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COMBINED METHODS FOR SOLVING TIME-VARYING
SEMILINEAR DIFFERENTIAL-ALGEBRAIC EQUATIONS WITH
THE USE OF SPECTRAL PROJECTORS AND APPLICATIONS

MARIA FILIPKOVSKA (FILIPKOVSKAYA)

Abstract. Two combined methods for computing solutions of time-varying semilinear differential-
algebraic equations (descriptor systems) are obtained. When constructing the methods, time-
varying spectral projectors which can be found numerically are used. This enables one to nu-
merically solve the differential-algebraic equation (DAE) in the original form without additional
analytical transformations. The convergence and correctness of the developed methods are proved.
The methods are applicable to the semilinear DAEs with the continuous nonlinear part which may
not be differentiable in time. The global Lipschitz condition and other conditions of this kind are
not used in the presented theorems on the global solvability of DAEs and on the convergence of
the methods. This extends the scope of the methods. The obtained theorems ensure both the
existence of a unique global exact solution and the convergence of the methods, which enables
one to compute an approximate solution on any given time interval. Numerical examples illus-
trating the capabilities of the methods and their effectiveness in various situations are provided.
To demonstrate the practical application of the obtained methods and theorems, the numerical
and theoretical analyses of mathematical models of the dynamics of electric circuits are carried
out. It is shown that their results are consistent.

Key words. Descriptor system, differential-algebraic equation, numerical method, global solu-
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1. Introduction

Consider an implicit differential equation of the form

(1) L 1A@() + B)a() = f(2(0),

where t € [t4,00), t4+ >0, f € C([ty,00) x R",R") and A, B € C([t4,00),L(R"))
(L(X,Y) denotes the space of continuous linear operators acting from the vector
space X to the vector space Y, and L(X) := L(X, X)). The operators A(t), B(t)
(depending on the parameter ¢) can be degenerate (i.e., noninvertible). Equations
of the type (1) with a degenerate (for some t) operator A(t) are called degener-
ate differential equations or differential-algebraic equations (DAEs). DAEs of the
form (1) are commonly referred to as semilinear. Since the operators A(t), B(t)
are time-varying, equation (1) is called a time-varying semilinear DAE or a time-
varying degenerate differential equation (DE). In what follows, for the sake of gen-
erality, equation (1), where A € C([t4,00), L(R™)) is an arbitrary operator function
(i.e., the operator A(t) is not necessarily degenerate), will be called a time-varying
semilinear differential-algebraic equation.
The initial condition for the DAE is given by

(2) z(to) = o,

where ty > t,. The presence of a degenerate operator at the derivative in the DAE
means the presence of algebraic constraints, namely, the graphs of the solutions
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must lie in the manifold generated by the “algebraic part” of the DAE and the
initial points (o, o) must also belong to this manifold (see Remark 3.1).

A function = € C([tg,t1),R™) ([to,t1) C [t4,00)) is said to be a solution of
equation (1) on [tg,t1) if the function A(¢)x(t) is continuously differentiable on
[to, t1) and x(t) satisfies (1) on [to,?1). If the solution x(t) of (1) satisfies the initial
condition (2), then it is called a solution of the initial value problem (the IVP) (1),
(2).

Notice that if we consider a time-varying semilinear DAE of the form
(3) A(t)%x(t) + B(t)z(t) = f(t, x(t))
instead of (1), then we must require greater smoothness for its solution than for
(1). Namely, a function z € C1([tg,t1),R") satisfying equation (3) on [tg,t;) is
called a solution of (3).

DAEs or degenerate DEs are also called descriptor equations, algebraic-
differential systems and differential equations (or dynamical systems) on manifolds.
These equations are used to describe mathematical models in control theory, radio-
electronics, cybernetics, mechanics, economics, ecology, chemical kinetics and gas
industry (see, e.g., [3-5, 17, 18, 20, 24]). It is known that the dynamics of electrical
circuits is modeled using DAEs which, in general, cannot be reduced to explicit or-
dinary differential equations (ODEs). In Sections 4.1 and 4.2 we will consider two
mathematical models having the form of the DAE (1), which describes transient
processes in electrical circuits.

In the present paper, two combined numerical methods for the time-varying
semilinear DAEs, which have the first and second orders of convergence, are de-
veloped. To obtain these methods, we use, in particular, the time-varying spectral
projectors described in Sections 2.1 and 3.1 and the scheme with recalculation (the
“predictor-corrector” scheme). The methods are called combined since each of them
is essentially a combination of two methods, namely, a difference method for the
“differential part” and an iteration method for the “algebraic part” of the DAE
(this combination is used in method 1 presented in Section 3.2), and in addition
recalculation is used in method 2 presented in Section 3.3. The theorems on the
convergence and the orders of accuracy of the methods are proved in Sections 3.2,
3.3. These theorems contain conditions for the existence and uniqueness of exact
solutions, which in conjunction with conditions for the convergence of the methods
ensures the correctness of the methods as well.

Earlier, numerical methods for time-invariant semilinear DAEs were obtained
(see [11]) using time-invariant spectral projectors. The presence of time-varying op-
erators in the DAE (1) (as well as in (3)) significantly complicates the construction
of the numerical methods and the proof of their convergence; however, the approach
developed for the proof of the existence and uniqueness of global solutions in [§]
enables one to solve this problem as well. Furthermore, in [11] an approximation
by a centered difference was used in obtaining the second-order method, but this
increases the quantitative characteristic of stability and, accordingly, a smaller step
size may be required in calculations. Therefore, in the present paper, instead of a
centered difference we use the recalculation technique to achieve the second order
of convergence.

The main aims of the present work were: (1) to develop numerical methods,
which have certain advantages described below, for time-varying semilinear DAEs,
and (2) to demonstrate that the analytical methods, developed earlier to study the
solvability and stability of time-varying semilinear DAEs, can be applied to the
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development of the methods of numerical analysis. The numerical and theoretical
analyses of mathematical models, presented in Sections 4.1 and 4.2, are a demon-
stration of the effectiveness of the comprehensive analysis of practical problems by
using the methods presented in [8, 9] and the present paper.

It is clear that for different problems related to the numerical solution of various
types of DAEs different approaches may be more or less suitable (see the literature
mentioned below).

The obtained numerical methods, theorems on their convergence and other re-
sults presented in the paper have the following advantages and distinctive features:

1. The developed methods are applicable to DAEs of the type (1) and (3) with
the continuous nonlinear part which may not be differentiable in ¢ (see Propo-
sitions 3.1, 3.2). This is important for applications, since such equations arise
in various practical problems. For example, the functions of currents and volt-
ages in electric circuits may not be differentiable (or be piecewise differentiable)
or may be approximated by nondifferentiable functions. As examples, nonsinu-
soidal currents and voltages of the “sawtooth”, “triangular” and “rectangular”
shapes [7] can be considered, but more complex shapes are also occurred. In
Sections 4.1.2 and 4.2.2, the examples of numerical solutions for electrical cir-
cuits with nondifferentiable (on a given time interval) functions of voltages are
presented (Fig. 4 and 9).

2. The presented theorems and propositions on the convergence of the methods
give conditions which ensure the existence of a unique exact solution of the IVP
for the DAE on [tg, 00) and enable one to compute approximate solutions on any
given time interval [to,T]. This is important to note, since when proving the
convergence of a method one often assumes in advance that there is a unique
exact solution on the interval where the computation will be carried out, while
the calculation of the allowable length of this interval is a separate problem. Also,
one often uses theorems allowing one to prove the existence and uniqueness of
an exact solution only on a sufficiently small (local) time interval, but in this
case the numerical method can be correctly applied only on this small interval.

3. The global Lipschitz condition and other conditions of this kind, including the
global condition of the contractivity (the Lipschitz condition with a constant
less than 1), are not used in the theorems on the DAE global solvability and on
the convergence of the methods. The global Lipschitz condition is not fulfilled
for mathematical models of electrical circuits with certain nonlinear parameters
(e.g., in the form of power functions mentioned in Section 4.1, 4.2). In general,
various types of DEs with non-Lipschitz or non-globally Lipschitz functions (see,
e.g., [14, 23] and references therein) arise in applications.

4. Tt is not required that the DAE in question (i.e., (1) or (3)) be a regular DAE
of tractability index 1 (see the definitions in [18, p. 319-320]), i.e., that NA(¢) +
B(t)— %(t7 x) is a regular pencil of index 1, or that the DAE has index 1 in any
other sense given in the literature on DAEs [1, 4, 13, 17, 20]. Instead, the pencil
AA(t)+ B(t) associated with the linear part of the DAE is required to be a regular
pencil of index not higher than 1. The definition of the pencil index and the
discussion of this issue are given in Section 2.1.1. Note that the purpose of the
paper was to construct numerical methods for the DAE (i.e., equation (1) or (3)
with the degenerate operator A(t)). Since MA(t) + B(t) has index 0 in the case
when A(t) is nondegenerate (for all ¢), we will formulate statements (theorems,
lemmas, etc.) and carry out proofs for the case when A(t) is degenerate but not
identically zero and AA(t) + B(t) is a regular pencil of index 1. Of course, for
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the cases when A(t) is nondegenerate or zero (for all ¢), the results obtained in
the paper remain valid.

5. The time-varying spectral projectors used in developing the numerical methods
can be numerically found, as shown in Section 3.1 (the description of the projec-
tors is given in Section 2.1), which enables one to numerically solve the DAE (1)
in the original form, i.e., additional analytical transformations are not required
for the application of the methods.

Generally, there are already a lot of works on numerical methods for solving
various types of DAEs. Key ideas and main approaches to the numerical solution
of DAEs are described in the monographs [1, 4, 13, 17, 18, 20] (we also refer to
[11, 16, 19] for an overview). Since we consider the semilinear DAEs with regular
characteristic pencils of index 1, which can be reduced to semi-explicit DAEs with
the help of spectral projectors (see Section 2.1), we will mainly discuss index-1
DAESs, including semi-explicit DAEs of index 1. The main idea of many works
is the reduction of a DAE to an ODE or the replacement of a DAE by a stiff
ODE for the further application of methods for solving ODEs, or the use of these
methods directly for solving DAEs. For example, to solve autonomous semi-explicit
DAEs of index 1, the e-embedding method is applied in [13, 16]. Also, for the
nonautonomous semi-explicit DAE dy/dt = f(t,y,z), 0 = g(t,y,z) of index 1 (it
means that [0g/9z] 7! exists and is bounded in a neighborhood of the exact solution
[4]), [1, 4, 16, 17] provide the e-embedding method in which the Runge-Kutta
(RK) method is applied to the corresponding stiff system dy/dt = f(t,y,z,¢e),
edz/dt = g(t,y,z,¢€), where € > 0 is a small parameter, and then ¢ = 0 is set in
the resulting formulas. A solution of the stiff system of ODEs dy/dt = f(t,y, z, €),
edz/dt = g(t,y,z,e) (¢ > 0) in general does not approach the solution of the
reduced DAE (obtained by setting e = 0) dy/dt = f(t,y,2,0), 0 = g(t,y, z,0);
however, under certain conditions it is possible to obtain a stiff ODE system whose
solutions approximate solutions of the reduced DAE [4, 16]. Note that in order
to apply the e-embedding method, it is necessary to reduce a semi-explicit DAE
to the corresponding stiff ODE system that requires a sufficient smoothness of
the nonlinear function in the DAE (the continuity of the function is not enough
here). As mentioned above, one of the advantages of the methods proposed in the
present paper is that they are applicable to semilinear DAEs with the continuous
nonlinear part which may not be differentiable in . The backward differentiation
formulas (BDF), RK methods and general linear multi-step methods were presented
for semi-explicit DAEs and regular nonlinear DAEs of index 1 in [1, 4, 17, 18] and
also for regular time-invariant quasilinear DAEs in [13]. In [17, 19], the collocation
RK method, the BDF method and a half-explicit method were given for regular
strangeness-free DAEs. The RK methods are also used to solve semi-explicit DAEs
of index 2 or 3in [1, 4, 13] and [22]. There exist numerical methods for the reduction
of the index of DAEs (see, e.g., [1, 13, 17, 18]).

The stiff ODE systems mentioned above arise in various applications. For exam-
ple, the ODE systems containing fast and slow motions (variables) are stiff ODE
systems which describe motions of a rigid body about its center of mass [2, 5].
The averaging method enabling one to obtain approximate solutions of the stiff
(perturbed) system on a large time interval is presented in [5], and the method of
integral manifolds, which allows one to reduce the original perturbed system to an
ODE, has been considered in [2]. A solution of the reduced DAE can be a good
approximation to the solution of the corresponding stiff ODE system under certain
conditions.
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The projector based analysis of DAEs and the application of BDF, RK and
general linear methods to DAEs with properly stated leading term is described in
[18]. The technique described in this monograph uses the concept of the tractability
index. As mentioned above, under the restrictions used in the present paper, the
DAEs may not have tractability index 1. Furthermore, another projector method
is used in this paper.

The paper has the following structure: In Section 2.1, we consider con-
straints on the operator coefficients (more precisely, on the characteristic operator
pencils) of the DAEs, define the index of a regular operator pencil, and describe the
spectral projectors and the method for reducing the time-varying semilinear DAE
to a semi-explicit form by using these projectors. Section 2.2 provides theorems
and propositions (proved in prior papers), which give conditions for the existence,
uniqueness and boundedness of the exact global solutions, as well as certain defi-
nitions and the remarks on the solution properties and the theorem applications.
These results were obtained in the prior papers, but since they are necessary for
the formulation and proof of the main results of the present paper, we provide
them here. In Section 3, an algorithm for calculating the spectral projectors is
described, and two combined methods for solving the time-varying semilinear DAE
are obtained, as well as the theorems on the convergence, correctness and the or-
ders of convergence (the global errors) of the methods are proved. In addition,
the important propositions on the convergence of the methods, when weakening
the smoothness requirements for the nonlinear functions in the DAESs, are given in
Subsections 3.2, 3.3. In Sections 4.1 and 4.2, the theoretical and numerical analyses
of mathematical models of the dynamics of electric circuits are carried out. This, on
the one hand, demonstrates the application of the obtained theorems and methods
to real physical problems, and on the other hand, shows that the theoretical and
numerical results are consistent. In Section 4.3, numerical examples illustrating the
proved convergence of the methods are given, and the comparative analysis of the
methods is carried out.

In the paper, the following notation is used: Ix denotes the identity operator in
the space X; d;; is the Kronecker delta; C(0,00) = C((0,00), (0,00)). A function,
for example f, is often denoted by the same symbol f(z) as its value at the point
x in order to explicitly indicate its argument (or arguments), but it will be clear
from the context what exactly is meant. Notice that when the formula breaks at
the multiplication sign, we denote it by x.

2. Preliminaries

2.1. Index of a regular pencil of operators, spectral projectors and their
application.

2.1.1. Index of a regular pencil AA(t) + B(t). Consider the operator pen-
cil MA(t) + B(t) (A is a complex parameter) associated with the linear part
d d
%[A(t)m(t)] + B(t)z(t) of the DAE (1) or with the linear part A(t)ﬁx(t) +B(t)z(t)
of the DAE (3). The pencil associated with the linear part of the DAE is called
characteristic.

In the present paper, it is assumed that AA(t) + B(t) is a reqular pencil of index
not higher than 1 (index 0 or 1). This means that for each ¢t > ¢, the pencil is

regular, i.e., the set of its regular points is not empty (for the regular points A
there exists the resolvent of pencil (AA(t) + B(t))™!), and there exist functions
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Cy, Cy: [t4,00) = (0,00) such that for each t € [t4,00) the pencil resolvent
R\ t) := (MA(t) + B(t)) ™!

satisfies the condition (cf. [24, 25])

(4) |R(A )| < Ci(t) for all X with || > Ca(t)

(hence, for any fixed ¢ the resolvent is bounded in a neighborhood of infinity). The
condition (4) means that either the point ;= 0 is a simple pole of the resolvent
(A(t) + uB(t))~! of the pencil A(t) + uB(t) (this is equivalent to the fact that
A = oo is a removable singularity of R(\,t)), or u = 0 is a regular point of the
pencil A(t) + pB(t) (ie., the operator A(t) is nondegenerate).

If 4 = 0 is aregular point of the pencil A(t)+pB(t) for each t, then NA(t)+ B(t) is
a reqular pencil of index 0. If yu = 0 is a simple pole of the resolvent (A(t)+uB(t)) !
for each t, i.e., A(t) is degenerate for all ¢ and the condition (4) is satisfied, then
AA(t) + B(t) is a regular pencil of index 1. In the general case, the definition for
the index of a regular pencil is given below.

In [24, Section 6.2], for the regular pencil AA+ B of time-invariant square matrices
A and B, the maximum length of the chain of root vectors of the pencil A+ uB at
the point p = 0 is referred to as the indez of the pencil AA+ B. This definition can
be naturally associated with the following generalization (cf. [24, Section 3.3.1],
[25]) of the condition (4): Assume that the pencil NA(t) + B(t) is regular (for each
t > t4) and there exist functions Cq, Ca: [t4+,00) — (0,00) such that for each
te [t+, OO)7

5) RO < CL@AP~! forall A with |\ > Co(t) (v e N),

then AA(t) 4+ B(t) is called a regular pencil of index not higher than v. Tt follows
from (5) that

[(At) + pB(®) || < CL(t) [l ™ for all p with 0 < [u] < (Ca(t)) ™.

Accordingly, we define the index of a regular pencil AA(t) + B(t) in the following
way.

Definition 2.1. Let A, B: T — L(X,Y) (or A(t), B(t) are matrices corresponding
to the linear operators A(t), B(t) € L(X,Y) with respect to some bases in the spaces
X, Y, which depend on the parameter ¢t € T), where X =Y = R" or = C" and
T C R is some interval. Also, let the operator (or matrix) pencil AA(t) + B(t),
where A is a complex parameter, be regular for each t € 7. For a fixed t € T, if the
point = 0 is a pole of the resolvent (A(t) + uB(t)) ", then the order v (v € N) of
the pole is called the index of the regular pencil AA(t) + B(t), and in the case
when ¢ = 0 is a regular point of the pencil A(t) + uB(t), the index of the regular
pencil NA(t) + B(t) is v = 0. If the pencil AA(t) + B(t) has index v for each t € T,
then we will say that AA(t) + B(t) is a regular pencil of index v (v € NU {0}).

Various notions of index of a matrix (operator) pencil, index of a DAE and
a relationship between them are discussed in [10, Remark 2.1] and in detail in
[17, 18, 20].

We fix t and will give several comparisons with a time-invariant regular pencil
AA 4+ B of index 1 below. First, note that if the regular pencil AA + B (4 is
degenerate) has index 1 in the above sense, then the index of nilpotency of the
matrix pencil AA + B equals 1 as defined in [12, p. 717-718]. Further, the index of
nilpotency of the matrix pencil AA + B is called the Kronecker index of the regular
matrix pair {4, B} which forms the matrix pencil AA+ B [18, Def. 1.4]. In addition,
the Kronecker index or nilpotency index of the regular pencil AA + B (the regular
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matrix pair {A, B} or matrix pencil AA 4+ B) coincides with the Kronecker index
(see [18, Def. 1.4]) or the index (see [12, p. 718]) of a regular linear time-invariant
DAE 4[Az] + Bz = f(t). The linear time-invariant DAE with the regular pencil
AA+B of index 1 in the sense as defined in the present paper is a regular linear DAE
with tractability index 1 [18, Def. 2.25] (for a semilinear DAE this correspondence
does not exist) and its Kronecker index as well as its index of nilpotency is 1. Thus,
for the regular pencil AA 4+ B of index 1 all these notions give the same index value
(equal to 1) for the linear time-invariant DAE as well as the pencil, regardless of
how the index is defined. In addition, the regular pencil AA+ B of index not higher
than 1 (as defined in the present paper) satisfies the “rank-degree” criterion defined
in [6, p. 30].

Note that the approach that uses the differentiation index (see [4]) deals with
the differentiation of algebraic equations in a differential-algebraic system and with
the index of a DAE while we work with the index of the pencil associated with
the linear part of the DAE and do not use manipulations with equations to find
it. Moreover, we consider the case when the nonlinear function f in the DAE (1)
(or (3)) may not be differentiable with respect to ¢ and, if f is not differentiable,
the differentiation index of the DAE cannot be determined. The differentiation
index, roughly speaking, is defined as the number of differentiations needed to
reduce a DAE to an explicit ODE (the precise definition is given in [4, Section 2]).
Similarly, when finding the strangeness index [17] of a linear DAE (or a pair of
matrices), differentiation as well as additional operations are applied. For a linear
time-invariant DAE the differentiation index (if it can be determined) and the
nilpotency (or Kronecker) index coincide.

2.1.2. Spectral projectors of the Riesz type and their application. Sup-
pose that AA(t) + B(t) is a regular pencil of index not higher than v, i.e., the
condition (5) holds, then for each ¢ € [t4,00) there exist the two pairs of mutually
complementary projectors P (t), Po(t) and Q1(t), Q2(t) (i-e., P;i(t)P;(t) = 8;; Pi(t),
Pl(t) + Pg(t) = Ign, Q,(t)Q](t) = 57]Q7(t), Ql(t) + Qg(t) = IRn) which can be
obtained by the formulas (see [24, 25])

1 1
P =5 § RODADDN Q=55 ADROHA,
6 2mi 2mi
(6) IA|=C2(t) [X=C2(t)

Py(t) = Ign — Py(t), Q2(t) = Ign — Q1(t)
and generate the decompositions of R™ into the direct sums of subspaces
o R™ = X1()+X2(t),  X;(t) = P;(H)R",
R" = Yl(t)'i_YQ(t)v Yj(t) = Qj(t)an J=12,
such that the pairs of subspaces X (t), Y1(¢) and X5(¢), Y2(t) are invariant with
respect to A(t), B(t) (i.e., A(t), B(t): X;(t) — Y;(t)); the restricted operators
A5 = AWy, 5 X0 > Vi), Bi(t) = By, 5 X)) > Vi), =12,
are such that the inverse operators A7'(t) and By *(t) exist (if X (t) # {0} and

Xo(t) # {0}, respectively). If the regular pencil has index not higher than 1, i.e.,
satisfies (4), then As(t) = 0 and the subspaces X;(t), Y;(t) are such that

Y1(t) = range(A(t)), Xa(t) = ker A(¢),
Ya(t) = B(t)Xa(t), Xi(t) = R(A, 0)Y1(t), |A] = Ca(t).
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The spectral projectors (6) are real (because A(t) and B(t) are real) and
At)Pi(t) = Qu(t)A(t) = A(t),  A(t)Pa(t) = Q2(t)A(t) = 0,
B(t)P;(t) = Q;(1)B(t), j=1,2.

Using the spectral projectors, for each t € [t4,00) we obtain the auxiliary oper-
ator [24, 25]

(8) G(t) = A(t) + B(t)P2(t) = A(t) + Q2()B(t) € L(R™)
such that G(t)X;(t) = Y;(t), j = 1,2; it has the inverse G~*(¢) € L(R") such that
GTHAMPI(E) = GTHHA®D) = Pi(t),  GTHBBP(t) = Pa(t).

The projectors P;(t), Q;(t), i = 1,2, and the operators G(t), G~1(t) as operator
functions have the same degree of smoothness as the operator functions A(t), B(t)
and the function Cs(t) from (4) [24, Section 3.3], [25].

In what follows, we suppose that A, B € Cl([ty, ) L(R™)) and Cg €
Cl([ty,0),(0,00)), then P;, Q; € C! ([t+, 0),L(R")), i = 1,2, and G, G}
Ct([t4,o0), L(R™)). Since the projectors P;(t), Q;(t) are continuous (moreover,
they are continuously differentiable) as operator functions for ¢ € [t4,00), the di-
mensions of the subspaces X;(t) = P;(#)R™ and Y;(t) = Q;(*)R™ (i = 1,2) are
constant (cf. [15, p. 34]), and we denote dim X5(t) = dim Y>(¢) = d (d = const > 0)
and, accordingly, dim X;(¢) = dimY3(t) =n —d, t € [t4+,00). This means that the
pencil AA(t) + B(t) has either index 0 for each ¢ or index 1 for each ¢ (¢ € [t4,0)).
Method of the spectral projectors for the reduction of a time-varying
semilinear DAE to the system of an explicit ODE and an algebraic equa-
tion. As shown in [8], using the projectors P;(t), Q;(t) and the operator G~1(t),
one can reduce the DAE (1) to the equivalent system of the explicit ODE (9) (with
respect to Pi(t)z(t)) and the algebraic equation (10):

[Pu(t)z(t)]" = [P{(t) = GTH(t) Qu(t) [A'(t) + B(X)] | Pu(t)(t)
(9) +GTHH) Qi) f(t,x(1),
(10) Gt Q) [f(t,2(t)) — A (O PL(t)a(t)] — Pa(t)z(t) = 0.
For each t, with respect to the decomposition R” = X (t)+X(t) (see (7)), every
x € R™ can be uniquely represented as
(11) z=P(t)x + Pa(t)x = xp, (1) + xp, (1),  xp,(t) = Pi(t)x € X;(t), i=1,2.
Using (11) (ie., zp, (t) = Pi(t)z(t), x(t) = zp, (t) + xp, (t)), we rewrite the system

(9), (10) as

/

T, t

(t) = [PI(t) = GTH(t) Qu(t) [A'(t) + B(t)] |y, (2)

(12) O QO (7 (1) + (1),

(13) G_l(t) Q2 (t) [f (ta Tp, (t) + Lpy (t)) - A/(t)xpl (t)] — Tpy (t) =0.

The system (12), (13) or (9), (10) is a nonautonomous (time-varying) semi-explicit
DAE. Generally, systems of the form y = f(t,y,2), 0 = g(t,y, z) are referred to as
nonautonomous (time-varying) semi-explicit DAEs. The time-varying semilinear

DAE (3) is reduced to a semi-explicit form in a similar way (see [8, the system
(1.18) or (1.19), (1.20)]).

2.2. Existence, uniqueness and boundedness of global solutions of time-
varying semilinear DAEs. Below we give definitions [8, 10] that will be needed
to formulate further results.
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A solution z(t) of the IVP (1), (2) is called global if it exists on the interval
[to,00). A solution z(t) of the IVP (1), (2) is called Lagrange stable if it is global
and bounded, i.e., z(t) exists on [tg,00) and sup ||z(¢)| < oo.

tEto,00

A solution z(t) of the IVP (1), (2) is called Lagrange unstable (a solution has
a finite escape time or is blow-up in finite time) if it exists on some finite interval
[to, T') and is unbounded, i.e., there exists T' > to (T' < o0) such that tiijrp o lz(@®)| =
00.

Equation (1) is called Lagrange stable (Lagrange unstable) for the initial point
(to, o) if the solution of the IVP (1), (2) is Lagrange stable (Lagrange unstable)
for this initial point.

Equation (1) is called Lagrange stable (Lagrange unstable) if each solution of
the IVP (1), (2) is Lagrange stable (Lagrange unstable), that is, the equation is
Lagrange stable (Lagrange unstable) for each consistent initial point.

Similar definitions hold for the DAE (3) (the IVP (3), (2)).

The existence, uniqueness and boundedness of global solutions of DAEs
(1) and (3). In what follows, the following notation will be used:
Ur(0) ={z e R" | [|z]| = R}.

Theorem 2.1 (Global solvability of the DAE (1) [8, Theorem 2.1]). Let f €
C(fts00)x B, BY), € Ot 00)xR", L(R™)), A, B € €[4, 00), L(RY)), the
pencil NA(t) + B(t) satisfy (4), where Cy € C([t4, ), (0,00)), and the following

conditions hold:

1. Foreacht € [ty,00) and each xp, (t) € X1 (t) there exists a unique xp,(t) € Xa(t)
such that

(14) (t’ Tpy (t) + Tp, (t)) € Lt+'

2. For each (fived) t. € [ty,00), xp (t) € Xi(ts), ,(ts) € Xao(ts) such that
(tw, wp, (ts) + x5, (t)) € Ly, the operator @t*’le(t*)’m% (t.) defined by

*1 V1

Do 2y (t)as, (t)
(15) = %[Qﬂt*)f(*, zy (t) + x5, (8) | = B(te) | Pa(t): Xo(t) = Ya(ts)

is invertible.
3. There exist functions k € C([ty,),R), U € C(0,00), a number R >0
and a positive definite function V € C’l([t+,oo) X U}%(O),R) such that

oo
S (U(v))il dv =00 (vg > 0 is some constant) and it holds that
Vo

3.1. V(t,z) = oo uniformly in t on each finite interval [a,b) C [t4+,00) as
[[2]| = oo;

3.2. Forallt € [ty,00), xp, (t) € X1(t), xp,(t) € Xo(t) such that (t,zp, (t) +
Tp,(t)) € Ly, and ||zp, ()| > R, the following inequality holds:

(16) Viiay(t,2p, (8)) < k(@) U (V(t, 2, (1)),
where

Vi 000 = Gt 0) + (G (0, [PLC)
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= GTHQUO[A () + BO)]]ap, (1) + GTHO)QE)f (¢, 2, () + 2, (t))>

is the derivative of V' along the trajectories of equation (12) (where x,, (t)=2(t)).
Then for each initial point (to,xo) € Ly, there exists a unique global solution of the
IVP (1), (2).

Equation (12) can be written as xj, () = I(Z, zp, (t), zp,(t)), where II has the
form (29) (see Section 3.2), i.e.,

H(ta xpl (t)a xpz (t))
=[PI(t) = GTH(t) Qu(t) [A'(t) + B(®)] Jap, () + GTH() Qut) f (£, 2py (1) + 2, (1))
Consider the equation
2y, (8) = T (t, 2p, (1), 2, (1)),

17 Tpi) T
a7 HT(t,Im(t)vxm(t)){EE;;;(Z;),ZS?;)), oy

where T' >t is a parameter and the function II, is the truncation of II over ¢.

Proposition 2.1. Theorem 2.1 remains valid if condition 3 is replaced by the

following:

3. There exists a positive definite function V € C([t4,00) x U4(0),R), where
R >0 is some number, and a function U € C(0,00) satisfying the relation

ofO(U(v))f1 dv = 00 (vg > 0 is some constant), and for each T > 0 there exists
1(110 number Ry > R and a function kr € C([t4+,00),R) such that

3.1. V(t, z) = oo uniformly in t on each finite interval [a,b) C [t4+,00) as
1] = oo;

3.2. For allt € [ty,00), xp, (t) € X1(t), xp,(t) € Xa(t) such that (t,zp, (t) +
Tp,(t)) € Ly, and ||zp, ()| > Ry, the following inequality holds:

Viigy (txp, (1) < kr(8) U (V(E, 2, (1)),
where

Vi 10 0) = Gt 0) (G0 0 T 0,01

is the derivative of V' along the trajectories of equation (17).

Proof. The proof of the above proposition is easily derived from the proof of The-
orem 2.1 (see [8]), since a solution of equation (17) with the truncation coincides
with the solution of the original equation with the same initial values on the interval
[t+,T] (where the right-hand sides of the equations coincide). O
A system of s pairwise disjoint projectors {©y € L(Z)};_, (ie., ©;0, = 6;; ©;)
S
such that . ©p = Iz, where Z is an s-dimensional linear space and Iy is the
k=1
identity operator in Z, is called an additive resolution of the identity in Z (cf. [21]).
An operator function ®: D — L(W, Z), where W, Z are s-dimensional linear spaces
and D C W, is called basis invertible on an interval J C D if for some additive
resolution of the identity {©x};_, in Z and for any set of elements {w*};_, C J
the operator

A= Z 0xd(w") € L(W, Z)
k=1
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has an inverse A=! € L(Z, W) (cf. [21]). The basis invertibility of ® on J implies
its invertibility on J, i.e., the invertibility of the operator ®(w™*) for each w* € J .
The converse is not true, except for the case when W, Z are one-dimensional.

Theorem 2.2 (Global solvability of the DAE (1), [8, Theorem 2.2]). Theorem 2.1

remains valid if conditions 1, 2 are replaced by the following:

1. For each t € [ty,00) and each x,,(t) € X1(t) there exists z,,(t) € Xo(t) such
that (14).

2. For each (fized) t. € [ty,00), x} (t.) € X1(t.), i, (t.) € Xo(t.) such that
(te, @ (te) + b, (te)) € Ly, , i = 1,2, the operator function Dy, o, (t) (X, (t4))
defined by

Dy, o (1) Xa(ts) = L(Xa (L), Ya(ts)),

(18) d .

¢t*am;§1 (t*)(xpz (t*)) = %[QQ(t*)f(t*’ 'rpl (t*)+xp2 (t*))] _B(t*) PQ(t*)’
is basis invertible on [z}, (L), 23, (t.)].

Remark 2.1. Theorems 2.1 and 2.2 ensure the following smoothness for the com-

ponents of a solution z(¢) of the DAE (1): Py (t)x(t) € C*([to,00),R"), Py(t)z(t) €

C([tp, ), R™). If in these theorems A, B € C™*1([ty,00),L(R")), the function

Cy € C™FY([ty,00),(0,00)) in the condition (4), and f € C™([t;,0) x R® R"),

where m > 1, then the solution x(t) is such that Py (t)x(t) € C™*([tp, 00), R™) and

Py(t)z(t) € C™([tg, 00), R™).

Proposition 2.2 ([8, Assertion 2.1]). Theorem 2.1 remains valid if conditions 1, 2
are replaced by the following condition: there exists a constant 0 < o < 1 such that

[GTHE) Q2(t) f(t,2p, () + 2, (1) — GTH() Q2(t) f (¢, 2p, (£) + 2, (1)) |
(19) < afjay, () -2, (0
Jor any t € [ty,00), xp, (t) € X1(t), 1, (t) € Xa(t), i =1,2.

A proposition similar to 2.2 holds true for Theorem 2.2 and its conditions 1, 2.
Note that if the conditions of Proposition 2.2 are satisfied, then the conditions of
Theorems 2.1, 2.2 hold as well, and that these theorems impose weaker constraints
on the functions in the DAE than Proposition 2.2.

Recall that dim X5 (¢) = dim Y5(t) = d = const, dim X;(¢) = dimY3(¢t) = n — d,
te [t+, OO)

Theorem 2.3 (Lagrange stability of the DAE (1) [8, Theorem 2.5]). Let f €
C([ty,0) x R* R"), % € C([ty,00) x R L(R")), A,B € C'([ty,0),L(R")),

and let the pencil NA(t)+ B(t) satisfy (4), where Cy € C*([t4,0),(0,00)). Assume
that conditions 1, 2 of Theorem 2.1 or 1, 2 of Theorem 2.2 are satisfied and the
following conditions hold:

3. There exist functions k € C([t4+,00),R), U € C(0,00), a positive definite func-
tion V€ C*([t4,00) x Ug(0),R) and a number R > 0 such that [ k(t)dt < oo,

t4
o0
Ik (U(v))_ldv =00 (vg > 0 is some constant) and it holds that
Vo
3.1. V(t,z) — oo uniformly in t on [t4,00) as ||z]] = oo;
3.2. For allt € [ty,00), xp, () € X1(t), xp, (t) € Xa(t) such that (¢, zp, (t) +
Tp,(t)) € Ly, and ||xp, (t)]| > R inequality (16) holds.
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4. Let one of the following conditions be satisfied:
4a. For all (t,xp, (t) + xp,(t)) € Ly, , ||zp, (t)|]| < M <00 (M is an arbitrary
constant) it holds that

IGTHO)Q2() [f(t, 2p, (1) + 2y (1) — A' (D), (1] | < Ky <00,
where Ky = K (M) is some constant.
4b. For all (t,xp, (1) + xp,(t)) € Ly, [|ap, (1) £ M < oo (M is an arbitrary
constant), it holds that

25, ()]} < Kar < o0,

where Ky = K(M) is some constant.

4c. For each t, € [t1,00), there exists Zp,(t.) € Xa(t.) such that for each
xy (t) € Xi(ts), i = 1,2, which satisfy (t«,xy (t) +x;,(ts)) € Lt , the op-
erator function (18) is basis invertible on (Ip,(t),zy,(t«)] and the corre-

d . -1
sponding inverse operator (i.e., [Z C—)k(t*)(bt*,z;l(t*)<xp27k(t*)):| where
k=1

{pyk(t) Yy s an arbitrary set of the elements from (Ip,(t.), x5, ()] and
{Ok(t.)Y_, is some additive resolution of the identity in Ya(t.) ) is bounded
uniformly in t., Tp,(t) (i€, in to, Tp, x(te), k=1,...,d) on [ty4,00),

(Tpy (ts), 5y, (ti)]. In addition, let s{up | Zp, (t)]] < 00 and
to€lts,00

sup IGTH(t)Qa(t) [f (te, 25, (8) +Ep,y () — A (te )2y, ()] || < 00

telts 00, [lzp, (L) I<M

(M is an arbitrary constant).
Then the DAE (1) is Lagrange stable.

Note that if condition 3 of Theorem 2.3 holds, then condition 3 of Theorem 2.1
holds. From this remark we obtain the following corollary.

Corollary 2.1. If all the conditions of Theorem 2.3 except 4 are fulfilled, then
the conditions of Theorem 2.1 or 2.2 (depending on whether conditions 1, 2 of
Theorem 2.1 or conditions 1, 2 of Theorem 2.2 are fulfilled) are satisfied and,
consequently, for each initial point (to, o) € Ly, there exists a unique global solution

of the IVP (1), (2).

The theorem [8, Theorem 2.9] on the Lagrange instability of the DAE (1) gives
conditions under which the DAE is Lagrange unstable, and therefore does not
have global solutions, for consistent initial points (to,xo) such that the component
Py (to)xo belongs to a certain region.

Remark 2.2. The theorems [8, Theorems 2.3 and 2.4] on the global solvability of
the DAE (3) guarantee that its solution € C*([tg, o0), R™). If in these theorems
A, B € C™([t4+,00),L(R™)), the function Cy € C™([t4,0),(0,00)) in (4) and
feC™([ty,o0) x R* R™), where m > 1, then the solution z € C™([ty, c0), R™).
Remark on the choice of the function V in the above theorems (see [9,
Section 4]). First, note that [8, Section 2] provides the theorems on the global
solvability, Lagrange stability and instability and ultimate boundedness (dissipa-
tivity) of DAEs (1) and (3). A scalar function V(¢,z) is called a Lyapunov type
function if it satisfies one of the theorems mentioned above. The function

(20) Vt,z) = (H(t)z,z2),

where H € C'([t;,00),L(R™)) is a positive definite self-adjoint operator function
(see [8, Definition 1.1]), satisfies the conditions of Theorems 2.1-2.3 on the global
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solvability and Lagrange stability and the theorem [8, Theorem 2.9] on the Lagrange
instability, however, the conditions on the derivative V(,12) (t,zp, (t)) remain in the
theorems and need to be verified. A similar statement holds for the corresponding
theorems obtained for the DAE (3) in [8]. [9, Section 4] provides detailed comments
on the application of the function (20) when checking the conditions of the theorems
presented in [8, 9]. For V of the form (20), the derivative V(/12) (t,xp, (t)) (presented
in (16)) has the form

(21)

Vi) (629, (1) =(H' (), (1), 25, (1) + 2(H(0)y, (1), [PL(1) = GTHOQu() [A'(1)
o+ B)] )2, (1) + G Q) £ (b2 (6) + 2 (1) ).

3. Combined numerical methods: the construction, convergence and or-
ders

3.1. Calculation of the spectral projectors and preliminaries. One of the
advantages of the numerical methods proposed in this paper is the possibility to nu-
merically find the spectral projectors P;(t), Q;(¢), which enables one to numerically
solve the DAE in the original form (1). To calculate the spectral projectors, residues
can be used (see (22) below). Recall that, by assumption, the pencil NA(t) + B(t)
is either a regular pencil of index 1 or a regular pencil of index 0.

The definition of the index of a regular pencil is given in Section 2.1.1.

Now, suppose that MA(t) + B(t) is a regular pencil of index v

(v €NU{0}). It follows from (6) that Py(t) = ;L. ¢  A@+eBO) A,

27i
B Iul=1/Cs (1) !
and Q1 (t) = = ¢ A(t)(A(t):“B(t)) dp. Thus, for each ¢ € [t4,00) the pro-
lul=1/Ca(t)
jectors (6) can be calculated by using residues:
(22)
At B(t)) LAt A(t)(A(t B(t)!
Pt = g (LLEEBOIA) g (AW £0) 1),
n=0 1 n=0 jz
Py(t) = Ign — P1(1), Q2(t) = Irn — Q1(2).
Denote
A(t) +uB(t) At A(t)(A(t) + pB(t) !
Ry o AOEHBOAG) L AGAD) + uB)
7 7
then

Pl (t) = Il}:eg Rp(ILL7 t)a Ql(t) = 5268 Rq (/’La t)v

where ¢ is a parameter. It is clear that the function (R,)i; (1, t) (4,7 = 1,...,n), Le.,
(4,7)-entry of the matrix R,(u,t), is a rational function in p, and if g = 0 is its
pole of order k, then (R);(11,t) = p(u,t)u~", where ¢(u,t) is a polynomial in p
such that ¢(0,t) # 0 (similarly for (Rq):;(1,1)).
Thus, the main steps of the algorithm used for the calculation of the projectors
(22) are as follows:
Step 1. Fori,j=1,...n:
1.1. determine the order k of a pole of the function (R,);(x,t) at the point
p = 0; to do this, we convert (R,);;(¢,t) to a rational form (with respect
to ) and determine the order k of the zero of the denominator at the point
u =0, at that, if the denominator does not have a zero at u = 0, then the
order k = 0;
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1.2. if the order k > 1, then

Py)ij(t) = Res(R S S 1% k
(Pr)s(t) = Res( p)ij(u,t)*mm[( p)ij (s 1) 10°] .

and if the order & = 0, then (P1);;(¢) = 0. Finally, Pi(t) =
((Pl)ij(t))1gi,jgn'

Step 2. Perform the same as in Step 1, replacing R,(u,t) = ((Rp)ij(“’t))1<ij<n
with Ry(p,t) = ((Rq)ij(u,t))1<ij<n and, accordingly, P (t) with Q1 (t) =
((Ql)ij(t))lgiﬂ'gn’

Step 3. Having calculated Pj(t) and Q1(t), find Ps(t) = Izgn — Pi(t) and Q2(t) =
IRn - Ql(t).

In the case when the index of the pencil is 0, we have P;(t) = Ign, Pa(t) =0,
and Q1(t) = Irn, Q2(t) = 0. In this case, the operator A(t) is nondegenerate (i.e.,
invertible) for each t € [t4,00) and the DAE (1) (as well as (3)) can be reduced to
an ODE. Obviously, in the case when A(t) = 0 and B(t) is nondegenerate for each
t, which corresponds to a particular case of the pencil NA(t) + B(t) of index 1, we
have Pi(t) = 0, Py(t) = Ign, and Q1(t) = 0, Q2(t) = Ig», and, in this case, the
DAE is a purely algebraic equation (i.e., do not contain the derivative).

Note that in Step 1 of the above algorithm one can use another (but similar)
approach which involves the calculation of the entire projector at once and the
second option of Step 1 is as follows:

1.1. determine the order v of a pole of R,(u,t) at the point u = 0 (to do
this, we can determine the order k;; = k of a pole of (R,);;(u,t) at =0
as described in item 1.1 of Step 1 above, and set v = max {ki;});

1,3
1.2. if the order v > 1, then
1 dufl

Pi(t) = 553&)(%75) S Dlde T

[Bp(p,t) ]|
u=0
and if v = 0, then P;(¢) = 0.

After computing the projectors, the auziliary operator G(t) is calculated by the
formula (8).

For the special cases when A(t) is nondegenerate or is zero (for all t), the results
obtained herein remain valid, but since the purpose was to construct numerical
methods for the DAEs, we carry out further proofs for the case when A(t) is de-
generate but not identically zero and AA(t) + B(¢) is a regular pencil of index 1,
without comments on the form of the conditions for the special cases.

Remark 3.1. (cf. [8, Remark 1.2]) Introduce the manifold
(23)  Le, = {(t,2) € [t4,00) x R™ | Q2(t)[A"(t) Pr(t)x + B(t)x — f(t, x)] = 0}
(in (23) the number t is a parameter). The consistency condition (to,xo) € Ly,
for the initial point (tg, o) is one of the necessary conditions for the existence of
a solution of the IVP (1), (2). An initial point (to,xo) satisfying this condition is
called a consistent initial point and the corresponding initial values ¢, xg are called
consistent initial values.

We discretize the IVP (1), (2) on the uniform mesh
(24) wh:{ti:to—l—ih,iZO,...,N—l, tN:t0+Nh:T}
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with the step h = (T' — t9)/N ([to,T] C [to,00) is any given interval). The value
of an approximate solution at the point ¢; is denoted by z; (¢ =0, ..., N).
An initial value tg is given, and an initial value xg for the IVP (1), (2) is chosen
so that the consistency condition
Qz(to) [A/(to)Pl (to)xo + B(to).’lio — f(to, xo)] =0, ie., (lf()7 .%'0) S Lt+7

is fulfilled. Accordingly, the initial values to and zg = Pi(tg)xo, uo = Pa(to)zo
satisfy the condition (to,z0 + ug) € Ly . as well. The consistency condition for
the initial values tg, x¢ ensures the best choice of initial values for the developed
combined methods (more precisely, for the methods applied to the “algebraic part”
of the DAE, which are combined with those applied to the “differential part”).

Below, Theorems 2.1, 2.2 ensuring the existence of a unique exact solution of
the IVP (1), (2) and other results which are presented in Section 2.2 are used.

3.2. Method 1 (the simple combined method).

Theorem 3.1. Let the conditions of Theorem 2.1 or 2.2 be satisfied, and in addition
let the operator
D, Pi(t)ze, Pa(tyue = Po, Py (02 (Po(te)us) s Xo(ts) — Ya(ts),

which  4s  defined by  (15) or  (18)  for each  (fixed) = t.,
wy (t) = Pi(t)ze,  xp,(t) = Pa(te)us,  be invertible for each  point
(te, Pr(te)zs + Po(ts)us) € [to, T] x R™. Let A, B € C?([to,T],L(R")),
Cy € C?*([to,T],(0,00)) (recall that the function Co(t) was introduced in
4)), f € CH[to, T] x R",R™) and let an initial value xo be chosen so that the
consistency condition (to,xo) € Ly, holds. Then the method

(25) zZ0= P1 (to)xo, ug = Pg(t())mo,
Zi+1= (I]Rn + h[Pll(tl) — G_l(ti)Ql(ti)[A/(ti) + B(tl)]]Pl(tl))Zz
(26) +h G (t)Qu(t:) f (i, 1),

Ujp1 = Uj — [IRn — G (tip1)Qa2(tiv1)

5 ~1
X a%(ti-i-hpl(ti-&-l)zi-i-l + Py(tip1)u;) P2(h+1)]

X [Uz‘ — G M tiy1)Q2(tig1) {f(tiJrla Py(tiv1)zip1 + Pa(tiv1)us)

(27) — Al(tiy1) P21 (ti+1)Zi+1H ;
(28) Tit1= Pl(ti+1)zi+1 + PQ(tH—l)uH—la ti+1 S Wh, 1= 0, ceey N — ].,
which approzimates the IVP (1), (2) on [to,T], is convergent of order 1, that is,

ma [la(t) — | = O(h), h—0,

where x(t) is an exact solution of the IVP (1), (2) (x; is the value of an approzimate
solution at t;).

Proof. Take any initial point (to, zo) € Ly, (ie., Q2(to)[A’(to)P1(to)xo + B(to)xo —
f (o, xo)] = 0). By virtue of the theorem conditions, taking into account Remark

2.1, we obtain that for each initial point (to,zo) € L¢, there exists a unique global
(exact) solution z(¢) of the IVP (1), (2) such that z(t) = Pi(t)z(t) € C*([to, T],R™)
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and u(t) = Py(t)z(t) € Cl([to, T],R™) (z € C([ty, <), R"), u € C([ty, ), R™) and
z(t) € X1(t), u(t) € Xa(t)).

The DAE (1) is equivalent to the system (12), (13) which can be written in the
form:

a,, (8) = [PI(t) = GTH(t) Qi (1) [A'(t) + B(t)] ]y, (1)
FGTHO QU (t, p, (1) + 2, (1)),
Lpy (t) = G_l(t) Q2 (t) [f (t, Tp, (t) + Lpoy (t)) - A/(t)xpl (t)] .

Let us introduce the mappings II, W: [t4,00) X R™ x R" — R™ of the following
form:

1(t, z,u) =[P (t) = GTH()Q1(t) [A'(t) + B(t)] ] Pi(t)=
(29) + G HQL() f(t, Pu(t)z + Pa(t)u),
(30) W(t,z,u) == G~ ({t)Qa2(t) [f(t, Pi(t)z + Pa(t)u) — A'(t)Pi(t)z].

These mappings are continuous in (¢, z,u) and have continuous partial derivatives
with respect to z, u on [t4,00) X R® x R due to the conditions of Theorem 3.1, as
well as Proposition 3.1 presented below, and, in addition, they have a continuous
partial derivative with respect to ¢ on [t4,00) X R™ x R™ due to the conditions of
the theorem.

Consider the system

(31) 2(t) = 0(t, 2(t), u(t)),
(32) u(t) = W(t, 2(t), u(t)).

Below is the lemma that was proved in the paper [8] (in this paper, equa-
tion (32) was written in the form F'(t, z(t),u(t)) = 0, where F(t, 2(t),u(t)) =
W(t, 2(8),u(t)) — u(t)).

Lemma 3.1 ([8, Lemma 2.1]). If a function x(t) is a solution of the DAE (1) on
[to,t1) and satisfies the initial condition (2), then the functions z(t) = Py(t)x(t),
u(t) = Pa(t)z(t) are a solution of the system (31), (32) on [to,t1), satisfy the
initial conditions z(to) = Pi(to)wo, u(te) = Pa(to)zo, and z € C([to,t1),R"),
u e C([to,h),Rn).

Conversely, if functions z € C*([to,t1),R™), u € C([to,t1),R™) are a solution of
the system (31), (32) on [to,t1) and satisfy the initial conditions z(to) = Py (to)xo,
u(to) = Pa(to)xo, then Py(t)z(t) = z(t), Pa(t)u(t) = u(t) and the function x(t) =
z(t) +u(t) is a solution of the DAE (1) on [tg,t1) and satisfies the initial condition

(2)-

Note that if u(t) € R™ satisfies relation (32), then u(t) € Xo(t) (ie., u(t) =
Py(t)ult)).
Using equality (32), where ¢ is replaced by ¢ + h, and the Taylor expansion
W (t+h,z(t+h),u(t+h)) =W (t+ h,2(t + h),u(t))
(33) oW

+ 5 (t+ h, 2(t + h),u(t)) [u(t + k) —u(t)] + O(h),

ow

e (t+h,z(t+h),u(t)) = Gt +h)Qa(t + h)
(34) X % (t+ h, Pi(t 4+ h)z(t + h) + Pa(t + h)u(t)) Pa(t + h),
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we obtain the relation

. u(t+h) = [I]Rn - %—VZ (t+ h,z(t + h), u(t))] - [W(t + h, z(t + h), u(t))
o — %—VZ (t+ h, z(t + h), u(t))u(t) + O(h)} .
Relation (35) can be rewritten as
u(t +h) = u(t) — {IRn - %—Vf(t S+ Ry 2+ h), u(t))} - [u(t)
(36) — Gt +h)Qa(t + h) (f(t + By Py(t+ h)z(t + h) + Pa(t + h)u(t))

— A+ R)PL(t+ )= (t + h))] +O(h),

w
where %—(t + h,z(t + h),u(t)) is defined in (34). As a result, for the algebraic

equation %AE) (32) we obtain a method similar to the Newton method with respect
to the component u of the phase variable x = z + u. The existence of the inverse
operator used in the relations (35) and (36) follows from the following statement:
From the invertibility of the operator ®; p, (+).,p,(t)» (if in the theorem conditions
it is assumed that the requirements of Theorem 2.1 are satisfied) and the basis
invertibility of the operator function ®; p, 4).(P(t)u) (if in the theorem conditions
it is assumed that the requirements of Theorem 2.2 are satisfied) for any fixed
t € [to,0), z € R™, Py(t)u € Xo(t) such that F(¢,z, Po(t)u) = 0 (i.e., (¢, Pi(t)z +
Py(t)u) € Ly,) and the invertibility of ®; p, (¢)z,p,(t)u and @y p, ). (P2(t)u) for any
fixed point (¢, Py(t)z + Py (t)u) € [to, T] x R™ it follows that there exists the inverse
operator (if the requirements of Theorem 2.1 hold)

I

u

:|:I]R" —GHt+h)Qa(t + h)
(37)
X % (t+ h, Pt + h)z(t + h) + Pa(t + h)u(t)) Pa(t + h)}

—1 n
= Pl(t + h) - [‘I)t-i-h,Pl(t+h)z(t+h),P2(t+h)u(t)] G(t + h)P2(t + h) € L(R )v

where ®; p, (1), p,(t)u is the operator (15), and the inverse operator (if the require-
ments of Theorem 2.2 hold)

ow

Ign — T(t + h,z(t + h),u(t))} )

(38) = Pilt+h) = [ pyarmzen (Pt + R)u(®)]
x G(t+ h)Py(t + h) € L(R"™),

where ®; p, (1) (P2(t)u) is the operator (18), for the points (t 4 h, Py(t + h)z(t +

h) 4+ P5(t + h)u(t)) belonging to Ly, and [to,T] x R™. For clarity, we note that the

inverse operators on the left sides of (37) and (38) are the same, but the formulas

for them are written through ®; p, 1)z, p,(t)u and @y p, (1) (P2(t)u) respectively.
Using the representation

dz, . z(t+h)— z(t)

t)= —————=+0(h), h—0,

(39) Zw .
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we obtain (an analog of the explicit Euler method for the DE (31))

(40)

2(t + h) =2(t) + hTI(t, 2(t), u(t)) + O(h?) = (IR,L +h[P{(t) — G (t)Q1(t)[A'(t)
+ B PLD)2(8) + h G OQUO (1 PU0)=(0) + Pa(t)u(t)) + O(?).

Taking into account the obtained equalities (40), (36) and Lemma 3.1, we write
the IVP (1), (2) at the points {¢;}i—o,... n of the introduced mesh wy, in the form:

z(to) =P1(to)zo, u(to)=Pa(to)o,
(41)
:(IRn +h[P{(t;) — G (t:)Q1(t:)[A (t:) + B(ti)]]Pl(ti))z(ti)
+ hG_l(ti)Ql(ti)f(tivx(ti)) + O(h2)7
U(tH_l) :u(ti)_ _I]R" _%712/ (ti+1a Z(ti+1)7 u(tl)):l _
x [u(ti)fW(ti_‘_l,z(ti+1),u(ti))} +O(h)

=u(ti)— -IR” G (tip1)Qa(tiv1)

of -t
X 893(ti+1,P1(ti+1)2(ti+1)+P2(ti+1)u(ti))P2(ti+1)}

X [u(fi) G (tir1)Qa(tivn) [f(tHla Py(tia)2(tivn) +Po(tiv1)u(ts))

- A () Put):()] | +O0),

T(tir1) =2(tiv1) + u(tiv)
(43) =Pi(tit1)z(tit1) + Pa(tip)u(tivr), i=0,..,N—1.
Then the numerical method for solving the IVP (1), (2) on [to,T] takes the form
(25)—(28), where z;, u; (i = 0,...,N) are values of the approximate solution of
the system (31), (32) at the point ¢;, which satisfies the initial conditions z(tg) =
Py (tg)zo and u(ty) = Pa(to)xo, and z; (i = 0,...,N) is a value of the approximate
solution of the IVP (1), (2) at t,.

Denote
pi= sup [|Pi(t)|, @ = sup [Qi(t)l], i=1,2, p=max{pi,pa},
telto,T) t€lto,T)
ay Pi= s (B0l a= sw |40,
telto,T) t€(to,T]

b= sup [|B@)|, g= sup |G ().
t€lto, T teto,T)

Since the partial derivative of f(¢, z) with respect to x is continuous on [t , 00) x R™,
then, using the finite increment formula, we obtain (for i = 1,..., N):

| f (ts, Pr(ts)z(t:) + Palti)u(ts)) — f(ts, Py(ti)zi + Pa(ti)us)||
(45) < Mp([l2(t:) — zill + [Juts) — will),
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where M = max sup
1<i<Ng,e(0,1)

Pt lute) ~ ) |

Denote

ox

‘af<ti,P1(ti)Zi + Py(ti)u; + 0;(Pi(ts)[z(t:) — 2] +

& = lla(ti) — zll, & = llulti) — wall.
It follows from the initial condition that € = 0, ej = 0, and from the formulas
(26), (41) and (45) we have: ¥ = O(h?),

(46) ei1 < (L4 h[pr+ gar(pr(a+b) + Mp)] )ei + hgg Mpe} + O(R?).

Denote 3 = p1 + jq1(p1(@+ b) + Mp), r(h) =1+ sch and M = §q; Mp, then (46)
takes the form

(47) i1 < r(h)e + hMe! + O(h?).
Using (47) recursively, we obtain that

(48) e ShMY (ke + O(h*) Y (), i=0,.,N -1
j=0 j=0

, N
Since 7 (h) < (1 + W) <eT=to)* =1, ., N, then

(49) e <O ¥ +0(h), i=1,.,N-1
j=1

Further, using the formula

u(tivr) =G~ (tig1)@Q2(tivr) [f (tigr, Pr(tiv1)z(tivr) + Pa(tip1)u(t;))
— A'(tig1) Pr(tis1)2(tiv1)] + G (tig1)Qa(tiva)
X %(ti-&-l’ Pi(tis1)2(tiy1) + Po(tipr)u(ts)) Po(tizr) [u(tipr) — u(ts)]
+ O(h)

and the corresponding formula for finding the approximate value u; 1, that is,
Uip1 =G (tip1)Q2(tis1) [f(tiv1, Pr(tis1)zisn + Paltivr)u;)
— A'(tig1) Pr(tiv1)zign] + G Htipa)Qa(tivr)

0
X 8720 (tig1, Pr(tiv1)zipr + Poltizn)w) Pa(tiv) [wivr — wi],

we obtain the relation

u(tiz1) — Wit

. of -

= {IRH -G (ti+1)Q2(ti+1)%(tz‘+1, Py(tiy1)zigr + Paltivr)ui) Pa(tiva)
X [G_l(ti+1)Q2(ti+1) (f(ti+1’ Py(tis1)2(tiv1) + Pa(tiva)u(t;))

— f(tiv1, Pr(tis1)zigr + Pa(tigr)wi) — A (tig1) Pr(tisr) [2(tig1) — 2is1)
0

+ 57]; (tiv1, Pr(tig1)z(tivr) + Pa(tipr)ults)) Po(tizr) [u(tisr)

0
—u(t;)] — %(ti+l7pl(ti+l)zi+l + Py(tiy1)us) Po(tis1)
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By the finite increment formula, we have that (for i =0,...,N — 1):
| f (tisr, Pr(tiv1)2(tigr) + Po(tizr)u(ts)) — f(tigr, Prtizr)zier + Po(tivr)us)||
<Mp([|2(tir1) = zipall + luts) — will),
where p is defined in (44) and

M = max  sup
0<i<N—14 01y

+0; (Py(tign)[2(ti1) — zipa] + Pa(tipa)[ults) — ul])) H

Ox

0
‘f (ti+1; Py (tiy1)zig1 + Po(tiza)us

Denote of
Cy= sup F(tiﬂa Pr(tiv1)z(tiva) + P2(ti+1)u(ti))' ;
0<i<N-1| O
of
(50) Cy = sup e (tis1, Prtiv1)zipr + Patiz)wi) ||,
0<i<N-1|| O
_1 af
K= sup {IRH -G (ti+1)Q2(ti+1)87 (tig1, Pr(tis1)zipr
0<i<N-—1 x
61 5
+Py(ti1)u;) Pz(t7:+1)} .
Then

ety <Ko [Np(e2,, + ) + aprez,y + CrpaO(h) + Capa(O(h) + ¥)] + O(h)
=K jgo(Mp + ap1)eiyq + K g2 (Mp + Copa)et + O(h), i=0,..,N —1.

Consequently, there exist the constants o = Kqu(]\Z[p + apy) and B =
K §gqz(Mp + Copa) such that

(52) eit1 < agj + Pei +O(h), i=0,..,N—-1
From (52), (49) and the relation £ = O(h?) we obtain

et SO ey +Bet +0(h), i=0,.,N - 1.
j=1
Further, using the method of mathematical induction, we find that €, ; = O(h),

i=0,..,N —1, and given (49) we obtain 7, = O(h), i = 1,...,N — 1. Conse-
quently,

max ey = max |u(t;) —w;|| = O(h),
1<i<N 1<i<N
max ef = max |[z(t:) -zl =O(h), h—0,
and hence 1I<nzg§v||a:(tz) — ;|| = O(h), h — 0 (recall that ¢ = 0, ¢f = 0 and
1=

|z(to)—z0|| = 0). Thus, the method (25)—(28) converges and has the first order. [

Proposition 3.1. If in Theorem 3.1 we do not require the additional smooth-

ness for f, A, B and Cs, i.e., we assume that f € C([t4,00) x R" R"), % €

C([ty,0) x R" L(R")), A,B € C'([t;+,00),L(R"™)) and Cy € C([t,00),(0,00))
(these restrictions are specified in Theorems 2.1 and 2.2), then the method (25)—(28)
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is convergent, but may not have the first order, that is,

max, |(ti) — @il = o(1), h =0

(i.e., 121%}5\] lx(t;) — ]| — 0, h —0),

l[#(to) — @oll = 0.

Proof. The proof is carried out in the same way as the proof of Theorem 3.1, where
instead of (33), (39) we use the representations

W (t+h, z(t+h), u(t+h))

(53) =W(t+h, z(t—l—h),u(t))—i—%%(t-i—h, 2(t+h),u(t)) [u(t+h)

dz . z(t+h) — z(t)

—u(t)] +o(1), E(t) h +o(1), h—0.

O

Proposition 3.1 states that, in general, the conditions of Theorem 2.1 or 2.2 on
the global solvability of the DAE are sufficient for the convergence of the meth-
ods, and only the invertibility of the operator ®; p, (2., Py (t.)u. for every fixed
(te, Pi(ty)zs + Pa(ts)us) € [to,T] x R™ which does not belong to L, is addition-
ally needed.

3.3. Method 2 (the combined method with recalculation).

Theorem 3.2. Let the conditions of Theorem 2.1 or 2.2 be satisfied, and in addition
let the operator

Dy, Pt )z, Pa(tyue = Poo Ptz (Po(te)us) s Xo(t) — Ya(ty),
which  is  defined by  (15) or  (18)  for each  (fized) i,
zy (t) = Pi(ta)ze,  zp,(te) = Pa(ts)us,  be invertible for each  point
(te, Pr(te)ze + Pa(ts)uy) € [to, T) x R™. In addition, let A, B € C3([to, T],L(R")),
Co € C3([to, T, (0,00)), f € C?([to,T) x R™",R™), and let an initial value o be
chosen so that the consistency condition (to,xo) € Ly, is satisfied. Then the
method

(54) zZ0 — P1 (to)xo, Uug = PQ(to)J?o,
Zit1 = [IR" + h(Pl/(ti) - G_l(ti)Ql(ti)[A/(ti)""B(ti)])Pl(ti)} 2
(55) +h G (t:)Qu(t) f (i, 1),

Ujip1 =Uj— {IRn —G M tit1)Qa(tis1)
of -
X o (tis1, Pr(tis1)Zipr + Pa(tiv1) ;) P2(ti+1):|
X {Uz — G (tiv1)Q2(tig1) [f(ti+17pl(ti+1)gi+1 + Py (ti1)u;)

- A/(ti+1)P1(t¢+1)gi+1} }
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Zip1 = {IRWF;L(P{(E) - G‘l(ti)Ql(ti)[A’(ti)+B(ti)])P1(ti)} Zi
+ g(P{(tiH) — G M (tip1) Q1 (tig1)[A (tig1) + B(tig1)]) Pr(tig1)Ziga
h

+ ) [Gl(ti)Ql(ti)f(tivxi)

+G  (tig1)Q1 (i) f (tig1, Pr(tis1)Zign +P2(ti+1)?7¢+1)},
Ui =Uj— [IRn — G (tip1)Q2(tis1)

9 ~1
X é(ti-yl,Pl(tiH)Zi-H +Pa(tiy1)uq) P2(ti+1):|

X {Uz' = G (tis1)Q2(ti1) {f(tz‘-ﬁ-l’ Py (tiv1)zig1+Pa(tiv1)u;)

- A/(tz‘+1)P1(ti+1)Zi+1H7
(59)  wiy1 = Pi(tiv1)zig1 + Po(tiz1)tir1, tiy1 €wp, 1=0,..,N —1,
which approzimates the IVP (1), (2) on [to,T], is convergent of order 2, that is,

) — | = 2
mas l(ts) — il = O(4), b0,
where x(t) is an exact solution of the IVP (1),(2) (x; is the value of an approzimate
solution at t;).

Proof. Take any initial point (t9, %) € Ly, . By virtue of the theorem conditions,
for each initial point (to,z9) € L, there exists a unique global (exact) solution
x(t) of the IVP (1), (2) such that z(t) = P(t)z(t) € C3([to,T],R") and u(t) =
Py(t)z(t) € C*([to, T),R™) (2 € C*([tp, ), R"), u € C([to,00),R"™) and 2(t) €
X1(t), u(t) S Xg(t))

As in the proof of the previous theorem, we consider the system (31), (32),
where the mappings II(¢, z,u) and W (¢, z,u) have the form (29) and (30). Lemma
3.1 remains valid.

Using equality (32) where ¢ is replaced by ¢ + h and the Taylor expansion of the
form

W (t+h,z(t+h),ult +h)) = W(t+ h,z(t + h),u(t))
ow

+ 5 (t+ hy2(t + h),u(t)) [ut + h) — u(t)] + O(h?),

ow
where %(t + h, z(t + h),u(t)) has the form (34), we obtain the relation of the
form (35) where O(h) is replaced by O(h?). This relation can be written as

(60) u(t + h) =u(t)— —IRn —i%/(t—i—h, z(t+h), u(t))] )
x [u(t)—w(t+h,z(t+h),u(t))}+0(h2)
=u(t)— _IR" —G7H(t+h)Qo(t+h)
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X %(H'h:Pl(t+h)z(t+h)+P2(t+h)u(t)) Py(t+h) )

X u(t)—G_l(t+h)Q2(t+h)(f(t+h,P1(t+h)z(t—|—h)+P2(t+h)u(t))

- A’(t+h)P1(t+h)z(t+h))} + O(h?).

There exist the inverse operators (37) and (38) (when the requirements of Theo-
rems 2.1 and 2.2, respectively, are fulfilled) for the points (t+h, Py (t+h)z(t+h) +
Py(t+h)u(t)) €L, and (¢ + h, PL(t + h)z(t+ h) + Pa(t + h)u(t)) €[to, T) x R™ (see
the explanation in the proof of Theorem 3.1).

As above, we denote by z;, u; and x; (¢ =0, ..., N) the values, at the points ¢;, of
an approximate solution of the system (31), (32) that satisfies the initial conditions
z(tg) = P1(to)xo and u(tg) = Pa(to)xo and of an approximate solution of the IVP
(1), (2), respectively.

To approximate the DE (31), we will use the Euler scheme with recalculation
(such schemes are also called implicit and “predictor-corrector” schemes).

The preliminary value of z(t) at the point ¢;;; is calculated using the ex-
plicit Euler method (as in method 1), i.e., the DE (31) is approximated by the
scheme z(t + h) = z(t) + h11(t, 2(t),u(t)) + O(h?), and the approximate value for
2(t;x1), which will be denoted by Z;y1, is calculated by the formula (55), where
Ty = Pl(ti)zi + Pg(t,-)ui, or Ei—i—l =z + hH(t“ Zi, Uz'). Denote
(61)

Z(tiv1) = 2(t) + h (ki 2(t:), u(ts) = (IR" + h[P{(t;) — G (t:)Qx (t:)[A' (1)

+ B(ti)]]Pl (tﬂ)z(tl) + hG_l(ti)Ql(ti)f(ti, Pl (tl)z(tz) + Pz(tl)u(tl))

Using the formula (60) and substituting z(t; + h) = z(ti+1) := Z(ti11), we find the
preliminary value of u(t) at the point ¢;41, which will be denoted by %(¢;4+1). As a
result, we have

(62)
u(tiv1) =u(t;)— {IR" - 83712/ (tiv1, Z(tig1), u(ti))]
x [ults) =W (tiv1, Z(ti11), u(t) |+ O(h?)

=u(t;)— {IR" —G 7 (tig1)Q2(tis1)

0

1
X %(tzﬂ’ﬂ (tig1)2(tig1) + Pa(tira)u(t:)) Pz(twl)}

X {u(ti) — G M tiy1)Q2(tit1) [f(tHla Py (ti1)Z(tig1)+Paltizr)u(ts))

- A/(ti+1)P1(ti+1)5(ti+l)]:| +O(h?).

The corresponding approximate value which is denoted by ;41 takes the form (56)
or

_ oW ~ -1 -
Uiyl = Uj — [IR" - 8u(ti+hzi+hui):| [Uz‘ - W(ti+1azi+1,ui)}'
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Now let us perform the recalculation using the formula (57), i.e., the approximate
value found for z(¢;+1) by the formula (55) is refined using the expression

h - -
Zig1 = 2 + 3 |:H(ti, Ziywi) + I (tig1, Zig1, Wig1) |

where Z; 11 and ;41 have the form (55) and (56).
Substitute the values z(t;), u(t;) of the exact solution into (57) and write the
expression for finding the residual (approximation error):

Wi(h) = — M + % {H(ti7 2(t), u(t;)) + I (tig1, 2(6)

(63) +hH(ti,Z(ti),u(ti)),ﬂ(ti_i_l))}

where u(t;11) is defined by (62).
Using the Taylor formula, we obtain the following expansions (as h — 0):

(64) 2(tiv1) — 2(t:)

h (tz) + O(h’2)a

= Z/(tz) + gz”
(65)

IL(tig1, 2(t:) + ATt 2(t), u(t), u(tir))

= 0t 2. ult)) + 1| 5 120, ()

G (120 0(t)) (Pt 208 00) + Palt) 7 1)) | + 002

It follows from ( 1), (63), (64), (65) and the equality

( (t:))
+ g (t“z(t ) (tl)) |:P1 (ti)H(ti,Z(ti),u(ti)) =+ P2(ti)C§Z(ti):|

//

that
Yi(h) = O(h?).
Thus, the value of z(t) at the point ¢;; is finally calculated by the following formula
(where @(t;41) has the form (62)):
h
Z(ti+1) ZZ(tZ) + 5 |:H(ti, Z(ti), u(ti)) + H(ti+17 Z(tz>
(56) It 200, 00), 7(600) | + OCH),

Further, we carry out the recalculation of the value of u(t;+1), using the same
formula as before, but with the value of z(¢;41) refined by the formula (66):

u(tiv1) U(ti){[ﬂ%n —G 7 (tis1)Q2(tis)
1
O (. Pt slte0) 4 Palt)u(e) Pai)|
X {U(fi) — G M tiy1)Q2(tit1) [f(tH-la Pi(tiy1)z(ti1) + Potipr)u(t;))

- A’(ti+1>P1(ti+1>z<ti+l>}} o).
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A solution of the IVP (1), (2) at the points of the introduced mesh (24) is
calculated by the formula (43).
Denote
el = ||z(t:;) — 2|, € = ||u(t;) —w;l, i =0,...,N;
& = Hg(tl) - gl”a & = Ha(tl) - ﬂl”a i=1,..,N.
It follows from the initial condition that ¢ = ¢ = 0. From the above, we obtain
the inequality €7, < 7 + O(h*) + hljp;(h)|, where
wi(h) = — 0.5{H(ti,z(ti) ults)) — T(ti, i, ;)
I (tigr, () + AIT(L3, 2(t), u(ts), U(tira))
— H(ti_,_l, Zg + hH(ti, Ziy ui), ?j¢+1):| .
Introduce the estimates (44), (45). Then
(67)  IITL(ts, 2(t:), ults)) — W(ts, 25 wi)|| < kpref + M(ef +ef) = O(e7) + O(ef),

where M = gguMp and k = p1 + g [@+ b]. Similarly, using the finite increment
formula and the estimates (44) and (67), we obtain

”H(ti+1» 2(t;) + hH(tm 2(t;), U(ti))7ﬂ(ti+1)) - H(ti+17 zi + hI(ts, 25, ug), az‘+1) I
< [kpy + M+ O(h)]e} + O(h)ett + M e,

where M\ = gql ]\4]77
M = max Sllp ( Tiv1 +0; [5(1 ; ) —T; })
<1<N 1 ) 1) ax i+1, i+1 i+1 i+1 i+1 K

T(tip1) = Pu(t 1+1)[2( i)+ hIL(tg, 2(t:), u(ti))] + Pa(tiz1)u(tiva),
Tit1 = Pi(tiv1) [z + hI(ts, 20, ui)] + Pa(tig1)Uisr.

Thus,
lei(M)] < (O(1) + O(h))[e7 + il + O(1)ef 1,
and hence
(68) eipn <[1+0(h) + O(h?)]ef + [O(h) + O(h?)]ey + O(h)EYL, + O(h?)
=i(h)ef + O(h)[e}' + &1 1] + O(h?),
(69)

€1 <¢€; —|—h||H(tZ-, z(ti),u(ti)) —I0(t;, zi, w;)|| = #(h)el + O(h)e, i=0,....,N—1,

where 7(h) = 1+ O(h).
Further, the expression

u(tipr) =G~ (tix1)Q2(tiv 1) [f (tigr, Prtivr)z(tir)
+ Py(tivr)u(ti)) — A (tig1) Pi(tivr)2(tiv)]
+ G_l(ti+1)Q2(ti+1)% (tiv1, Pr(tiv1)z(tivr) + Pa(tivr)u(ti))
X Py(tir) [u(tivr) — u(ti)] + O(h?)

and the corresponding expression for finding the approximate value wu;1, that is,
wip1 =G~ (tip1)Q2(tiv1) [f (i1, Pr(tiv1)zig1 + Pa(tizr)u;)

0
— A (tig1)Pr(tizr)zien] + G_l(ti+1)Q2(ti+1)£ (tix1, Pr(tiv1)zipr
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+ Pa(tiy1)us) Paltir) [tip1 — uil,
yield

u(tivy) — uip1 = [IR” = G (tiz1)Q2(tis1)
-1

0
X 87230 (tir1, Pr(tiz1)zip1 + Pa(tigr)wi) Pa(tigr)

0

X (Gl(ti+1)Q2(ti+1) |:a£(ti+1,P1(ti+1)Zi+1 + Pz(ti_:,.l)ui) — A’(tiﬂ)}

X Pr(tiv1)[z(tis1) = zi] + O[ll2(tis1) = ziga || + [[u(ts) — uil]?)

+ O([ll2(tit1) — zigall + [Ju(ts) — will] [u(tivs) — u(t)]) + O(h ))
As in method 1, we denote by Cz and K the constants (50) and (51). Then

et < K (902002 + dlpicia + Ok +211) + Ot +)0(h) + O(h) )

and consequently
(70) ey = O0(efn) + O((e50)* + (61)°) + O(h?), i=0,.., N — 1.
Similarly, we find that
(71) g?—&-l = O( 1+1) + O(( z+1)2 + (E;‘)Q) + O(h2)7 Z = 03 (L] N - ]-
Substituting (69) into (71) and carrying out certain manipulations, we obtain
(72) &1 = [0() +OM)](e7 + (5)° +(e7)°) + O(h)ef +O(h?), i =0,...,N~1.
Substituting (72) into (68), we get
(73) eipr S P(h)ef + O(h)ef + O(h)[(€7)? + ()?] + O ().

From the above, we obtain ef = et = &% = 0, &% = O(h?), e¥ = O(h?), €2 = O(h?),
gy = O(h?), e¥ = O(h?) and €5 = O(h?). Using (73), we find recurrently the

estimate

(74)
i i—1i—k o
el < O(h)(Z [+ (] + ) [er + ()] ) +0(h?), i=2,..,N—1.
§=0 k=1j=0
Substituting (74) into (70), we get
(75)

i i—1i—k o
eip SO(h) Y [ef + (e5)° + (e5)] + O((e1)%) + O(h) (e + ()]
§=0 k=1j=0

i—1i—k
+ Z *rom?), i=2,.,N—1.
k=1 j=0

Further, using the method of mathematical induction, we find that &}, = O(h?),
i =0,..,N —1. Then it follows from (74) that e, , = O(h?), i = 0,...,N — 1.
Hence,

max e = O(h?), max, g7 = O(h?), h—0,

1<i<N
and therefore JHax llz(t;) — x;|| = O(h?), h — 0. Thus, the method (54)—(59)

converges and has the second order. O
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Proposition 3.2. If in Theorem 3.2 we do not require the additional smooth-

ness for f, A, B and Cs, i.e., we assume that f € C([ty,00) x R™ R"), ? €
z

C([t4,0) x R" L(R")), A,B € C'([t4+,00),L(R"™)) and Cy € C([t,00),(0,00))
(these restrictions are specified in Theorems 2.1 and 2.2), then the method (54)—(59)
is convergent, but may not have the second order.

Proof. The proof is carried out in the same way as the proof of Theorem 3.2, but
with the use of the representations (53). O

Note that if condition 2 of Theorem 2.1 is fulfilled (i.e., the operator (15) is
invertible) for each . € [ty,00), xy (t.) € X1(ts), z;,(ts) € Xa(t«), and not only
for those that (t.,z, (t.) + xp,(ts)) € Ly, , or if condition 2 of Theorem 2.2 is
fulfilled (i.e., the operator function (18) is basis invertible on [z}, (t.), 23, (t.)]) for
each t, €[ty,00), a3, (t.) € X1(t.), xb, (t.) € Xo(t4), i = 1,2, then in Theorems 3.1
and 3.2 it is not necessary to check the fulfillment of the additional condition of the
invertibility of the operator ®; p, (1.}, Po(ta)u. = Pt Py (t.)z (Pa(ts)us) for each
(t*, Pl(t*)z* + Pz(t*)u*) S [to,T] xR"™.

Remark 3.2. Since it is assumed that the operator function A(t) is continuously
differentiable, we can write the DAE (3), i.e., A(t) £x(t) + B(t)z(t) = f(t, z(t)), in
the form
d
(76) o
and use the numerical methods obtained for the DAE of the form (1).
For the IVP (76), (2) as well as for the IVP (3), (2), the consistency condition

for the initial values tg, o takes the form
(to, xo) € Et+ = {(t7x) € [t+v OO) x R™ | QQ(t)[B(t)x - f(tvx)] = 0}'

4. Numerical experiments

[AW(t)] + B)a(t) = f(t,a(t)), where B(t) = B(t) - A'(t),

In Sections 4.1, 4.2 we carry out the theoretical and numerical analyses of math-
ematical models of the dynamics of electric circuits, which demonstrate the appli-
cation of the developed methods and obtained theorems to a real physical problems
and show that the theoretical and numerical results are consistent.

In Section 4.3, the comparative analysis of the obtained methods is carried out
and numerical examples illustrating the proved convergence are presented.

All computations were done using Matlab.

4.1. Example 1: Analysis of a mathematical model of the electrical cir-
cuit dynamics.

4.1.1. Theoretical analysis of the mathematical model of the electrical
circuit dynamics. Consider the simple electrical circuit with a time-varying in-
ductance L(t), time-varying linear resistances R(t), Ry (t) and nonlinear resistances
vr(IL), ¢(I,), whose dynamics is described by the DAE (1) (where we omit the
dependence on ¢ in the notation of the variable z(t)) with

z1 L(t) 0 O
z=|zo |, A)=] 0 0 0},
- T3 0 0 0
(77) Rp(t) -1 0 —pr(z1)
Bi=( 1 o0 1 |reo= 10 ).

0 1 -R@ U(t) + plas)
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where I(t) and U(t) are a given (input) current and a given voltage, =1 = I,
23 = I, and x3 = U, are unknown currents and an unknown voltage. The remain-
ing currents and voltages in the circuit are uniquely expressed via the desired and
given ones.

Using the formulas (22) and, accordingly, the algorithm given in Section 3.1, we
compute

1 00 0 0 0
Pt)=|-R(t) 0 0], B@t)=(R({) 1 0],
-1 00 1 01
1 Rt) 1 0 —R(t) -1
Qit)=({0 0 0} Q)=|0 1 0|
0 0 0 0 0 1

Then, the vector x has the projections
zp, (t) = P (t)x = (21, —R(t)z1, —xl)T,
Ty, (t) = Pa(t)z = (0, R(t)x1 + 22,71 + x3)T.
Global solvability and Lagrange stability of the mathematical model (1),
(77) of the electrical circuit dynamics. Below, the definitions and theorems
given in Section 2.2 are used. Recall that a solution of the initial value problem
(1), (77), (2) is global if it exists on [tg, 00).

By Theorem 2.1 as well as by Theorem 2.2, for each initial point (to,zo) €
[t4,00)xR3, where xg = (0,1, %02, %0,3)", which satisfies the consistency condition
(to,xo) € Ly, , that is,

xo,1 + xo,3 = I(to), x0,2 — R(to)xo,3 = Ul(to) + ¢(x0,3),
there exists a unique global solution of the DAE (1), (77) with the initial condition
(2) if the following conditions hold:
(78)
L, R, Ry eC([ty,0),R), I, UcC([ty,0),R), ¢, o cCY(R), L(t) > Lo >0 and
R(t) #0 (R(t)>0 from physical considerations) for all t€[t4,00), and AL(t)
+Ry(t) + R(t) # 0 for sufficiently large |\| such that |\| > Ly* and all t€[ty,00);
(79)
there exists a number R > 0 such that [pr(x1) — @(I(t) — x1) — R(t)I(t) — U(t)]z1+
+[L'(t)/2 + R(t) + R(t)]af > 0 for all t€[ty,00), [lap, (1) = laa|[(1, —R(t), 1) |
>R.

The condition (79) can be weakened by using Proposition 2.1 presented in Section
2.2.
If the conditions (78), (79) hold and sup |I(t)] < oo, sup |U(t)| < oo,
te(ty,00) te(ty,00)

sup |R(t)| < oo, then by Theorem 2.3 the DAE (1), (77) is Lagrange stable, i.e.,
tety,00)

for each consistent initial point (¢9,zo) a global solution of the IVP (1), (77), (2)
exists and is bounded.

4.1.2. Numerical analysis of the mathematical model. Let us seek numer-
ical solutions of the DAE (1), (77) provided that there exist corresponding exact
global solutions, i.e., that the global solvability conditions presented in Section 4.1.1
are satisfied. The functions used in numerical experiments satisfy the conditions
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of the proved theorems or propositions on the convergence of the methods. This
enables one to compute a numerical solution on any given time interval.

Choose
(50) U(t) = 2sin(2t + 1), I(t) =sin(2t —7), L(t) =107+ (t+1)7,
Rr(t) =34 0.5sin(2¢), R(t) =1+ 0.5sin(2t),
(81) p(ws) = axd',  op() =bai™ !,
where a = b = 1, kK = m = 2. For the chosen functions the DAE (1), (77) is
Lagrange stable since the conditions of the Lagrange stability, specified in Section
4.1.1, hold. The components of the solution x(¢) = (z1(t), z2(t), z3(t))T computed
(by method 1) for the consistent initial values tg = 0, o = (0,0,0)T are displayed
in Fig. 1.

3
1
2
0.5 1
— =
= ~ 0
— 0 [l
& a
1
-0.5
2
1 3
0 10 20 30 0 10 20 30
t t
0.4
0.2
—
N
= 0
8
0.2
0.4
0 10 20 30
t

FIGURE 1. The example of a Lagrange-stable solution: The plots
of the components x4 (t), z2(t), 25(t) of the approximating solution
x(t) = (z1(t), x2(t), 23(t))T computed for the DAE (1), (77) with
the functions (80), (81), where a = b = 1, k = m = 2, and the
initial values to = 0, zy = (0,0,0)T. The analysis of the presented
graphs shows that the solution exists on the given interval and its
norm does not increase with increasing time. When the interval is
increased by a factor of 10 and more, the qualitative picture of the
behavior of the numerical solution does not change (therefore, the
corresponding graphs were not presented here). Thus, the results of
the numerical experiment are consistent with the conclusion about
the Lagrange stability of the DAE, which was obtained using the
corresponding theorem.

For the functions
Ut)y=t+1, I(t)=30t+1)"Y L) =10+ @t+1)7",

(82) Rp(t)=e"" R(t)=2+cost
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and ¢, ¢r, of the form (81) where a =b =1 and kK = m = 2, and for the consistent
initial values tg = 0 and z¢ = (0, 37,3)T, the components of the numerical solution
are plotted in Fig. 2.

3 40

30
2

—
= ~— 20
—
8

X2

1
10

FiGURE 2. The example of a global solution: The plots of the
components x1(t), xz2(t) and z3(¢) of the approximating solution
z(t) = (z1(t), 22(t),23(t))T computed (by method 1) for the DAE
(1), (77) with the functions (82) and (81), where a = b = 1,
k = m = 2, and the initial values ty = 0 and zo = (0,37,3)T.
In this case, the exact solution is global, but it can be unbounded
on [tg,00). This is because the conditions for the global solvabil-
ity of the DAE (1), (77), specified in Section 4.1.1, hold, but the
additional conditions for the Lagrange stability are not fulfilled.
The presented graphs demonstrate the same behavior pattern of
the solution. When the interval is increased by a factor of 10, the
qualitative picture of the behavior of the solution does not change.

Further, consider the case when the function U(t) is continuous, but not differ-
entiable. Let the voltage U(t) have the sawtooth shape (see Fig. 3)

83) U@ =L P t€[15i,10+ 154], i€ {0}UN,
S |80+ 1) —2t, te[l0+150,15+15i], i€ {0}UN.
Also, let

I(t) =sin(2t — ), L(t) =107  + (t4+ 1)1,
R.(t) =34 0.5sin(2t), R(t) =1+ 0.5sin(2t)

and ¢, ¢, have the form (81) where a = 3, b = 4 and k = m = 2. In this case, the
DAE (1), (77) is Lagrange stable since the conditions for the Lagrange stability,
given in Section 4.1.1, hold. The numerical solution for this case was obtained
by methods 1 and 2 for the consistent initial values tg = 0, z¢9 = (0,0,0)T. Tts
components obtained by method 1 are displayed in Fig. 4. When the calculation
interval increases, the qualitative picture of the solution behavior does not change.

(84)
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F1aure 3. The plot of U(t).
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FIGURE 4. The example of a solution for the case when the
function U(t) is continuous, but not differentiable: The plots of
the components x1(t), z2(t), x3(t) of the approximate solution
z(t) = (z1(t), x2(t), 23(t))T computed for the DAE (1), (77) with
the functions (83), (84) and (81), where a = 3, b = 4, k = 2,
m = 2, and the initial values ty = 0, o = (0,0,0)T. The theoret-
ical analysis shows that the exact solution is Lagrange stable and
the presented plots demonstrate the same behavior pattern of the
approximate solution.

The analysis of the numerical solution shows that the results of the numerical
experiment are consistent with the conclusion about the Lagrange stability of the
exact solution.

The analysis of the obtained numerical solutions shows that the results of the
numerical experiments are consistent with the results of the theoretical analysis of
the DAE (1), (77).

4.2. Example 2: Analysis of a mathematical model of the electrical cir-
cuit dynamics.

4.2.1. Theoretical analysis of the mathematical model of the electrical
circuit dynamics. Consider an electrical circuit whose diagram is given in Fig. 5
(reference directions for currents and voltages across the circuit elements coincide).
The global solvability of the mathematical model (1), (88) (see below) describing
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the circuit dynamics has been studied in [9, Section 5]. In the present section, we
provide the conditions for the existence, uniqueness and boundedness of a global
solution of the IVP (1), (88), (2) both in the general case and in the particular cases
for which approximate solutions are found using the obtained numerical methods
(see Section 4.2.2).

FI1GURE 5. The electric circuit diagram.

An inductance L(t), a conductance Gs(t) and resistances Ri(t), Ra(t), ¢1(11),
©2(I2) and p3(I31) are given for the circuit. Inductance, resistance and conductance
are given in henries (H), ohm (2) and siemens (S), respectively.

We denote the unknown currents by z1(t) = I1(t), x2(t) = I31(t) and z3(t) =
I5(t) and in the sequel, for brevity, omit the dependence on ¢ in the notation for
z;(t) ( = 1,2,3). The mathematical model of the electrical circuit dynamics has
the form of the system

(55) L]+ BB = U() — (o) - s(2),
(86) zy — g — a3 = I(t) + G3(t)ps(x2),
(87) Ry(t)ws = p3(w2) — pa(3),

which describes a transient process in the electrical circuit. The current I(t) and
voltage U(t) are given. Having solved the obtained system, we find the currents
I1(t), I31(t), I2(t). The remaining currents and voltages in the circuit are uniquely
expressed via the desired and given ones. The mathematical model (85)—(87) can
be represented as the DAE (1) where

T L) 0 0 Ri(t) 0 0
c=|zo |,At)=[ 0 0 O|,B)y=[ 1 -1 -1
I3 0 0 0 0 0 Rz(t)

(88)
U(t) — p1(x1) — p3(x2)
ftx)=|  I(t) + Gs(t)ps(z2)
p3(w2) — pa(ws)

We assume that L, Ry, Ry € C([ty,),R), ¢; € CYR), j = 1,2,3,
I,U Gs € C([ty,0),R), and L(t), Ri(t), Ra(t), G3(t) > 0 for all t € [t4,00).
Then A, B € C'([ty,00),L(R3)), f € C([ty,00) x R} R3), 9f 0z € C([t4,0) X
R3, L(R?)), for each t the pencil AA(t) + B(t) is regular, and the condition (4),
where C1(t) = v2(1+R;'(t)) + 1 and Co(t) = L71(t)(1 + Ri(t)) + 1, holds for
all t € [t4,0).
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Using the formulas (22), we obtain the projection matrices P;(t), Q;(t) (6) (the
algorithm for computing the projection matrices (6) is given in Section 3.1):

o
_ o o

1 0 O 0 0
Pt)=[1 0 o], pt)=[-1
0 0
0
0
0

_— o0 O = OO

coo
)
no
b
=
S~—"
|
coo
o

Then we obtain the matrix G(¢) by (8). The vector = has the projections (compo-
nents)

Tp, () = PL(t)z = (z1,21,0)T = 2, @, (t) = Po(t)z = (0,29 — 21, 23)T =: 7,
Denote z = 1, u = 25 — 1, w = x3, then
zp, = (2,2,0)T,  zp, = (0,u,w)T.
The consistency condition (¢,z) € Ly, (see Remark 3.1) holds if ¢, x;, i = 1,2, 3,

satisfy the algebraic equations (86), (87). Using the above notation, we can rewrite
the system (86), (87) as

u=—I(t) - G3(t) ps(u+ 2) — w,
w = Ry (1) [ps(u + 2) — p2(w)
(see |9, p. 205]) and transform it to the form
(89) w=—1I(t) —u—Gs(t) p3(u + 2),
(90) u =1t z,u), where

it z,u) = = I(t) — (Ga(t) + By ' (1)) wa(u+2)
(91) + By (8) @2 (= I(1) —u — Ga(t) s (u+ 2)).
Below, the theorems and propositions from Section 2.2 are used. The derivation
of the constraints on the functions in the DAE (1), (88), under which the conditions
of Theorems 2.1 and 2.2 are satisfied, is described in detail in [9, Section 5]. The

below conditions for the existence and uniqueness of a global solution of the IVP
(1), (88), (2) were obtained based on these results.

Global solvability of the mathematical model (1), (88). By Theorem 2.1, for

each initial point (to,zo) € [t4,00) x R3, where xo = (z0.1,%0.2,%03)T, for which

equalities (86), (87) hold (i.e., the consistency condition (to,xo) € Ly, holds), there

exists a unique global solution of the DAE (1), (88) satisfying the initial condition

(2) if the following conditions are fulfilled:

(92)

L7 Rla RQ S Cl([t+7oo)7R)) Ia Uv G3 S C([t+,OO),R), 2 € Cl(R)7 .] = 1a2a3; and
L(t), Ri(t), Ra(t), G3(t) > 0 for allt € [ty,00);

(93)

for each t€[ty,00) and each z€R there exists a unique u € R such that (90) holds;

(94)

for each t, € [ty,00) and each zy, u., w. € R which satisfy (89), (90), the relation

@3 (s + 2:) + [P (wi) + Ra(te)] [1 4 Ga(te) 95 (us + 24)] # 0 holds;
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(95)
there exists a number R > 0 such that —(1(z) + @3(u+ 2))z < Ry(t)2*
for any t € [t1,00), z, u € R satisfying (90) and |z| > R.

By Theorem 2.2, a similar statement holds if the above conditions are satisfied
with the following changes: the condition (93) does not contain the requirement that
u be unique; the condition (94) is replaced by the following:

(96)
for each t, € [ty,00), z. € R and each ul, w! € R, j = 1,2, satisfying (89), (90)
the relation (us + z.) + [@5(w2) + Ra(t.)] [1 4+ Gs(ts) @h(ur + 2z.)] # 0 holds
for any uy, € [ul, 2], wy, € [wl,w?], k=1,2

(obviously, this condition is satisfied in the case if the relation present in it holds
for each t, € [t4,00), each z, € R and each ug, wy € R, k =1,2).

The global solvability conditions mentioned above can be weakened by using
Proposition 2.1.

Below, examples of the functions that satisfy the presented conditions are con-
sidered and certain changes of these conditions are discussed.

The conditions (93), (94), as well as (96), hold if the functions ¢, ¢3 are in-
creasing (nondecreasing) on R, for example:

Pa(y) = ay® !, s(y) = by or pa(y) = ayI,

(97) )
(IOS(y) = by2m*1) a,,b > 0, k,mEN,

or if they have the form (98) and inequality (99) is satisfied:

(98)
wa2(y) = asiny, @3(y) =bsiny or a(y) =acosy, p3(y) =bcosy, a,beER,
(99) Gs(t)[bl + Ry (t)(Ja] + [b] + Gs(t)]al b)) < 1, ¢t € [t4,00).

Note that if 2, @3 have the form (97), then the mapping ¥ (¢, z,u) (91) is not
globally contractive with respect to w (in general, it does not satisfy the global
Lipschitz condition in w and z) for k,m > 2 and any G3(t), Ra(t), a and b, and
hence the condition (19) (see Section 2.2) is not fulfilled. Obviously, if ¥ (t, z, u) is
globally contractive with respect to u for any ¢, z, i.e., there exists a constant a < 1
such that

(100) |1/J(t,z7u1) — w(t,z7u2)| < aluy —ug|, ui, us €R,
for each ¢ € [t1,00) and each z € R, then the condition (93) holds.

If we take into account that ., z., w., w, satisfy (89), i.e., w, = —I(ts) — uy —
G3(ts)ps(us + z4), but disregard equality (90), then the condition (94) takes the
following form:

0
for each t, € [t4,00) and each z,, u. € R the relation a—w(t*, Za, Uy ) 7 —1 holds.
u

The conditions (93), (94) ensure the fulfillment of conditions 1, 2 of Theorem 2.1;
(93) without the requirement for u to be unique and (96) ensure the fulfillment of
conditions 1, 2 of Theorem 2.2. Instead of conditions 1, 2 of Theorem 2.1 or
Theorem 2.2 one can use the condition (19) of Proposition 2.2 which is satisfied if
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there exists a constant o < 1 such that
Gs(t) |ps(ur + 2) — @s(uz + 2)|
(101) + Ry () |3 (ur + 2) — @a(uz + 2) — pa(wr) + pa(ws)|

< a/lur —uaf? + [y — wol?

for any t € [t4,0), z € R and u;, w; € R, i = 1,2, that is, the nonlinear function
in the “algebraic part” of the DAE is a globally contractive with respect to x,, for
any t, T, . However, this condition is more restrictive. If we take into account that
the graph of a solution z(t) must lie in the manifold L;, and, therefore, ¢, z, u, w
are related by equalities (89), (90), then, using these equalities, we can transform
inequality (101) so that it will be similar to (100).

To derive the condition (95), the function V (¢, z,,(t)) of the form (20) with a
time-invariant operator H, i.e., V (t, 2y, (t)) = (Haxp, (t), 3, (t)), where H = 0.5 Is,
was chosen. Then V(’12)(t7xp1 (t)) has the form (21) where H(t) = H, and condi-
tion 3 of Theorem 2.1 (the same condition is present in Theorem 2.2) is satisfied if

there exist functions U € C(0,00), k € C([t4,0), R) such that [ (U(v))_ldv =00
Vo
(vo > 0) and for some R > 0 the inequality
(102) 2L () [ — (L' (t) + Ri(1)2> + U(t)z — (¢1(2) + w3(u + 2))z] < k(t) U(z?)
holds for all ¢ € [t4,00), z,u € R satisfying (90) and |z| > R. It is readily verified
that (102), where
Kt) =20 ) (IO +[U@D)]),  U) =v,

is satisfied if (95) holds. The specified functions k(t), U(v) are also used to obtain
conditions for the Lagrange stability of the DAE (1), (88).

Global solvability of the mathematical model (1), (88) in some particular
cases.

I. Consider the functions
(103)
Qol(y) = Cy2l715 902(y) = ay2k71’ @3(@/) = bymel’ a, ba c> 07 k7 m, le N7
where @2, 3 from (97). The functions (103) satisfy (95) if

sup |I(t)| < oo, inf  Ra(t) = Ko >0 (Kp is some constant) and m <.
tefty ,00) t€[t4,00)

Thus, if ¢;, j=1,2,3, have the form (103), where m <1, and, in addi-
tion, L,Ry, Ry € C*([t4,),R), I,U,G3 € C([ty,=),R), L(t),Ri(t),Gs(t) >0

fortefty,00), sup |I(t)] <oo and inf Ro(t) = Ko > 0, then for each ini-
te(ty ,00) tE[t4,00

tial point (to,xo) € [t+,o0) x R? satisfying (86), (87) there exists a unique global
solution of the IVP (1), (88), (2).

I1. Now consider the functions

(104) Qol(y) = csin Y, @Q(y) = asiny, 903(3/) = bSinya a, ba ceE Ra

where @2, 3 from (98) and we can replace sines by cosines in (104). For the
functions (104) the condition (95) holds if  inf )Rl(t) = R, > 0. Notice that for

telty, 00
the functions (98) condition 1 of Theorem 2.2 is always satisfied.
Thus, if ¢;, j = 1,2,3, have the form (104), and, in addition, L,Ri, Ry €
Cl([ty,),R), I,U,G3 € C([ty,),R), L(t), Ra(t),Gs(t) > 0 fort € [ty,00), the
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functions pa, @3, Gs, Ro satisfy the condition (99), and inf Ri(t) = Ry > 0,

te[t+700
then for each initial point (to, o) € [t4,00) x R3 satisfying (86), (87) there exists a
unique global solution of the IVP (1), (88), (2).

Lagrange stability of the mathematical model (1), (83). By Theorem 2.3,
the DAE (1), (88) is Lagrange stable if the above conditions (92)—(95) are ful-

filled and in addition [ L='(t)(|L'(t)| + |U(t)])dt < oo (this integral converges if
ty

JL7*@#)|U(t)|dt < 0o and tlirn L(t) = L < oo, L #0) and condition 4a, or 4b, or
ty o0

4c¢ from Theorem 2.8 holds. Notice that condition 4a of Theorem 2.3 is a conse-
quence of condition 4b.
Condition 4a of Theorem 2.3, as well as condition 4b, holds if

[1(t) + G(t)ps(x2) + Ry () (ws(2) — p2(3)))” + [Ry (1) (s (22) — pa(a3))]”
<K}, = const

for all t € [t4,00), 22, 23 €ER and |x1| < M, (where M, is an arbitrary constant)
satisfying equalities (86), (87). These conditions are fulfilled, for example, if

sup |I(t)|<oo, sup Gi(t)<oo, sup R;'(t)<oo,
te[t+,00) te[t+,00) te[t+,()0)
sup |3 (2)] <00, sup |pz(xs)|<oo.
ro€R r3€ER
Choose Zp,(t«) = &p, = (0,22 — z7,23)T = (0,4, w)T = 0. Then it is easily
verified that condition 4c of Theorem 2.3 is satisfied if, for example, the following
conditions are satisfied:

e for each ¢, €[t4,00) and each z, u., w, €R satisfying (89), (90) and for
any A1, Ag €(0, 1] the following relation holds:

05 (Aot + 2.) + [ph(Aows) + Ro(t.)] [1 + Ga(ts) g3 (Mws + 2.)] # 0

(i.e., the relation from the condition (96), where u; = A\juy, @ = 1,2, and
wae = Agwy, holds);

o for all ¢, €[t4,0), zi us,ws € R satisfying (89), (90) it holds
that |I(t.)] <oo, Gs(t.) <oo, Ry'(t.) <oo, |pa(ws)| <oo and
|os(us + 24)] < Ki(24) < 00, where Kj(z.)=K; is some constant
for each fixed z..

4.2.2. Numerical analysis of the mathematical model of the electrical
circuit dynamics. In this section, we present the plots of numerical solutions of
the DAE (1), (88) describing the electrical circuit dynamics (see Section 4.2.1) for
such parameters of the electric circuit (i.e., the functions I(¢), U(t), Gs(t), L(¢),
Ri(t), Ra(t), p1(x1), p2(x3) and @3(x2)) for which there exists a unique global
solution of the IVP (1), (88), (2), as well as the conditions of Theorems 3.1, 3.2 or
Propositions 3.1, 3.2 on the convergence of the methods hold.

Consider the case when ¢;, i = 1,2, 3, have the form (103), where k = m =1 =2,
ie.,

(105) e1(y) =cy®, @a(y) =ay®, ¢3(y) =by®, ab,c>0, yeR

Let La R17 Ry € Ol([t+,00),R)7 Ia Uv G3 € C([t+,OO),R), L(t)a Rl(t)v G3(t) >0

forallt€ty,00), sup |I(t)] <ooand inf Ra(t)= Ky > 0. Then, as shown
te[t+,00) te[t+700)

in Section 4.2.1, for each initial point (to,zg) € [t4,00) x R? satisfying equalities
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(86), (87) there exists a unique global solution of the IVP for the DAE (1), (88)
with the functions (105) and the initial condition (2).
Note that equalities (86), (87) can be transformed into the following form:

(106) r3 =11 — 19 — I(t) — G3(t) p3(w2),
xzo =21 — I(t) — (G3(t) + Rz_l(t)) p3(72)
(107) + Ry (1) pa (w1 — w2 — I(t) — Ga(t) ¢3(w2))

(recall that if (¢, z) satisfy (86), (87), then (t,x) € L, ), and the condition (93) can
be rewritten as follows: for each t € [t4,00) and each z1 € R there exists a unique
2o € R such that (107) holds. Consequently, by setting arbitrary initial values
to € [t4+,00) and z91 € R, one can always find a unique z 2 by the formula (107)
and then find a unique x5 by the formula (106) such that the initial point (¢g, zo),
where x9 = (20,1, 20,2,%0,3)T, will be consistent. For example, in the particular
case when ¢; have the form (105), if ¢4 = tp = 0, o1 = 0 and I(¢) is such that
I(0) = 0, then ¢y = 0, o = (0,0,0)T are consistent initial values.

Recall that the components of a solution x(t) = (z1(t), z2(t), z3(t))T denote the
functions of the currents, namely,

l‘l(t) = Il(t), Z‘Q(t) = I31(t), $3(t) = Ig(t).
Consider the case when
Ity =@t+1)" =1, U@t)=t+1, Gzt)=(t+1)2
Lit)=500(t+1)"Y Rit)=1+@t+1)"" Ro(t)=t(t+1)7"

and ¢;, ¢ = 1,2, 3, have the form (105) where a = b = ¢ = 1, and take the consistent
initial values o = 0, 29 = (0,0,0)T. As mentioned above, an exact solution of the
DAE is global, i.e., exists on [tp, 00), in all cases considered in this section. However,
in this case, the solution can be unbounded on [y, 00), since the conditions for the
Lagrange stability, specified in Section 4.2.1, are not fulfilled. The components of
the numerical solution (obtained by method 2) are plotted in Fig. 6.

In realistic problems of electrical engineering the inductance L(t) can be very

small, therefore, we take L(t) = 1072. Choose the remaining parameters of the
circuit in the form (105), where a =b=c =1, and
(109)
Ri(t)=e"', Ry(t)=5+et, I(t)=sint, Ut)= (t+1)"", Gs(t) = (t+1)""
Take the consistent initial values tg = 0, zo = (0,0,0)T. As proved above, the exact
solution is global. The components of the computed (by method 2) solution are
plotted in Fig. 7.

Consider the case when the function U(t) is not continuously differentiable, but

only continuous. Take the voltage of the triangular shape (see Fig. 8):

(110) Ult)=10—|t—10—20k|, ¢t€[20k,20+20k], ke NU{0}.

In this case we use Propositions 3.1 and 3.2. Also, take the functions

)= (t+1)7 =1, Go(t) = (t+ 17", L) =107+ (t+1)7",
Rl(t) = €7t, RQ(t) =2+ eft,

and ¢; (i = 1,2,3) of the form (105) where a = b = ¢ = 1, and the consistent
initial values ¢y = 0, 2o = (0,0,0)T. As proved above, the exact solution of the
DAE is global. The numerical solution for this case was obtained by both method

1 and method 2. The plots of its components obtained by method 2 are presented
in Fig. 9.

(108)

(111)
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FIGURE 6. The example of a global solution: The plots of the
components x1(t) = I1(t), x2(t) = I31(t) and z5(t) = I2(t) of the
numerical solution of the DAE (1), (838) with the functions (105),
where a = b = ¢ = 1, and (108), and with the initial values ¢y =
0, zo = (0,0,0)T. The presented graphs demonstrate that the
qualitative behavior of the numerical solution is consistent with
the theoretical conclusion about the existence of the global exact
solution which, however, can be unbounded on [0, co).

Now, consider the case when

5 1
p1(x1) =17, 902($3):§ cos 3, 803($2):g COS T2,

(112) . )
Ri(t)=1+ 3 sint, Ra(t)=3+ 3 sint,

L(t)=(t+10)"Y2 +1072, I(t)=(In(t +1) + 1),
U(t)=100(t + 1), Gs(t)=(t+1)""
In this case the DAE (1), (88) is Lagrange stable since the conditions for the
Lagrange stability, specified in Section 4.2.1, hold. Take the consistent initial values
to = 0, zg = (4/3,0,0)T. The plots of the components of the numerical solution
(computed by method 2) are given in Fig. 10.

Further, consider the particular case when ¢;, ¢ = 1,2, 3, have the form (104),
ie.,

(113)

p1(y) = esiny,  pa(y) = asiny,  @3(y) = bsiny, a, b, ceR.
Let Lv Rla RZ € Cl([tJra OO),R), I7 Uv G3 € C([tJrﬂ OO)aR)v L(t)v RQ(t)v G3(t) > 0 for
t € [t4,00), the functions G3(t), Ra(t) and numbers a, b satisfy the condition (99)

and [inf R;(t) = R« > 0. Then, as shown in Section 4.2.1, for each initial point
tefty 00

(to,z0) € [t+,00) x R? satisfying (86), (87) there exists a unique global solution of
the DAE (1), (88), (104) with the initial condition (2). It is readily verified that
to =0 and xo = (0,0,0)T are consistent initial values if 7(0) = 0.
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FIGURE 7. The example of the solution for the case usually en-
countered in practice when the inductance L(t) is small: The plots
of the components of the numerical solution of the DAE (1), (88)
with L(t) = 1073, the functions (105), where a = b = ¢ = 1, and
(109), and with the initial values ¢y = 0, xg = (0,0,0)T. The the-
oretical analysis shows that the exact solution is global, and the
behavior of the presented numerical solution is consistent with the
theoretical conclusion.

0 20 40 60 80
t

FIGURE 8. The plot of U(t).

For the functions
(114)
It)=t, U(t) =t+1, Gs(t) = (t+1)"", L(t) = 1, Ry(t) = 24+e~", Ro(t) = 0.1¢+3
and ¢; (1 =1,2,3) of the form (104) where a = 1/3, b= —1/2 and ¢ = 10, and the
consistent initial values to = 0, zp = (0,0,0)", the components of the computed
solution are plotted in Fig. 11.
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FIGURE 9. The example of a solution for the case when the func-
tion U(t) is continuous, but not differentiable: The plots of the
components x1(t) = I1(t), xa(t) = I31(t), x3(t) = I2(t) of the nu-
merical solution of the DAE (1), (88) with the functions (110),
(111), (105), where a = b= c =1, and the initial values ¢y = 0,
20=(0,0,0)T. The theoretical analysis shows that the exact solu-
tion is global and the plots demonstrate the same behavior pattern
of the numerical solution.

Now, choose ¢; (i=1,2,3) of the form (104), where a=1/3, b=—1/2 and ¢=5,
and

1 1
I(t)=sint, U(t)=——=, G3(t)=——
(115) (O=sint 00 =y 0=
1 cost
L == .1 o :1 —t — — .
(t)=0 +t+1,R1(t) +e ", Ro(t) 5 +3

Then the conditions for the Lagrange stability, specified in Section 4.2.1, hold.
The components of the solution computed for the consistent initial values tg =0,
20=(0,0,0)T are plotted in Fig. 12.

The obtained numerical solutions show that the results of the theoretical re-
search presented in Section 4.2.1 are consistent with the results of the numerical
experiments.

We can conclude that methods 1, 2 are easy to implement, effective enough, and
enable to carry out the numerical analysis of the global dynamics of mathematical
models described by time-varying semilinear DAES or the corresponding descriptor
systems.

4.3. Comparative analysis of the methods and the experimental verifi-
cation. As stated in Theorems 3.1, 3.2, methods 1 and 2 are convergent of order 1
and order 2 respectively, but at the same time method 2 requires greater smooth-
ness for the functions in the equation, namely, method 1 and method 2 require
that A, B€C?([to, T],L(R™)), Cy € C?([to, T],(0,00)), f€C([to, T] x R, R"™) and
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FI1GURE 10. The example of a Lagrange-stable solution: The plots
of the components 1 (t) = I1(t), x2(t) = I31(t), z3(t) = I2(t) of the
numerical solution of the DAE (1), (88) with the functions (112),
(113) and the initial values t¢ = 0 and zp = (4/3,0,0)T. The
presented graphs show the solution exists on the given interval
and its norm does not increase with increasing time. When the
interval is increased by a factor of 10, the qualitative picture of
the solution behavior does not change. Thus, the results of the
numerical experiment are consistent with the theoretical conclusion
about the Lagrange stability of the DAE.

A, BEC3([to, T], L(R™)), CoeC3([to,T],(0,00)), fe€C?([to,T] x R™,R"™), respec-
tively. However, if A, B€C([t;,0),L(R")), Cy € CY([t;,),(0,00)) and f €
C([t+,00) x R™ R™) is such that df/dz is continuous on [t;,00) x R™, then the
methods also converge, as stated in Propositions 3.1, 3.2, and method 2 still con-
verges faster.

In this section, we consider the DAE (1) (where for brevity we omit the depen-
dence on ¢ in the notation of the variable vector z(t)) with A(¢t), B(¢), f(t,x) and
x of the form (88) where

I(t) =sint, Ut)=(t+1)"" Gst)=(t+1)""
L(t) = 500, R1 (t) = eft7 Rg(t) =2+ eft,

pr(z1) =at,  @a(r3) =23, wa(a2) = 25.
The physical interpretation of this DAE is given in Section 4.2.1. We take the
consistent initial values ¢ty = 0, o = (0,0,0)T.

For the experimental verification and comparison of the rates of the convergence
of methods 1 and 2, we will use the approach that is suitable for the case when an
analytical (exact) solution cannot be obtained or its calculation is rather compli-
cated.

Fig. 13, 14 illustrate how the graphs of the components x;(t) = I;(¢) and
xo(t) = I31(t) of the solution z(t) = (x1(t),z2(t), x3(¢))T = (I1(¢), I31(¢), I2(¥))T,
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FicURE 11. The example of a global solution: The plots of the
components of the numerical solution of the DAE (1), (88) with the
functions (104), where a = 1/3, b = —1/2 and ¢ = 10, and (114),
and the initial values tg = 0, g = (0,0,0)T. The presented graphs
demonstrate that the qualitative behavior of the numerical solution
is consistent with the theoretical conclusion about the existence of
the global exact solution (which, however, can be unbounded on
0,00)).

computed by method 1 (the simple combined method (25)—(28)) and method 2 (the
combined method with recalculation (54)—(59)) respectively, changes with the mesh
refinement. These figures show that the graphs of the solution component I;(t) as
well as I31(t) approach each other when decreasing a step size (h = 0.1, 0.01, 0.001),
and hence method 1 as well as method 2 converges, at that, the graphs obtained
by method 2 approach each other faster. To show more clearly that the graphs
of the components computed by method 2 for the step sizes h = 0.1, h = 0.01
and h = 0.001 approach each other faster when decreasing the step size than those
computed by method 1, the plots presented in Fig. 13a, 13b and 14a, 14b, are dis-
played on an enlarged scale in Fig. 13c and 14c¢ for both methods simultaneously. It
follows from Table 1 and Fig. 13 that the rate of convergence of method 2 is higher
than of method 1 when computing I;(t). However, Table 2 and Fig. 14 shows
that there is not much difference in the rate of convergence of the methods when
computing I31(¢). This is due to the fact that I1(t) = z1(¢) is a component of the
projection x, (t) = Pi(t)x(t) = (x1(t),z1(¢),0)T in contrast to I3;(t) = z2(t) (see
Section 4.2.1), and this will be explained in more detail below. Thus, the performed
numerical experiment shows that method 2 converges faster than method 1.

The rate of convergence of method 2 increases mainly due to the faster con-
vergence for the component x,, (¢), since in method 1 the method having the first
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FIGURE 12. The example of a Lagrange-stable solution: The plots
of the components of the numerical solution of the DAE (1), (88)
with the functions (115) and (104) where a=1/3, b=—1/2, ¢=5,
and the initial values to =0, 20=(0,0,0)T. The plots demonstrate
that the qualitative behavior of the numerical solution is consis-
tent with the conclusion about the Lagrange stability of the exact
solution.

order of convergence is applied to the “differential part” of the DAE (to the DE),
and in method 2, due to recalculation, it has the second order of convergence. The
Newton-type method with respect to x,,(t) (which in general has the second order
of convergence if functions in the equation are sufficiently smooth) is applied to the
“algebraic part” of the DAE (to the AE) and the rate of convergence of method 2
for the component z,,(t) increases due to the fact that the refined value of z,, (¢) is
used in its recalculation. This is shown in the proofs of Theorems 3.1, 3.2 as well as
in the figures and tables above. The numerical experiments presented in Sections
4.1.2, 4.2.2 confirm the results of the above comparative analysis.
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F1GURE 13. The plots of the solution component I;(t) computed
by (a) method 1 and (b) method 2 with the step sizes h = 0.1,
h = 0.01, h = 0.001, and (c) the same plots on an enlarged scale
for both methods simultaneously. It is shown that the graphs of
the component approach each other when the step size decreases
from h = 0.1 to A = 0.001, and hence methods 1 and 2 converge
(since the graphs tend asymptotically to the graph of the compo-
nent I (t) of the exact solution as h tends to 0). In addition, the
graphs obtained by method 2 approach each other faster when de-
creasing the step size than those obtained by method 1, and hence
method 2 converges faster. To show this more clearly, the graphs
are displayed on an enlarged scale (c), using the same colors.
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FIGURE 14. The plots of the solution component I3 (t) computed
by (a) method 1 and (b) method 2 with the step sizes h = 0.1,
h = 0.01, h = 0.001, and (c) the same plots on an enlarged scale
for both methods simultaneously. The presented plots demonstrate
the same as Fig. 13, but for the component I3;(t).

TABLE 2. The values of the solution component I31(¢) obtained by
methods 1 and 2 with the step size h = 0.1, 0.01, 0.001, 0.0001 at
t = 7.8,7.9,8. The table shows that there is not much difference in
the rate of convergence of the methods when computing Is1(t), in con-
trast to the results obtained for the component I (t).

151(7.8) 151(7.9) I31(8)
h Method 1 Method 2 Method 1 Method 2  Method 1 Method 2

107! -0.7446010 -0.7446247 -0.7449976 -0.7450214 -0.7403373 -0.7403616
1072 -0.7446068 -0.7446091 -0.7450208 -0.7450231 -0.7403495 -0.7403518
1073 -0.7446089 -0.7446091 -0.7450229 -0.7450231 -0.7403514 -0.7403516
10™* -0.7446091 -0.7446091 -0.7450231 -0.7450232 -0.7403516 -0.7403516

Acknowledgments

This work was partially supported by the Alexander von Humboldt Foundation
(Project number 1153084-ESP-AHP) within the framework of the Alexander von
Humboldt Professorship at the Friedrich-Alexander-Universitat Erlangen-Niirnberg



REFERENCES 351

(the Chair for Dynamics, Control, Machine Learning and Numerics at) and the
European Research Council (ERC) under the European Union’s Horizon 2020 re-
search and innovation programme (ERC Advanced Grant NEUROMORPH, no.
101018153).

Data and Code Availability
The MATLAB code is available upon request from the author.

References

[1] Ascher, U.M., Petzold, L.R., Computer Methods for Ordinary Differen-
tial Equations and Differential-Algebraic Equations. STAM, Philadelphia, PA
(1998).

[2] Bogatyrev, S.V., Sobolev, V.A., Separating the rapid and slow motions in the
problems of the dynamics of systems of rigid bodies and gyroscopes. J. of Appl.
Math. and Mech. 52(1), 41-48 (1988).

[3] Borsche, R., Kocoglu, D., Trenn, S., A distributional solution framework for
linear hyperbolic PDEs coupled to switched DAEs. Math. Control Signals Syst.
32, 455-487 (2020).

[4] Brenan, K.E., Campbell, S.L., Petzold, L.R., Numerical Solution of Initial-
Value Problems in Differential-Algebraic Equations. STAM, Philadelphia, PA
(1996).

[5] Chernousko, F.L., Akulenko, L.D., Leshchenko, D.D., Evolution of motions of
a rigid body about its center of mass, Springer, Cham (2017).

[6] Chistyakov, V.F., Shcheglova, A.A., Selected Chapters of the Theory of
Algebraic-Differential Systems. Nauka, Novosibirsk (2003). [in Russian]

[7] Erickson, R.W., Maksimovié¢, D., Fundamentals of Power Electronics. Kluwer
Academic Publishers, Boston (2004).

[8] Filipkovskaya, M.S., Global solvability of time-varying semilinear differential-
algebraic equations, boundedness and stability of their solutions. I. Differential
Equations 57(1), 19-40 (2021).

[9] Filipkovskaya, M.S., Global solvability of time-varying semilinear differential-
algebraic equations, boundedness and stability of their solutions. II. Differential
Equations 57(2), 196-209 (2021).

[10] Filipkovska, M.S., Lagrange stability of semilinear differential-algebraic equa-
tions and application to nonlinear electrical circuits. J. of Math. Phys., Anal.,
Geom. 14(2), 169-196 (2018).

[11] Filipkovska, M.S., Two combined methods for the global solution of implicit
semilinear differential equations with the use of spectral projectors and Taylor
expansions. Int. J. of Computing Science and Mathematics 15(1), 1-29 (2022).

[12] Gear, C.W., Petzold, L.R., ODE methods for the solution of differen-
tial/algebraic systems, STAM J. Numer. Anal. 21(4), 716-728 (1984).

[13] Hairer, E., Wanner, G., Solving Ordinary Differential Equations II. Stiff and
Differential-Algebraic Problems. Springer, Berlin (2010).

[14] Izgi, B., Cetin, C., Semi-implicit split-step numerical methods for a class of
nonlinear stochastic differential equations with non-Lipschitz drift terms. J.
Comput. Appl. Math. 343, 62-79 (2018).

[15] Kato, T., Perturbation theory for linear operators. Springer-Verlag, Berlin
(1966).

[16] Knorrenschild, M., Differential/algebraic equations as stiff ordinary differential
equations. SIAM J. Numer. Anal. 29(6), 1694-1715 (1992).



352
[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

REFERENCES

Kunkel, P., Mehrmann, V., Differential-Algebraic Equations. Analysis and Nu-
merical Solution. European Mathematical Society, Ziirich (2006).

Lamour, R., Marz, R., Tischendorf, C., Differential-Algebraic Equations: A
Projector Based Analysis. Differential-Algebraic Equations Forum. Springer,
Berlin (2013).

Linh, V.H., Mehrmann, V., Efficient integration of strangeness-free non-stiff
differential-algebraic equations by half-explicit methods. J. Comput. Appl.
Math. 262, 346-360 (2014).

Riaza, R., Differential-Algebraic Systems. Analytical Aspects and Circuit Ap-
plications. World Scientific, Hackensack, NJ (2008).

Rutkas, A.G., Filipkovskaya, M.S., Extension of solutions of one class of
differential-algebraic equations. J. of Computational & Applied Mathematics
1, 135-145 (2013). [in Russian]

Sato Martin de Almagro, R.T., Convergence of Lobatto-type RungeKutta
methods for partitioned differential-algebraic systems of index 2. BIT Numer.
Math. 62, 45-67 (2022).

Tambue, A., Mukam, J.D., Strong convergence and stability of the semi-tamed
and tamed Euler schemes for stochastic differential equations with jumps un-
der non-global Lipschitz condition. Int. J. Numer. Anal. Mod. 16(6), 847-872
(2019).

Vlasenko, L.A., Evolution Models with Implicit and Degenerate Differential
Equations. System Technologies, Dnipropetrovsk (2006). [in Russian]
Vlasenko, L., Implicit linear time-dependent differential-difference equations
and applications. Math. Meth. Appl. Sci. 23, 937-948 (2000).

Friedrich-Alexander-Universitat Erlangen-Niirnberg, Cauerstrasse 11, Erlangen, 91058, Ger-
many, and Institute of Analysis and Scientific Computing, Technische Universitdt Wien, Wiedner
Hauptstrafle 8-10, 1040 Wien, Austria, and B. Verkin Institute for Low Temperature Physics and
Engineering of the National Academy of Sciences of Ukraine, Nauky Ave. 47, Kharkiv, 61103,
Ukraine,

E-mail: filipkovskaya@ilt.kharkov.ua and maria.filipk@gmail.com



