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Abstract \

Present paper deals with the problem of
automatic design of the implicit state model
fin its decomposed parametric form) of any
one-dimensional  piecewise-linear  (PWL)
system. This model consists of the internal
and the external parts which provides the
possibility to find the model parameters, i.e.
fo solve separately the two main problems of
an one-dimensional PWL model design:

(i) existence of the individual breakpoints of
the  resultant  PWL  characteristic
(determined by the internal block);

(ii) setting of the breakpoint co-ordinates
\ (determined by the external block).
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1. Introduction

In [11,[2] van Bokhoven presented a PWL model using
state variables to determine for which part of the domain
space the mapping equations are valid, however it is
difficult to find its parameters and the general algorithm is
not known yet. The parameters are usually found using
explicit models [2],[3] but in such a case the advantages of
the implicit state model are not fully utilized. To avoid
these difficulties the decomposed parametric modification
of the stafe mode! has been developed in the following
form [4],[5]

y=A'u+Bj+7, (1)
x=Clu+D'j+g’, (2
O=Mu+Nj+q 3
uz0,720,u7j=0, 4

representing the PWL mapping /: R® — R™, x — f{x),
where

A’ c Rm™%,  B'c R™% f e Rm,

C'e R,  D'e R™  g'c R",

Me R{kwn)xk’ Ne R(k-n)x.t, ge R(kﬂr).

Similarly as in the basic form [1], [2] vectors » and j
are the state vectors. Relation (4) formulates the linear
complementary condition for state variables v and j . Set of
n eqns (2) and (k-n) eqns (3) describe together the
boundaries of the polytope and the linear mappings are
expressed in m egns (1). On the contrary eqns (1),(2) and
eqns (3) represent the descriptions of the external and
internal blocks, respectively.

The main difference between the basic and decomposed
forms is that the external variables (v,x) are considered
dependent and the internal ones (u,)) independent. This is
the reason why eqns (1), (2) express the f{x) in the
paramefric form where for each partial state the
corresponding nonzero state variables act as parameters.
As the total number of equations (m-+n) must remain the
same formula (6) represents (k-) equations containing
only state variables » and 7. The decomposed form can
evidently be derived only for k> n,(k—n 2 0) so that for
n=1 this condition is valid for any 4 . Such a description
provides some new possibilities namely for the state model
design,

The main advantage of the decomposed description is a
very simple relation between the parameters of the
matrices in eqns (1),(2) and the co-ordinates of the
individual breakpoints of the resultant y-x characteristic
(external part of the model). It also entails a simple design
algorithm.The parameters of the matrices in eqns (3) have
no direct relation to the shape of PWL characteristic
because these equations do not contain external variables |
however, they determine the existence of the individual
breakpoints of the PWL characteristic, i.e. also its type
(internal part of the model). The corresponding, design
algorithm is more complicated than in the previous case.

2. Internal block design

Any complementary pair of state variables
(up,jr,r=1,2,..,k) can be in one of their two basic states,
i.e. the fotal number of all the possible states is generally
2%, Each breakpoint of the resultant PWL characteristic
corresponds to such a transient state between two adjoining,
states when only one complementary pair changes its state
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(u,=0,7,=0) while the remaining (k-1) pairs are in one
of their two basic states so that just (k-1) state variables
have nonzero values. As the internal block is described by
(k-1) eqns (3) expressing the relations among the state
variables only. These equations determine the existence of
the individual breakpoints of the resultant PWL
characteristic, i.e also the existence of the corresponding
particular states. Then the initial step in the systematic
design of the decomposed state model consists in the
derivation of MN and g, that correspond to the required
type of PWL characteristic. Such a procedure enables us
not only to utilize all the possible particular states but also
to derive all the attainable types of the modelled PWL
characteristic. (The results for /=2 and /=3 are available in

paper [5].}

The symbolic representation (Fig. 1, k= 1 to 3) is here
very useful because each next diagram can easily be
derived from the previous one by the systematic
hierarchical procedure. Each existing segment of the PWL
characteristic can evidently be defined either by two
breakpoints (inner segment) or by one breakpoint and the
slope (outer segment). If none of the possible k passages
between any particular state and the adjoining ones exist
then the corresponding segment does not exist as well {7].
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Symbolic representation of all the particular states.

In the next parts the systematic design of matrices A/, N
and g for all single and multiple symmetric PWL
characteristics, both in the close and open form, is
suggested.

2.1 Canonical forms

The internal block design for a given type of the
resultant PWL characteristic (including close, open, and
multiple types), represents a rather complicated
mathematical problem. The strategy consisting in a
gradual generalization of the known results for 4=2 is
used. First the so called canonical forms of MN and g
{each column contains maximum one nonzero parameter)
are investigated.

The minimum and maximum numbers of breakpoints
for the close and open types of the single or double
symmetric PWL characteristics are summarized in Table 1,

the corresponding forms of matrices AMN and g are
introduced in Fig. 2. The systematic hierarchical
development of all the attainable canonical forms is
suggested ih Table 2. All other details can be found in [6].

Table 1
Survey of the attainable canonical forms.

Type of PWL Number of breakpoints Remark
characteristics Minimum Moociam
Single - close 2k 4(k-1) even only
Single - open k (2k-1) even and odd
Double - sym. 2 x eny (k-1) PWL char.

Table 2

Principle of the hierarchical development of all the attainable
canonical forms.

k TYPE OF PWL CHARACTERISTIC
: Coom ] oo ]
) o] [ |
3 [am] | ! ] | !m |
e T Y
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1 I | |

2.2 Non-canonical forms

As follows from Table 1 the number of PWL
characteristics realizable by the canonical forms is limited.
The remaining possible types can be modelled by the
non-canonical forms of the internal block.

The systematic hierarchical development of all these
remaining types is suggested in Table 3 where the initial
canonical types are represented by the full lines while the
derived non-canonical ones by the broken lines.

In the corresponding matrices A and N some additional
(negative or positive) parameters must be placed in suitable
positions which represents the fact that the passages
among some particular states cannot exist. The rules of this
hierarchical procedure are based on the negative
delimitation and utilize the known canonical forms and
their detailed description can be found in [6]. The
corresponding algorithm contains the following steps:

I. Find a path from a corresponding canonical close type
to the required non-canonical one (Table 3).

2. Start from the original canonical close type.

3. Realize a "close — open ~ transition" on the path by
canceling one or two breakpoints (a negative
delimitation) in the original type.
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101 -1 Table 3
f— Principle of the systematic hierarchical procedure for some
1 -1 attainable non-canonical forms.
M- , . , , : 9= k TYPE OF PWL CHARACTERISTICS
Fob [1 -1 2
3
1 ara
1 -
1| -
N = 4
4(k-1) - close |
- 1 oxr —
- 110 of (2k-1) - open | g [zt fromd e lacad ey .:——I' l—f*
11 - k=3 (Table 1). Matrices Af and g have the standard forms
1 (Fig. 2) and the form of matrix /V corresponds to the type:
N = . (2k-1) - open (Fig. 2). The complete description (3) of the
41k-1)-2 ~close | | inernal block is then
- 1 or
- 110 (2k-1) -1 - open | 11011 " 100 Ji -1
i . + A + =0
{001] “2 [010]]_2 [-1]
U3 J3
1 - and the corresponding symbolic diagram is introduced in
NEE Fig. 3. All the existing segments are drawn by the full
- lines, the individual partial states are indicated by related
N = ; 4({k-1)-4 -close| | state vectors [1],[2], and for the "independent” breakpoints
i1 o bold notation are used. The actual shape of the resultant
~ ra T 2k-1)-2 - open| g&ipggirwenﬁlc is given by the external block
2 1 ;
G(OOG)L—} ____________ .,:1'}.
=) !
(=] 1
i 1
) K 0
1 3t 8 i
1 - 2 :
2k-close | H 4.011y2. 3
N = 1 - or 4 :1.-‘ ’ .E
Z 1 {k+1) - open | =
- |1}1{1e0 e TR
L (0N (03 | — (k) -open | 7
Fig. 2 Fig. 3

Canonical forms of matrices M and q.

4. Realize an "open — close - transition” on the path by
composing two open types (doubled previous case).

5. Repeat step 3 and step 4 until the required type is
reached.

2.3 Example of the internal block design

To illustrate the design procedure of the internal block
description a canonical case for k=3 is introduced,

An open PWL characteristic having 5 breakpoints is
considered. It also represents the maximum attainable by

Symbolic diagram of the type S-open.

3. External block design

After finding matrices A,V and g the values of state
variables u#,/ for the individual breakpoints can be
substituted into the eqns (1),(2) describing the external
block. The values of external variables x,) correspond to
the co-ordinates of these breakpoints so that we can easily
derive or choose the parameters of the individual matrices.

The external block description for the i-th breakpoint
has the form
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y(“ :A ’u{i) +B{](0 +f s
* = Oy 4 Bl 4 g/ |

where y! and x represent the required co-ordinates
of the i-th breakpoint, ¥ and ;* are the corresponding
values of the state variables obtained from the internal
block design. The number of independent vectors
[T 747 is only (k+2) so that only the co-ordinates of
(k+2) breakpoints can be chosen independently. The
corresponding algorithm contains the following steps:
1. Select (k+2) independent state vectors [u97 ;7]
2. Substitute these vectors into the above given formulas
to obtain (m+1) sets of (k+2) eqns for (m+1) sets of
(2k+1) model parameters.

3. Choose the values of suitable parameters in each set to
ensure the unique solution of the set.

3.1 Example of the external block design

Using the described procedure the external part of the
decomposed PWL model in the previous example can be
designed (for a simplicity consider m = 1 ). Denoting the
co-ordinates of the given breakpoints 1-(X,,};) to
5—(Ys,Ye), choosing f =g’ =0, and also all coefficients
by veoltage w3 in eqns (1),(2) equal zero then the following
form of the external part description is obtained.

s Ya=Yi Ys-¥y ] o
. _]2

v e b i,
X X no[l ™ Xy Xa-A) V-
M3 NE
The dependent co-ordinates of the remaining breakpoints

RVERY +. ”}\’1, Ye=Y;+F¥a=-V, .,

X=X+ X534, Fr=Vs5+ Yi—Ty .

4. Conclusions

Present hierarchical procedure allows the direct and
automatic design of the decomposed parametric state
model for both the single and the multiple symmetric
one-dimensional PWL characteristics. For the asymmetric
types a similar algorithm is not known yet. The results
obtained are valid for a certain existing combination of the
particular states of variables # and j . This model can be
modified for any other prescribed combination using the
simple change of the related columns in matrices
A BCDMN (instead of the well known pivoting
procedure).

The complete implicit description represents a
decomposed parametric state model of an one-dimensional
static PWL system. It can directly be utilized either for the
dec analysis of networks containing ideal diodes or for the
dynamic analysis of unconventional PWL systems,

Decomposed state model is also suitable as a theoretical
prototype for the derivation of any other type of PWL
system state models as well as for their direct synthesis
using, multiple voltage-controlled voltage sources {91,{10].
In the synthesis procedure some additional restrictions of
the resultant PWL characteristic shape appear due to the
validity of the stability conditions of the whole network.

This project has been supported by the Grant Agency
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