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Abstract: We consider the differential-algebraic systems obtained by modified nodal analysis
of linear RLC circuits from a systems theoretic viewpoint. We derive expressions for the set of
consistent initial values and show that the properties of controllability at infinity and impulse
controllability do not depend on parameter values but rather on the interconnection structure
of the circuit. We further present circuit topological criteria for behavioral stabilizability.
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1. INTRODUCTION

Modified nodal analysis (MNA) is a widely used technique
for modelling RLC circuits. It has been first introduced in
Ho et al. (1975). It is based on regarding a circuit as a
graph, and results in a differential-algebraic model. This
model provides a structure which allows a mathematically
elegant analysis of essential properties and their physical
interpretation. Among these properties is the indez, i.e.,
the order of smoothness of perturbations entering the
solution of the differential-algebraic equation, see Lam-
our et al. (2013); Kunkel and Mehrmann (2006); it is
shown in Estévez Schwarz and Tischendorf (2000); Giin-
ther and Feldmann (1999a,b), see also Béchle (2007); Mérz
et al. (2003); Estévez Schwarz (2002); Estévez Schwarz
and Lamour (2001); Freund (2005); Reis (2014); Riaza
(2013); Takamatsu and Iwata (2010), that the index is
not dependent on system parameters (such as values of
resistances, capacitances and inductances), but rather on
the interconnection structure, i.e., the topology, of the
circuit. Further important possible properties of the cir-
cuit system are stability and asymptotic stability. Whereas
MNA models of RLC circuits are always stable as long as
the parameter values of resistances, capacitances and in-
ductances are positive, asymptotic stability requires some
further conditions. It is shown in Riaza and Tischendorf
(2010, 2007); Riaza (2006) that asymptotical stability
is guaranteed, if certain parameter-independent criteria
on the circuit interconnection structure are fulfilled. The
general idea of these articles is used in Berger and Reis
(2014), where topological criteria for asymptotic stability
and autonomy of the zero dynamics are presented for the
purpose of adaptive tracking control of circuits.

In this article, we analyse further systems theoretic prop-
erties of the MNA equations. Besides presenting sufficient
topological criteria for behavioral stabilizability, we derive
expressions for the system space and the space of consis-

tent initial values, and conclude topological conditions for
controllability at infinity and impulse controllability.

In Sec. 2 we present the required tools from graph theory
and Sec. 3 collects the basics on RLC circuit models.
Sec. 4 and Sec. 5 contain the results on stability and
stabilizability of the circuit model and their topological
interpretation. Sec. 6 is devoted to the system space of
the MNA equations, whereas we specify the space of
consistent initial values and give topological conditions
for controllability at infinity and impulse controllability
in Sec. 7 and Sec. 8.

1.1 Nomenclature

Ny is the set of nonnegative integers, R(s) is the field of real
rational functions, and C, C, are, resp., the open and
closed complex right half planes. For a field K, K™*™ is
the set of n X m matrices with entries in K. We use rkx M,
kerg M, img M for the rank, kernel and image of a matrix
M over K. If K = R, we omit the subindex indicating
the underlying field. Further, M " and M* resp. stand
for the transpose and conjugate transpose of a matrix
M, and by writing M > 0 (M > 0), we mean that the
square matrix M is symmetric positive (semi-)definite.
The identity matrix of size n x n is denoted by I,, and the
zero matrix of size m x n by 0, ,,. We omit the subindices,
if they are clear from context. V* denotes the orthogonal
space of a subspace V C R", and we call the matrix Z
a basis matriz of V, if ker Z = {0} and im Z = V.

2. GRAPH THEORETIC PRELIMINARIES

For the purpose of this article, we consider finite and loop-
free directed graphs, see Diestel (2017). We present some
basics of graphs and incidence matrices along with some
results about the correspondence between the topological
structure of a graph and properties of its incidence matrix.



Definition 1. (Graph theoretic concepts). A directed graph
is a quadruple G = (V, E, init, ter) consisting of a vertez set
V', a edge set E and two maps init, ter : £ — V assigning to
each edge e an initial vertex init(e) and a terminal vertex
ter(e). The edge e is said to be directed from init(e) to
ter(e). G is said to be loop-free, if init(e) # ter(e) for all
e€ E.Let V' CV and E' C E with
E' C E|y, :={e € E:init(e) € V' A ter(e) € V'}.

Then the triple (V’, E’, init| 5, , ter| ) is called a subgraph
of G.If E' = E|'V, then the subgraph is called the induced
subgraph on V'. If V' = V, then the subgraph is called
spanning. Additionally a proper subgraph is one where
E' # E. G is called finite, if V and E are finite.
For each e € E define —e ¢ E as an edge with init(—e) =
ter(e) and ter(—e) = init(e). Define E to be the set which
contains all e € E and all corresponding —e. An r-tuple
e=(e1,...,e.) € E" is called a path from v to w, if

init(eq),...,init(e,) are distinct,

ter(e;) = init(e;41) Vi€ {1,...,r —1},

init(e;) = v A ter(e,) = w.
A cycle is a path from v to v. Two vertices v,w are
connected, if there is a path from v to w. This gives
is an equivalence relation on the vertex set. A graph is
called connected, if there is only one equivalence class.
The induced subgraph on an equivalence class of connected
vertices gives a connected component of the graph.
A spanning subgraph K = (V, E’, init|, , ter|,) of a di-
rected graph G = (V, E, init, ter) is called a cut of G, if
G—K:=(V,E\E', init|p,  , ter|p, z) has two connected
components.
Consider a directed graph G with spanning subgraph /C.
We call a subgraph £ of G a K-cut, if £ is a cut of K.
Further, we call a path in G a KC-cycle, if it is a cycle in K.
If 1 and K3 are two spanning subgraphs G, then 1 /Co
denotes the spanning subgraph obtained by taking the
union of the edges K1 and KCs.

Essential ingredients of the circuit model are incidence
matrices.
Definition 2. (Incidence matrix). Let G = (V, E, init, ter)
be a finite and loop-free directed graph. Let F =
{e1,...,en .} and V = {v1,...,v,,}. Then the all-vertex
incidence matriz of G is Ag = (a;;) € R"*™ with
1 if init(ej) = Vs,

Q5 = -1 if ter(ej) = V4,

0 otherwise.

The rows of Ay sum up to zero, so we can delete an
arbitrary row to obtain an incidence matriz Ay = (a;5) €
R(re=Dxnu of G

Starting with an incidence matrix A of a finite and loop-
free directed graph G, along with a spanning subgraph I
of G, it is possible to obtain an incidence matrix of K by
deleting all of columns corresponding to edges of G — K.
By rearranging the columns, it follows that the matrix A
is of the form

A =[Ax Ag—]. (1)
Next we collect some auxiliary results on incidence matri-
ces corresponding to subgraphs from Estévez Schwarz and
Tischendorf (2000). Note that this reference has wording

which slightly differs from ours, as, for instance, cycles
are called loops therein. Our notation is oriented by the
standard reference Diestel (2017) for graph theory.

Proposition 1. (Estévez Schwarz and Tischendorf, 2000,
Lem. 2.1 & 2.3) Let G be a finite and loop-free connected
graph with incidence matrix A. Furthermore let I be a
spanning subgraph, and assume that the incidence matrix
is partitioned as in (1). Then the following holds:

(i) G does not contain any K-cuts if, and only if|
ker A;_,c = {0}.

(ii) G does not contain any K-cycles if, and only if,
ker A = {0}.

Let G be a connected graph with incidence matrix A. Let IC
be a spanning subgraph of G, and £ a spanning subgraph
of K. Then, as in (1), we can, after possibly rearranging
the columns, assume that the incidence matrix of G reads

A=[Ar Ax—r Ag_x], Ax = [Ar Ax—c]. (2)

Proposition 2. [(Riaza and Tischendorf, 2007, Prop. 4.4 &
4.5)] Let G be a finite and loop-free connected graph with
incidence matrix A. Let K be a spanning subgraph of G,
and L a spanning subgraph of . Further assume that the
incidence matrix A of G is partitioned as in (2). Then the
following holds:

(i) G does not contain K-cycles except for L-cycles if, and
only if, ker Ax = ker Az x {0}.

(ii) G does not contain K-cuts except for L-cuts if, and
only if, ker A—gl,c = ker A—gl[:.

3. CIRCUIT EQUATIONS

The MNA of a linear RLC circuit is given by

L Ex(t) = Az(t) + Bu(t) (3)
with state being composed of vertex potentials, inductive
currents, and currents through voltage sources, i.e., z =
(n'i}i,)T and input consisting of voltages at voltage
sources and currents at current sources, i.e., u = (v,),i; ).
The matrices E, A, B in (3) are given by

SAccA;r—‘rAKgA; AL Aq/ 7A1 0
sE— A= —A] st 0|,B=[ 0 0 |,
—A] 0 0 0 —In,

(4)
where s has to be regarded as a formal variable. The
expression sE — A is called a matriz pencil. Here, G €
R™xms € R™Xne ¢ € R"*"c are the conductance,
inductance and capacitance matrix, and

AK eRneXnK7 AL ERnean, AC €R7Le><n(7
Ay eR™X™ A, @ R"eXM

are the element-specific incidence matrices with sizes n =
Ne + Ny + ny, m = n; + ny. The matrices G, £, C contain
the parameters of capacitances, resistances, and induc-
tances. Further, A is an incidence matrix of the span-
ning subgraph consisting of all vertices that contain re-
sistances. Similarly, the incidence matrices A,, A-, Ay, A;
then resp. correspond to the spanning subgraphs with the
edges to inductances, capacitances, voltage and current
source. An incidence matrix of the finite and loop-free
directed graph modeling the circuit is consequently given
by A =[Az A, Ar Ay A;]. Tt is also reasonable to assume



that the circuit graph is connected, as any connected com-
ponent corresponds to a subcircuit which does not physi-
cally interact with the remaining components, so one may
simply consider the connected components separately. We
consider circuits with passive devices. This leads to the
assumption that the conductance matrix is dissipative,
whereas the inductance and capacitance matrices are pos-
itive definite. Altogether, this means

tk[Ag A, Ar Ay Af] = ne,

G+G' >0, £=1">0, c=c">0.

4. REGULARITY AND STABILITY

This section will take a closer look at the properties of the
properties of the pencil sE — A with matrices as in (4).
First we recall some results from Berger and Reis (2014).
Proposition 3. Let E; A € R"™*™ as in (4) and assume that
(5) holds. Then there exist invertible W, T € R™*" with

W(sE — A)T = diag(sI — A,sN —I,0,5.1,);  (6)

where ny € Ny, N is nilpotent with N2 = 0, and A is
a square matrix with the property that all its eigenvalues
have nonpositive real part. Further, all eigenvalues of A
on the imaginary axis are semi-simple (i.e., their respective
geometric and algebraic multiplicities coincide). The pencil
sE — A further fulfills
kerR(s) (SE — A)
= kerg(s)[Ag Ar Ac Ay]T x {0} x kerg(s) Ay,
imR(S)(SE — A)
:imR(s) [AR AL AC Aq/] X R(S)nL X im]R(s) A—"IE

Proof. Since (5) implies E = ET >0and A+ AT <0,
the existence of invertible W, T € R™*™ with (6) follows
from (Berger and Reis, 2014, Lem. 2.6), whereas (7) is
a consequence of (Berger and Reis, 2014, Thm. 4.3). O

A direct consequence of Prop. 3 is that
VA€ Ci: kerc(AE — A)
= kerc[Ag AL Ac Ay]T x {0} x kere Ay,
VA€ Cy: img(AE — A)
—imc[Ag A; Ac Ay] x R™ x kerg A
We further characterize regularity, i.e., the invertibility
of sSE — A in R(s)"*". Note that regularity translates
to the property of a differential-algebraic equation having
a solution for all smooth right hand sides, which is more-
over unique by specification of the initial condition, see

Kunkel and Mehrmann (2006). Prop. 1 and Prop. 3 allow
to characterize regularity in terms of the circuit topology.

Corollary 4. Let E, A € R™™™ as in (4) and assume that
(5) holds. Then the pencil sE'— A is regular, if and only if,
the underlying circuit neither contains 9-cycles nor I-cuts;
equivalently (by Prop. 1)

ker[Ag A, Ac Ay]" = {0} A ker Ay = {0}.

Next we consider generalized eigenvalues of sE — A. This
is a complex number A with tkc AE — A < rkg(s) sE — A.
We see from Prop. 3 that all generalized eigenvalues of
sE — A have nonpositive real part. In the following we
discuss the possible absence of purely imaginary gener-

alized eigenvalues. The absence of generalized eigenvalues
on C corresponds to stabilizability of the circuit equation
4 Ba(t) = Az(t). The latter refers to the properties that
for all zg € R™ such that there exists a solution x of
L Ex(t) = Ax(t) with Ex(0) = FEu, there also exists
a solution z of & Fz(t) = Az(t) with Ez(0) = Exo which
vanishes at infinity, see (Berger and Reis, 2013, Sec. 5).
Proposition 5. [(Berger and Reis, 2014, Thm. 4.6)] Let
E, A € R"™ asin (4) and assume that (5) holds. Then all
generalized eigenvalues of sEE — A have negative real part,
if at least one of the following two assertions holds:

(i) The circuit neither contains LV-cycles except for V-
cycles, nor LCI-cuts except for LI-cuts; equivalently
(by Prop. 2)

ker[A; Ay] = {0} x ker Ay,
A ker [Ag Ay]" = ker[Ag Ac Ay]'.
(ii) The circuit neither contains CI-cuts except for I-cuts,

nor LCV-cycles except for CV-cycles; equivalently (by
Prop. 2)

ker [Ag A, Ac Ay)" = ker[Ag A, Ay,
A ker[A; Ac Ay] = {0} x ker [Ar Ay].

Prop. 5 slightly generalizes (Riaza and Tischendorf, 2007,
Thm. 5.2), where regularity (i.e., the absence of 7-cycles
and I-cuts) is presumed. Now we combine Prop. 3 with
Prop. 5 to show a condition for kerc A\E — A = {0} for all
A € C. The latter refers to asymptotic stability, i.e., all

solutions of <& Ex(t) = Az(t) vanish at infinity.

Proposition 6. Let E; A € R"*™ as in (4) and assume that

(5) holds. Then kerc A\E — A = {0} for all A € C, if at
least one of the following two assertions holds:

(i) The circuit neither contains £7-cycles, nor LCI-cuts
except for LI-cuts which are no I-cuts; equivalently
(by Prop. 1 & Prop. 2)

ker[A, Ay] = {0},
A ker[Ag Ac Ay]' = ker[Ag Ay)",
A ker[Ag A, Ac Ay)T = {0}.
(ii) The circuit neither contains CI-cuts, nor LCV-cycles

except for C%-cycles which are no %-cycles; equiva-
lently (by Prop. 1 & Prop. 2)

ker [Ag A, Ay]" = {0},
A ker[A; Ar Ay] = {0} x ker [A- Ay,
A ker Ay = {0}.

5. BEHAVIORAL STABILIZABILITY

Loosely speaking, behavioral stabilizability of a differen-
tial-algebraic control system (3) means that = can always
be asymptotically steered to zero by a suitable choice of
the input u. More precisely, for any x¢g € R™ for which
there exists a control w such that a solution z of (3) with

initial conditions Ex(0) = Exg exists, there especially
exists some control u such that a solution x of (3) with
initial condition Fz(0) = FEx( exists which vanishes at

infinity. It is proven in (Berger and Reis, 2013, Sec. 5)
that this is equivalent to

YAeC,: tkc[NE—A B]=rkc[A\E—A B]. (9)



Now consider the circuit model E, A € R"*", B € R"*™
as in (4) and assume that (5) holds. Then

imR(s) [SE —A B} = imR(S)(SE - A) + imR(S) B
Prop.3 . ng :
& MR (s) [Ag{ AL AC Aq/] x R™ x IMR(s)
+ imR(s) A X {0} x R™*
= impgy[Ag A Ac Ay A x R™ x R & Rg)n,
Likewise, by using (8), the circuit model (4) with assump-
tion (5) fulfills
VA e C, : imc[A\E — A B] =C". (10)
As a consequence, the circuit model is behaviorally stabi-
lizable if, and only if, rke[wE — A Bl = n for all w € R.
This is used in the following result, where we present
sufficient conditions for behavioral stabilizability in terms
of the circuit topology.

Proposition 7. Let E;A € R™™™ B € R"™™ as in (4)
and assume that (5) holds. Then (3) is behaviorally
stabilizable, if at least one of the below two statements
holds:

(i) The circuit neither contains L-cycles, nor L(C-cuts

except for L-cuts; equivalently (by Prop. 1 & Prop. 2)
ker A, = {0},

A ker[Ag Ac Ay Aj]" = ker[Ag Ay A[]T.

(ii) The circuit neither contains C-cuts, nor £LC-cycles ex-

cept for C-cycles; equivalently (by Prop. 1 & Prop. 2)
ker[Ag A; Ay Aj]" = {0},

A ker[A; Ac] = {0} x ker Ac.

Proof. By the findings prior to this proposition, it suffices
to show that the aforementioned topological conditions
imply that for all w € R

kerc [“"E;T_AT} = {0}.

(11)

Let w € Rand z = (z]{2525) € kerc {“"E;;AT] be

partitioned according to the blocks in E and A, i.e.,
wACAl+AzGA; Ap Ay

—A] wL 0 T
—A] ) zz | = 0.
—AT 0 0 *3

0 0 I,

This gives 23 =0, z1 € ker [Ay AI]T and
wACAL FARGAT AL Ty
[ ‘ :AZ * zwL:| (a:z)_o

A multiplication of the latter equation with (z} x3%)
and taking the real part, one arrives at 0 = 27Ax(G +
gT)AI{xl. Then G+G " > 0 gives z1 € ker Ag. Altogether,
x € kerc [WE;T_AT] leads to

A;‘r wACAL AL 1
m1 € 47 Aag=0n [t 2] (G =00 (2)
First assume that (i) holds. Since we obtain from (12) that
z1 € ker[Ag Ay AT, (i) leads to x1 € ker AL, whence
(12) gives rise to A x2 = 0. Again making use of (i), we
obtain zo = 0, and thus Ale = 0. We altogether have
w3 =0, 73 =0and z; € ker[Ag A, Ac Ay A]T, and we
again obtain z; = 0 by (5a), whence z = 0.

Now assume that (ii) holds: We use (12) to see that

zwACCA}—xl 4+ A,z =0, ie.,
{WCACTM] € ker[Ar A;] = ker Ae x {0},
z2
and thus x5 = 0. Then (12) gives A/ z; = 0, and we obtain
7y € ker[Ag A, Ay A;]T. The latter space is trivial by (ii).
Consequently, z; = 0, and thus = 0.

6. SYSTEM SPACE

A useful space to understand differential-algebraic systems
is the system space, which is the minimal subspace V C
R™+™ in which all solutions (z(t)T u(t)T) T of (3) evolve
pointwisely. This space plays a crucial role, for instance in
optimal control and dissipativity analysis of differential-
algebraic systems, see Reis and Voigt (2015, 2019).

The main result in this section is an expression for the
system space of the MNA equations (4).
Theorem 8. Let E,A € R™™ B € R"™™ as in (4)
and assume that (5) holds. Let Z, and Zg~; be basis
matrices of ker A} and, resp., ker[As Ag A, Ay A;]T. Then
the system space of (3) is given by
ker AZ 0 0 0o -1,
Z;WIALL*AZ 0 0 0 0

v

Thm. 8 means that a vector (] xg 4 uj ug)' parti-

tioned according to the blocks in [A B] as in (4) is in
the system space of (3) if, and only if, it satisfies

2L (AgG Az + Acws + Ayas + Apu) =0,

A‘T/.Z‘l — U = 0,

Zg?fq/IALL_lA;‘rxl =0.
The remaining part is devoted to the proof of Thm. 8 along
with some preparatory results. We first recall a geometric
characterization of the system space.
Lemma 9. (Reis et al., 2015, Prop. 3.3) Let E, A € Rk*"
and B € RF*™. Consider the sequence (V;);en, of sub-
spaces of R"™™ with Vy = R™"*™ and

Vigr={(Z) eR"™ : Az + Bu € [E 0] - V;} Vi € No.

Then V; D V;y; for all i € Ny. Further, there exists some
i0 € Ng Vi, = Viy+1 for some iy € Ny. Then the system
space of (3) is V.
Remark 1. Consider the matrices A = [A B] € R**(ntm),
£ = [F 0] € R**(+m) Then V;,, is the preimage of £V;
under A, ie., Vi1 = AHEV;).

To determine the system space, we advance some helpful
results.

Lemma 10. ((Basile and Marro, 1992, Property 3.1.3)).
Let M € R¥*! and V C R* a subspace. Then

(MTY)* =M=t (vh).

By taking V = R*, Lem. 10 implies
imM" = (ker M)t VM e RF*, (13)
Lemma 11. Let E,A € RF*", B € R**™ and consider

the sequence (V;) as in Lem. 9. Then (W) := (V,]) fulfills
Wo = {0} and

Wi = |47 ] ([EOT]1Wi> Vi € N. (14)



Proof. We prove the statement via induction on ¢. The
induction start ¢ = 0 is fulfilled by Wy = {0}. For the
induction step, assume that i € Ng with V; = Wi-. Then

Vis1=[AB] 7 ([E0]-V;) = [AB]™* ([E 0] - W;")
—1 L
Lem. 10 A B]’l (|:Ev0T:| Wz)
e (] ((sor) W) =W O

Lemma 12. Consider an electrical circuit with incidence
matrices as in (4). Let Z, and Zgy be basis matrices of
ker Al and, resp., ker[Ag A, Ar Ay A;]T. Then there
exists a basis matrix Zgy,_o of ker[Ag Ay A;]TZ; such
that ZfRC‘VI = ZCZK’VI*C'

Proof. We have im Zg~y C im Z, by definition. Hence
there exists a matrix Z?CVI—C with Zg(fq/] = ZCZRW_C. Then
ker Zgey = {0} implies ker Zgy;—c = {0}. Then, with
k := dim ker Ag, the result follows from

im ZQ{’VI—C :{Z S Rk : ZCZ € im Zg(fq/]}
={zeRF : Z.z cker[Ag A Ay A)]"}
= ker[AR AC Aq/ A[}TZC. O

Now we present a proof of Thm. 8. In doing so, we use the
subspace iteration in Lem. 9. Instead of a direct calcula-
tion, we determine the orthogonal space via Lem. 11.

Proof of Thm. 8. Let (W;) be a sequence of subspaces
as in Lem. 11. For ¢ € Ny, define

Zi = [EOT}_lWi.

Then W, — {gi} .Z, for all i € Ny with i > 1. Further, let

Zgyi—c be a basis matrix of ker[As Ag Ay A;]T Z., such
that Zgeyr = ZeZgyi—c (which exists by Lem. 12).
Step 1: We determine Wi: By Wy = {0} and E = ET | we

have Z; = [EOT]A Wo = ker E. By incorporating ¢ > 0,
we obtain that the latter space equals to im Z- x {0} x R™,
and thus

AxGAg Zc Ay

AT Az, 0
le{BT}kerE:im ALZe 0
Al z, 0
0 I,
Step 2: We show that Z, fulfills
Zc 0 0
ZQ = im |: 0 0 LlA;rZKC’VI:| : (15)
0 I, 0

“>7: Let z be in the space on the right hand side of (15),
and partition z = (2{ 25 24)7 with z; € R" 2y €
R"2, 23 € R™ Then there exist vectors vi, vy with z; =
Zcp and zo = L_IAIZW['UQ. By using ACCA—Crzl =
AcCAL Zv1 = 0, we obtain

AccAT 00 0

ET L 8 c 68 2 _ AZZgngz
0 0 00 23 0
00 0

0
AxGAg Zc A
Az, 0
Zgr — ¢
=1| aAlz. o ( e 2) € W;.

Az, 0

0 In,

“C”: Let z1 € R, z9 € R™, z3 € R™ with

AgGAZ Zc Ay

AccAl 00 2 AT Z. 0
o &9 (2’2) EWr=im | ajz. o (16)

RIS o

0 In,

We have to show that z; € im Z, and 25 € im AZZLRC‘VI:
We obtain from (16) that there exist vectors wy,ws with

Az GAg Zewi+A,
AcCAT 2 *o Pyl

cw1
Lzo _ L 17
0 - AEZCWI ( )

8 ATZ[wl

s

Hence wy = 0 and AcCAlz1 = AgGAg Zewr, and
a multiplication with Z! results in 0 = Z[Ag(G +

G')Ag Zewr. Then G + G' > 0 gives Ag Zewy = 0.
Thus wy € ker[Ag Ay A;)"Zc = im Zgy,_. That is,
w1 = Zgwi—cy for a vector y, and (17) leads to

AccAl =1 +. 0
Lzo _ AL Z(Zmﬂ—cy
0 - 0 .
0 0

0 0
Thus 21 € ker Al =im Z; and 22 € im L7 A] Zgoy.
Step 3: We conclude that
W = [g:} Zy

—AxGAL AL Ay

_AZ 0O 0 Zs 0 0
= —A} 0 0 -im | 0 0 £7'Al Zgew
Al 000 0 Iy 0
0 0 In,
AgGAR Ze Ay ALL™VA Zyoy
Al Z, 0 0
=1im A, Zs 0 0
Al'zZ. 0 0
0 I, 0

Step 4: We show that Z3 C Za: Let z = (21 29 23 ) € Z3
with z, € R™, 2 € R™,2; € R™ Then {gl] e W,

together with Step 3, leads to the existence of vectors wy,
Wwa, W3 with
AxGAR Zewr+Apwat+ AL LT AT Zyeprws

s
AECLIZ o Al Zewn
0 = A} Zewr
9 Al Zewn
s
(18)
Then Zg., A L™ A] Zgeyyws = 0 by a multiplication of

the first row with Z;{WI, and £ > 0 gives A] Zgepwz = 0.
Altogether, we have

T+ AKC_;A;LFZ(lerA:VwQ
ACCAC z1 ATZ w
Lg2 _ AérZC 1
gy 4cWi1
8 A;FZCwl
—wo

This is exactly the situation in (17), and we can follow the
argumentation in Step 2 to conclude z € Z,.
Step 5: We conclude the statement of Thm. 8: We have

Wy = [gi] Z5 C [gi} Z, = W, by Step 4. Thus, by

Lem. 11, Vo = W3- C Wi = V3, whence, by Lem. 9, the
system space reads Vo = W;-. Now using Step 3, we obtain



AgGAR Ze Ay ArL™ A] Zyey

AlZ. 0 0
1 ; T
Vo=Ws = |im AL Ze 0 0
AlZ: 0 0
0 I, 0
ZlAgGA;  ZcAL Z] Ay ZT A 0
_ T
= ker Ay 0 0 0 —In, |,
Zgy AL AT 0 0 0 0

which completes the proof.

7. CONSISTENT INITIAL VALUES AND
CONTROLLABILITY AT INFINITY

Here we analyze the space of consistent initial values,
which is the space of all xy € R™ for which there exists
some control u for which there is a weakly differentiable
solution x of (3) with initial condition z(0) = xo. If
this space is the entire R™, then the system (3) is called
controllable at infinity. It is proven in (Berger and Reis,
2013, Sec. 5) that controllability at infinity is equivalent to
tk[E B] = tk[E A B]. For E;A € R"*", B € R"™™ as in
the circuit model (4) with assumption (5), we can conclude
from (10) that rtk[E A B] = n, whence the analysis of
controllability at infinity for MNA equations reduces to
check whether rk[E B] = n. By using ¢ > 0, £ > 0, we
obtain that im £ = im A- x R"* x {0}, whence
im[E B] =im A x R™ x {0} +im A; x {0} x R™.

Controllability at infinity is therefore guaranteed if, and
only if, im[A, A;] = R" or, equivalently, ker[A. A;]T =
{0}. We summarize these findings in the following result.
Proposition 13. Let E; A € R"*" B € R™*™ asin (4) and
assume that (5) holds. Then the system (3) is controllable
at infinity if, and only if, the underlying circuit does not
contain any RLV-cuts; equivalently (by Prop. 1)

ker [Ac AT = {0}.

It can be concluded from (Reis and Voigt, 2019, Lem. 3.7)
that the system space Vsys and the space Vini;, of consistent
initial values of the system (3) fulfill the identity

Vinit = {2 € R" : Ju e R™ s.t. (§) € Veys}- (19)
This identity is the essential ingredient in the proof of the

following result which contains an expression of the space
of consistent initial values for the MNA system.

Theorem 14. Let E,A € R™*™ B € R™™ as in (4) and
assume that (5) holds. Let Zgqyr and Z; be basis matrices
of ker[Ac Ag AL Ay A;]T and, resp., ker[A- A;]T. Then the
space of consistent initial values of (3) is given by

zl A, L7 AT 0 0
ker | “ROVIT L L .
ZLAxGAy  ZLAL ZL Ay

Proof. Analogous to Lem. 12, there exists a basis matrix
ijc‘ of ker A;ZC, such that ZCI = Zczlfc‘.

“c” Let ¢ = (z{ 9 x5)" with 21 € R, x5 € R™,
x3 € R™ be a consistent initial value. Then by (19), there
exist u; € Ry, ug € R™ such that for v = (32 ) holds that

x

(%) is in the system space of (3). Then Thm. 8 gives

ZI(Ag GAZ w1 + Acwo + Apas + Ajuy) =0,

2y At~ 1AL, —o. 0

Then a multiplication of the first equation with Z ,T_C gives

Z;;IZ;F(AKQAXJH + Arxo + Aq/l‘g) =0,

o 2y AL~ Al =0,
“D7: Let 21 € R, 29 € R™, 23 € R™ such that (21)
holds. The second equation implies

Z0 (AgGAg 1 + Arzo + Apas) Eker Z/_ .
Using ker Z!_, = (im Z0_;)* = (ker A] Z;)t =im Z [ A,
we see that there exists some u; € R™ with

Z) (A GAg 1 + Arzs + Apas) = —Z ) Ajuy.
Defining us = A;Eml and using Thm. 8, we see that for

u = (1w} ), it holds that (%) is in the system space of (3),
and (19) implies that x is a consistent initial value. O

(21)

In the case where there are no RLYV-cuts, we can conclude
from Prop. 1 that both Z;- and Zgey; are trivial, i.e., these
matrices have zero columns. Consequently, we also obtain
from Thm. 14 that the absence of RLV-cuts causes that
any vector in R™ is a consistent initial value for the MNA
system (cf. Prop. 13).

8. CONSISTENT INITIAL DIFFERENTIAL VALUES
AND IMPULSE CONTROLLABILITY

We now consider another type of initialization, namely
(3) with initial condition Fz(0) = Exg. zy € R" is
called a consistent initial differential value, if there exists
a control u for which a solution z of (3) with initial
condition Exz(0) = Exq exists. If this space equals to R,
then the system (3) is called impulse controllable. Tt is
proven in (Berger and Reis, 2013, Sec. 5) that impulse
controllability is equivalent to rk[E AZ B] = rk[E A B
for some (and hence any) basis matrix Z of ker E. By again
using that the circuit model (4) with assumption (5) has
the property tk[F A B] = n, it is impulse controllable if,
and only if, tk[EF AZ B] = n. By using that ¢ > 0 and
£ > 0 by (5b), we obtain that a basis matrix of ker E is
given by Z = diag(Z.,0,I), where Z is a basis matrix of
ker AL . Then

AcCAT 0 AgGAT Zo Ay A; 0

[EAZB)=tk| 0 £ -AlZ. 0 0 0
0 0 —-ALZ- 0 0 I,
= rk[AC AKGA;QZC Aq/ A[] +n,+ny.
(22)

If ker[Ac Ag Ay A;]"# {0}, (22) implies rk[E AZ B] < n.
Conversely, if ker[A. Ax Ay AT = {0} and 21 €
ker[A¢ ARQAXZC Ay AT, then z; € kerA., ie.,
x1 = Zrz for a vector z1, and thus Z;AKgA;Zczl =0.
Then G + G > 0 leads to Agay = Ag Zez = 0, whence
71 € ker[A; Ag Ay A;]T = {0}. We summarize these
finding in the following result.

Proposition 15. Let E;A € R™™ B € R™™ as in (4)
and assume that (5) holds. Then the system (3) is impulse
controllable if, and only if, the underlying circuit does not
contain any L-cuts; equivalently (by Prop. 1)

ker [Ag Ac Ay Aj]" = {0}.

It is shown in (Berger and Reis, 2013, Lem. 2.3) that the
space Vinit of consistent initial values and the space Vgig of
consistent initial differential values of the system (3) fulfill

Vaigg = Vinit + ker E. (23)



This identity is the essential ingredient in the proof of
the following result on the space of consistent initial
differential values for the MNA system. We will make use
of the following preparatory result.

Lemma 16. For any subspace V C R! and M € R¥*! holds

M~ (MV) =V + ker M.

Proof. “C”: Let z € M~'(MV). Then Mz = My for
some y € R, whence x = (z —y) +y € ker M + V.

“D": Let x € V+ker M, i.e., z = v+e for some v € V and
e € ker M. Thus Mx = Mo, whence x € M~Y(MV). O
Theorem 17. Let E,A € R™*™ B € R™™ as in (4) and
assume that (5) holds. Let Zg~y be a basis matrix of
ker[As Ag A, Ay A;]T. Then the space of consistent initial
differential values of (3) is given by

ker [0 Zgpyy AL 0] .

Proof. Let Z; be a basis matrix of ker[A, A,]T. Anal-
ogous to Lem. 12, there exists a basis matrix Zgy_ of
ker[AK ArV]TZC[, SuCh that ZKC'VI = ZCIZK‘V*CI'
Step 1: We show that the space Vgig of consistent initial
differential values fulfills

E™ Wi =ker Al x im L7 A} Zgoyy x R™ 0 (24)
“clet @ = (z] 29 z4)" € E7'VE with 2; € R,
xo € R™, 23 € R™. Now using Thm. 14 together with
(13), we obtain that there exist vectors z1, z2 with

AccAT oy Ac7rAT ZM¢Z1+AKgA; Zeiza
Lxo - AL Zerzo . (25)
0

£
Ay Zerza

A multiplication of the first equation in (25) with Z;{WI
yields Z;WIALL’lAIZW,zl = 0, and the positive defi-
niteness of £ now gives rise to AIZKCWzl = 0. It follows

that Zger2z1 € ker Al Then

Znemz1 € ker[Ag A A, Ay AT 2 {0},

and ker Zgry = {0} gives z; = 0. Then a multiplica-
tion of the first equation of (25) with Z) gives 0 =
ZYAx GAR Zr22, and we again make use of (5b) to infer
that A;{Zaz*g = 0. Then the first equation in (25) gives
AcCAlzy = 0, and (5b) gives Alx; = 0. The previous
findings imply z» € ker[Ag Ay]" Z. Hence, there exists
a vector y with Zgz_cy2 = 22. Plugging this into the
second equation of (25) and using Zzoy = ZerZaw—cr,
it follows that zo, = L*IAIZWIyQ, and we obtain x €
kerA—Cr X imL_lAIZWI x R™v,

“27: Consider x = (x{ zg x4)" with 21 € ker AL, x5 €
im £7YA] Zgeyr, 13 € R™. Then my = L7YA] Zgepyyo for
a vector y2, and we obtain

0 AL AT Zyey AxGAR Zer o
Er = Al Zgewy | = 0 Al Zg Zvamy) :
0 0 Al Zo

By again applying (13), Thm. 14 leads to z € E~ 1V,
Step 2: We conclude from Step 1 that

E - (E"Wgg)
) diag(AcCAT, £,0) - (ker AT x £ AT Zgoys x R™)

0
= im I:AZZW,] .
0

Step 3: We conclude the statement of Thm. 17: By using
the symmetry of F, we obtain
ker [0 Z3, Ac 0] Y22 (B (B-'WE))"
HR T B (B Vin)
Lem. 16

=" Vinit + ker B ) Vaig. U

In the case where the circuit does not contain any £-cuts,
we can conclude from Prop. 1 that Zgqy are trivial, i.e., it
has zero columns. As a consequence, we also obtain from
Thm. 17 that in the case of absence of L-cuts, any vector
in R™ is a consistent initial differential value for the MNA
system (cf. Prop. 15).
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