consisting of capacitors only by Theorem 7.3.
Hence, each conductor in £, belongs to a cycle consisting of capacitors and itself. Since £,
includes no resistors, (E,, E.) satisfies the Resistor-Acyclic condition. Therefore, it follows
from Theorem 6.2 that the index of the hybrid equations is zero with admissible partition
(Ey, E.) such that E, includes no resistors. O
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8 Conclusion

For nonlinear time-varying circuits composed of resistors, conductors, inductors, capacitors,
independent voltage/current sources, and controlled voltage/current sources, we have proved
that the index of the hybrid equations never exceeds one, and given a structural characterization
of circuits with index zero under the assumption that the capacitance matrix, the conductance
matrix, the resistance matrix, the inductance matrix, and the controlled source matrix are all
positive definite. The proof relies on the tractability index concept with the use of projector
based analysis. Moreover, for nonlinear time-varying circuits without controlled sources, we
have shown that the minimum index of hybrid equations does not exceed the index of MNA
equations, which suggests that the hybrid analysis is superior to MNA in numerical accuracy.

The case of nonlinear time-varying circuits which may contain a wide class of controlled
sources is under current research but seems to have no limit of the approach when certain
topological criteria are satisfied.
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A Derivation of Hybrid Equations

Briefly expressed, we derive the hybrid equations by reducing the network equations to the
cutset equations (6), (7) and the loop equations (12), (13) depending on the tree variables uf,
uy and the cotree variables i%, zé only. For ease in notation, we omit the time argument ¢.

First, we transform the cutset equation (6) for capacitive tree branches. Using the consti-
tutive equations (2) and (3), we may substitute i as well as ¢y and we obtain

d

39 0 (ug,ug) + Aoy FiG iy, uf uy) + Acziy + Acviy + Acyiy = 0.

A
(UC’UC) + CCdt

The cutset equations (8) for resistive tree branches, the loop equations (10) for capacitive cotree
branches, and the loop equations (11) for conductive cotree branches provide substitutions for
iy, ué, and ug\/ Hence, the cutset equations (6) for capacitive tree branches result in

—q"(ul, Aycuy + Alcul) + Aco—q (ul, Ay cuy + Abcul)

dt
+ Acy fN—Azziy — Azri} — Agzgig, iy, uly, Ayuy + Abyul + A)yul)
+ ACZT'Z + ACLzL + Acyiy = 0.

dt

Regarding the constitutive equations (1) for independent sources, we obtain

T d T T
q" (ug, Avcvs( )+ ATC“C) + ACCEqA(uCa A\T/cvs(t) + Agcuc)

+ Aoy fA(—Azziy — Azpiy — Azss(t), iy, uy, Apyos(t) + Alyul + Ayyui)
+ Acziy + Acrit + Acyjs(t) = 0. (18)

dt

In a similar way, we can transform the cutset equations (7) for conductive tree branches to
obtain

FT(—Azziy — Azri} — Azyjs(t), iy, ul, Apyvs(t) + Alyul + Ayyui)
+ Ayy fN=Azziy — Azri) — Azyds(t), iy, ul, ALy vs(t) + Alyul + A yul)
+ Ayz’i)Z‘ + AYL’L.%/ + Ay]js(t) =0. (19)

Next, we transform the loop equations (13) for inductive cotree branches. Applying the
constitutive equations (2) and (3), we may substitute uz, as well as uz and we obtain

¢T(T ’ )+ ¢)\('LL77’L) 0.

T T T T Y A
—Aypuy —Agpuls — Aypuy — Az h7 (i, i, uy, uy) — LL dt
The cutset equations (8) for resistive tree branches, the cutset equations (9) for inductive tree
branches, and the loop equations (11) for conductive cotree branches provide substitutions for

i, i7 and wuy.. Hence, the loop equations (13) for inductive cotree branches result in

T T .7 T T
—Aypuy — Agpuc — Ay puy
T A
_AZLh’ ( AZZ'LZ AZL’LL AZJZJ,lz,Uy,AVYuV+Acyuc+AYYuy)
- d

- ALL&

¢ (—Apriy — ALﬂJ,%L)-i- ¢’\( Appiy — Apgyig, i) = 0.
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Regarding the constitutive equations (1) for independent sources, we obtain

— Ay vs(t) — Alpul — Ay puy
— Ay h7 (- AZZ%Z Azri) — Azyds(t), iy, ul, Apyvs(t) + Adyul + A yul)
Al — T

Finally, we transform (12) similarly and get

— AV zvs(t) — Abgul — Ay zuf

- A;Zh (— AZZ'LZ AZL’LL Az13s(t), 7fza'lhfw‘lvy’vs( ) + Al oyue + AYYUY)

—|—hA( AZZ'LZ AZLzL Az57s(t), z},uy,AVyvs( )+Agyuc +Ayyuy) =0.

Thus, by (18)—(21), we obtain the hybrid equations

— AV 5s(t) — Algug — Ay Zul — ATZhT +h =

— AV vs(t) — Alpul — Aypuy — Ay hT — A — 1 ¢T + fl)A
d d . . .
dtq + Accdtq + Aoy fA + Acziy + Acril + ACJ]s(t) =0,

f+ Ayy f2 + Ayziy + Ay i) + Ay js(t) = 0,

where
= q"(ul, Aycus(t) + Adcul, t),
= ¢Nul, AV vs(t) + Abcug, t),
= fT(=Azziy — Azpiy — Azids(t), i3, ul, Ay vs(t) + Alyul + AVyul,t),
= fN—Azziy — Azriy — Azsds(1), 1%, ul, Ay vs(t) + Adyul + Alyuf, b),
= W (—Azziy — Azpi} — Azsds(t), i3, ul, ALy vs(t) + Abyul + Ayyuf, t),
= WN—Azziy — Azpi] — Azsds(8), 3%, ul, Ay vs(t) + Adyul + Ayyug, ),
= ¢ (AL} — ALsgs(t), i}, 1),
= ¢N—Apri} — Apsds(t),i7,t).
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¢T( Appiy — ALJJS()712)+3¢A( Apri} — Apgjs(t),i}) = 0.



