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ABSTRACT: In a prior paper [1] we described some of the problems posed by the optimization of adequate
protections and its verification. We showed that the main problem lies within the realm of finding envelopes of
the evolution of damage indicators in piecewise sequences of changes in dynamics associated to protection
actions and/or the onset of stochastic phenomena (cascade effects).

We started by the analysis of linear piecewise sequences, that are able to describe a large group of situations,
and explored the concept of Transmission Functions (Funciones de Transmision, FT) of Multi-Input Multi-
Output (MIMO) linear piecewise systems. The FT concept was defined for all piecewise linear MIMO, but the
transmission functions were only found in case of sequences of Canonical Single-Input Single-Output (CSISO,
Phase variable/Frobenius) systems, showing the difficulties of its extension to the general case.

In this paper we generalize the use of these techniques by reducing the general MIMO case to the canonical
case. It solves the problem of discontinuous derivatives at piece boundaries, a feature essential to protection
problems, as the protective actions try precisely to sharply change the wrong trends of the system evolution. The
results substantially differ from the canonical cases (continuous derivatives), of course coming down to them in
this very special case. Conclusions are given about the efficiency of this method as compared to other
possibilities, and a discussion is made of its implications in the context of Protection Engineering (i.e.,
application of reliability engineering to system safety).

Keywords: Protection Engineering; System Safety; Piecewise Linear MIMO Systems; System Dynamics;
Probabilistic Safety Assessment; Dynamic Reliability

I. INTRODUCTION. SCOPE AND OBJECTIVES.
In a prior paper [1] we described some of the problems posed by the optimization of adequate protections and its
verification and defined some key concepts of industrial facilities protection engineering, like damage domains.
We showed that the main problem lies within the realm of finding envelops of the evolution of damage
indicators in piecewise sequences of changes in dynamics, (sequence of transitions, SOT), associated to
protection actions and/or the onset of stochastic phenomena (cascade effects).

In general, the problem focuses in ensuring that the envelopes consider all the possible SOT that may
be involved in the accident progression and then cover, for each sequence, uncertainty in initial conditions and
key data, as well as, most important, boundary conditions and protective actions timing. These uncertainties
easily explode the number of situations to consider, so that brute force techniques based on reproducing
transients with best estimate simulations usually fail in the completeness of the situations considered to
demonstrate the envelope character.

In order to generate new techniques for their study, we started with linear piecewise sequences that are
able to describe a large group of situations. In reference [1] we explored the concept of Transmission Functions
(Funciones de Transmisién, FT) of sequences of MIMO linear piecewise systems. The FT concept was defined
for all linear Multi-Input Multi-Output (MIMO) systems, but they were only found in case of sequences of
CSISO canonical systems (Canonical Single-Input Single-Output), showing the difficulties of its extension to
the general case.In this paper we show how to circumvent these difficulties and extend the results to the general
MIMO piecewise linear case by making a new application of the well-known canonical phase form transform
(Frobenius) theorem[2] applied together with properties of piecewise linear systems and their piece transfer
functions. The mathematical treatment is self-contained and do not require the background of [1], being
consistent with it after considering minor changes in notations.

MIMO transmission functions extend the concepts, properties and computations of transfer functions to
piecewise linear SOT, including equivalent features like automatic rules for network topologies and
configurations (series, parallel, as well as feedback loops; see [4]). They may be associated to each of the most
protection-relevant variables, (namely the protection stimuli variables, -see [3], [5]-, i.e., exceeding certain
thresholds on them would open the possibility of some damage). They are able to effectively compute the basic
impact of the protective-degrading actions on the stimuli variables for the myriad of combinations resulting
from the possible action times, as well as for the different possible boundary conditions that isolate the
plant/overall system models from the outside world (thus generating a large variety of possible time input
shapes).

WWW.irjsre.com 6 | Page



The Theory of Transmission Functions and its Application to Design Verification...

MIMO FTs help then the optimization of the process to identify sequence failure domains?, i.e. the set
of SOTs that exceed safety limits. They also facilitate the calculations of the aggregate contribution of its
elements to the sequence frequency [3], [5], that is, the frequency of exceeding safety limits, main figure of
merit in protection engineering [6]. Section 6.2 further elaborates this. This contribution extends the canonical
case results of [1] to the more general and realistic case of any type of piecewise-linear dynamics and solves the
important problem of derivative discontinuities that characterize dynamic events (i.e., events inducing dynamic
transitions).

The paper is organized as follows:

Section 2 is devoted to the presentation of the problem in a classical mathematical framework and to
describe an alternate approach based on the reduction of the general MIMO problem to the canonical case. After
introducing the partition operators math frame (section 2.1), the solution is restated in terms of the transfer
functions corresponding to all the input output pairs (FT matrix approach, section 2.2), which leads to the
definition of the Transmission Functions FTs and provides a first, however inefficient, method to compute them.
Sections 2.3 and 2.4 describe then the reduction of the evolution of a given process vector component under
MIMO piecewise linear sequences, to the evolution of its canonical variables (Theorem 1) via the well known
canonical phase form transform (Frobenius) theorem. In section 2.5 we exemplify this to compute the first two
intervals of a SOT. Section 3 presents our alternate approach. In section 3.1 the transmission functions for
process variables are expressed in terms of recurrence relations among them. Its equations are the main result of
this paper. Section 3.2 provides the proof. Section 3.3 checks over the proposal through two significant
applications to the continuous case of reference [1] showing its consistency and to the pure linear case, i.e.,
when all the transfer functions are the same, then independent on the interval.

Section 4 summarizes the final results of the theory. These are verified via a set of examples in section
5. Section 5.1 includes a simple detailed analytical example to further facilitate understanding. Section 5.2
compares the results with the FT matrix approach of section 2.2 using MATLAB in several significant examples
of varied complexity. Finally, in section 6 we summarize conclusions and make a discussion of the findings with
due comments about the usefulness of this approach. Sections 7 and 8 provide adequate references and a
glossary of the notations. Appendix A considers transfer functions in partitions of the time span, defines their
notations and properties illustrating the techniques with significant examples via pole decomposition, including
details of the analytical example of section 5.1.

I1. BASIC APPROACH.
This section is devoted to describe the straightforward matrix solution approach for general piecewise linear
MIMO systems written in terms of a matrix product of all the components of the transfer functions of each

single piece, as well as to state the basic elements of our alternate approach. Assume that X (t) describes the
time evolve of the process variable X;» i.e., component j of the Nth order process vector x, during a time
interval where an event has occurred at time T, inducing a transition in the dynamics that sharply bends the

trajectory followed by the system before the occurrence of the event O <t <T_. Components j are assumed to

define a state vector, i.e., its knowledge at time O allows to know its future evolution. We also assume the
evolution governed by a piecewise-controllable linear MIMO of M pieces, defined in the n+1-th piece (
1<n+1<M)by

N

1 1
n+ n+1 Awl Xn+ (Tn+l) + Z n+1 n+l,i (Tn+1) 0 < Tn + z'n+1 < T
-1 i

q
un+1,i(Tn+1) i=1.,L
0 i=L+1..,N

(1
Un+1 (Tn+l) = {

with [BM] an NxN matrix. Vector T, (7,

continuous and with continuous derivatives within each piece).Vector x is assumed continuous in the whole
time span 0 <T,, , +7,, and knownat t =0.

n+1) defines L analytic input signals (i.e., functions of time,

1 In the context of this paper failure domains and damage domains are the same.
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The solution? is easily reduced to the case [ MJ [I ] In addition, the superposition principle

allows us to find the solution as an additive set
L

()= Y Y [B,0], 4 (1)

i=1 k=1
of solutions of the L simpler problems in each interval

”+1| n+1 Z[A? ] (;Hl’i (T 1) + 5] ion+li (Tn+l) 1 [A??—ljl = [Bn+1]_1 [Aw—l] [ Bn+lj|

each corresponding to the single input 51 i nJrll(z'm).

Time variables

t=0 TI T! T! Tl—l Tﬂ
AT, | AT, AT, M,
< 3 2 F 3 5 b
........................ t ¥ -
~ s" £ 57 5 S, 5 - S' 5 }H‘ 5
sT, sT, oI, el , sT,

. Laplace variables
T, =Y AT,

[
sT, =5,@s,0__Bs,

Figure 1. Time diagram and notation.

Assuming the contribution of every input i to the output component j a continuous function in the time
span, then the boundary conditions are

Z[Bn+1]]k n+l|( Tha = ) Z[B ]]k ( = n_TH:ATn)

for transition from piece n to piece n+1 (see figure 1) at time T, whereas initial conditions X}'i (0) are known.

Without loss of generality, in the rest of this section and in section 3, we concentrate on finding the contribution
of each of the L inputs, i.e., the solution of equation [3] and drop the superscript “eq” from the A matrices,

considering [BM] = [ Iy ] , S0 equation [4] becomes
Xr_1+1,i ( n+1 0) n i (Tn — ATn)

j
Section 4 below will compile the results in the general case.

2.1. Mathematical framework. Partition operators of functions and polynomials.
First, concerning notations, symbol ¢(S) means the Laplace transform of function ¢(t), and symbol

@(s,,S,,..) that of function ¢(t;,t,,..) of the independent variables t,,t,,.... In general, we will be dealing
with cases where these time variables constitute a partition in n intervals (see figure 1). The associated Laplace

2 We assume that matrix B has an inverse. Note that the apparent complexity of the reduction to L problems is the same as
in standard linear systems of a single interval.
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n
variables are denoted s, =(s,,..,S,,). With Tn'm = Z tj , this aggregate interval has a single, associated
j=m

Laplace Transform variable ST .

If ¢(t) is continuous and with continuous derivatives

, _; 9(s,) —9(8,)
(D(STM) = (0(51 ® 52) =
2 TS
is the Laplace transform of function ¢(t), being t =t, +1t,, when considered as a function of the aggregate
time of the two variables t,and t, or separately for each one. That is, the © operator partitions variable o(t)

in two intervals. The notation @(ST, ) =@(S, @S, ®..®S) is used to indicate the general piecewise

case ¢(Sn,m) in the particular case of  continuous and with all derivatives continuous at the intervals

boundaries®.
The following property holds

[551(5)(?2 (S)]S:Sl@sz = (771(51)@ (51 ® 32) + @1(31 ® 52)¢2 (52)

that may be iterated for partitions including more intervals and their variables,

BT, O56T, ) =[AOBO)] = A6TIAET)

These operations are representative of the interaction between different intervals when they are
partitions of a larger one, and are valid provided the functions are continuous and with continuous derivatives
there. However, care should be exercised in using them, as the symbols are not associated with the addition and
product usual operations and do not have their properties. Because they are unfamiliar to many in the
engineering community, in appendix A some important properties of partitions of transfer functions are given,
including the generalization and explicit expressions of these operations in terms of more familiar ones in
significant examples, like the classical pole decomposition.

As is the case with transfer functions in general, it is convenient to consider them as operators acting on
functions (as for instance the input functions), which gives math sense to polynomials in s as combinations of
Dirac distributions (time pulses) and its derivatives, strictly well defined via classical generalized functions (see
reference [7]), and common place in classical control theory.

2.2. Transmission Functions of process variables. The FT matrix approach.

Due to the continuity of vector X between intervals as stated in equation [5], the solution of system [3] (see

Sn+l,i

figure 1) may be written in terms of its multiple Laplace transform X; (yM,sn 1 Sy_gyeeen 31) where variables

S (l =1,.., n) are the Laplace variables that describe the partition of the time span into n intervals

t=7, +AT +..+AT
O<t, <AT, =T,-T,, I=L.,n
Y., representing the one associated to 7,,,,,0<7,,, < AT, and S, thatof AT,. This solution reads, in terms

of the well known transfer functions matrix, [G" (sn)] of each interval, whose elements are defined as*

® Note that ST, ,, is asingle variable while s_ = denotes the set of local variables in the partition

4 Note that this relationship establish a strong correlation among the components of matrix [Gn(sn)]. Only those

polynomials Q generated by a single matrix A are acceptable.
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:I—l _ Q?(—i (sn)
iP(s,)

N-1
P"(s)=s"+> ps* [10]
k=0

G i(s,)=[s,[!

N-1
Qi (s)=>.Qj}'s"
k=0
as follows

XT+ll(yn+l, nrteeny ) GT:(yn+l)un+l|(yn+l®ST )+ZGn+k (yn+1)~nl( n’ n -1 ’Sl) [11]

=1

Unraveling [11] for n intervals, assuming the input continuous and with all derivatives continuous®:
n+l

~n+1 I (yml. n 1) ~n+ll (yn+1’ Sn LA sl) = Z FTnJJr:IL m (yn+1’ Sn,m)l’jm,i (STm)
m=1
S ) [12]
FTnLim(ynﬂ,sn m) = Z Gn+k (yn+l)Gk n<Kna (S ) GI?H <~k (Sm+l)Gk (—I( m)

K

m =

I:-I-nj+Y:iL,n+1 ( yn+l) G ;]: (yn+1)

The equations in [12] define the Transmission Functions FTs and provide a first method to calculate
them (FT matrix approach). It is clear that these functions represent the influence of the rest of the system on a
given output component j at interval n+1, and the contribution to it of input i at a given partition interval m (see
figure 2). As a result, they are useful in those piecewise problems where only a few output components are
looked for, as it is the case of the stimuli variables of protective actions.

INTERVAL 1 INTERVAL 2 INTERVAL 3

QUTPUT |

ot
5

i

y,

SYSTEM

INPUT | I |

FT = [Ga(s)] X [Ga(s2)] X [Ga(s3)] X
e Time variables e — i AR
t= ) I I, I, | L L.
L It il i AT, AT,
____ t
s, s, S5 5.
g B 81 sT, sT__, sT,

Laplace variables

Figure 2. FTs as contribution weights of interval m, input i to a given output j.

However, finding these functions via computing the above expression is inefficient for several intervals

and high order matrices [A1] except for very specific [A]] as we showed in reference [1] for canonical
matrices. Fortunately (see footnote 3), the transfer function matrix components involved in the Gli: :1<—km (Si.1)
matrices are related between themselves via equation [10], a fact that we indicate by using the arrows in its
notation. In appendix A we describe some of its consequences, that justify specific properties of transfer

% If this is not the case, we may always consider its discontinuities by dividing it in pieces increasing the number of intervals,
the extra pieces with no change in their associated transfer functions.
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function matrices that will be relevant in what follows like the key equation [A4]. This makes possible our
alternate treatment.

2.3. Reduction of MIMO systems to canonical SISO. The discontinuity problem.

Canonical systems.
In the context of this paper, canonical piecewise systems are defined as the particular cases of MIMO linear
piecewise systems described by the differential equations [3] and continuity equations [5] in the special case

X" (rn): X"\ (r) j=1..,N-1

j 41

anunl U, ( ) j:N

Given its special form, continuity of vector X between intervals implies in this unique case that all
derivatives of the solutions are continuous at the transition between pieces, if the inputs have this feature. On the

other hand, they are a very special case of matrices [ A1] , e,

0 1 0 0
A=l g 0 g 1
“Pao - Pan-2 _pn,N—l_

Thus, canonical systems (also called Frobenius canonical forms and Canonical Single-Input Single-
Output, CSISO, here as in reference [1]) can not represent drastic changes of derivatives. However, this is an
essential feature of any protective action that precisely tries to sharply change the bad trends acquired by the
system.

The following paragraphs introduce the ingredients of an alternate approach to the FT function matrix
described in 2.2. The essence is to apply the well known canonical phase form (Frobenius) decomposition
theorem (see for instance reference [2]) to the case of piecewise partitions of the time span, such that within

each oneof the pieces, say n, [A] is a constant matrix, i.e., [AJ . The major advantage of it is that, contrary to

the matrix approach, only the transfer function matrix componentsi, J, that is, the pre-established input and
output components, are involved.

2.4. Theorem 1.
Given the piecewise-controllable linear system defined by equations [3] with continuity equations [5] and

overall known initial conditions X; '(0), there exists a piecewise linear transformation, QTl'(

0= 0

%1(s) = ZQ”“”'(S) ZQ,“;sk (8 = Q0 (6)

that reduces the system in variables X to a piecewise CSISO Frobenius, canonical form, in variables Z . The
transformation and CSISO parameters within piece n, are given by matrix [Q”'i] that is defined via equation

[10].However, the CSISO boundary conditions between pieces are such that the derivatives of Z are
discontinuous, and the discontinuity is such that

n+1|(-|-)_ k n+1I(T) NZiLle/Zld Z (T) fRnH/ZI nl(-l-)
R}\k+1/2,i Ez_[ n+1|:| [in:l 0<k<N-1
m=0
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where matrix [Q”*i:l is such that

SZ_;{[Q"”"]J Z(T)-[Q ']ij£(&)}=0 [17]

As proof we just mention, as well known, that for a time invariant system, i.e., all matrices [Aj] are

the same, the Frobenius transform matrix [Q”" } may be easily found from the transfer functions, as the matrix

elements [Q”'i]_ are the coefficients k of the polynomial Q;](_i () as indicated in equation [10]. This means
i

that the same conclusion should be valid within any of the pieces. However, the link between pieces (boundary

conditions) should be decided. Indeed, we need to distinguish the left side (n+1) and right side (n) of the

derivatives at T, .But continuity of X equation [17] forces

N-1
1l 1 | 1 12,0
Y@ ], 2 -[Q], 2T} =0= 2" =Ry (T, i
k=0
which justifies equation [16].1n section 5.2 below, we also include classical matrix methods for computing the X
and Z variables evolution using this time format of the theorem, that also serve the purpose of checking it.

2.5. Theorem 1 for the first two intervals in terms of Laplace variables.
As indicated at the end of section 2.2, there are strong relationships between the transfer functions matrix
components that reflect in many of the properties of appendix A, where the notation is clarified. We show
below, in the case of 2 intervals, that, when combined with theorem 1, they allow an alternate treatment
involving only the i, j input-output pair.

On the first interval we know that

5 (y) =Gl ()0 (v,) [19]

Let’s consider the matrix approach equation [11] in the recurrence form

n+l ! (yn+l7 n l) GT: (yn+l)un+1 i (yn+l ®sT, ) + ZGT:lq (yn+l))~<g'i (Sn,l)

[20]
%' (Y1) = G (V)0 ()
Theorem 1 also allows us to write for the second interval, assuming the input continuous and with all
derivatives continuous:
2 (Y5,8) = Gl (¥,)0, (Y, @s1>+ze,eq(yz)zq [z ()], =
[21]
= G]2<—I (yz)uz (Y, @s) + ZGy—q (yz)ZQll Rl+l/2 (s, )ZéJ (s))
Considering property [A7], i.e.,
i . QZi(y,®k) P(y,@k)
we have
2 i (Y2) i
XJ?’ (V,,8) = J - 0, (y, ®s) +
P*(y,)
Qe (Y ®K)  P*(y, k) ]
Q . (y ) jei 2 2 :| R1+112,i (S )Zé,i (S )
l ? kzt;|: Qj(—i(yZ) p? (Y,) ‘ ' '
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111. TRANSMISSION FUNCTIONS FOR MIMO PIECEWISE SYSTEMS AND ITS
RECURRENCE RELATIONS.

3.1. Alternate computation of transmission functions of process variables. FT recurrence relations
approach.
We can rewrite equation [12] in a slightly different Way:

)~(?+1’i (yn+l’ Spiees Sl) = Z Xr{ﬁ-ll m (yn+1’ Shm STm—l)

[24]
Xr:+ll m (yn+1’ Sn,m ! STm—l) I:Tnl+1 m (yn+1' Sn,m)l‘jm,i (Sm ® STm—l)
If we define the functions Q' such that
ln+1 m
T]I E jei (yn+1' nm) [25]

n+lm(yn+l’ nm) Pm(sm)

it is shown in the next section that the Q'functions obey the following recurrence relations, that allow its
computation:

n+l,m in+l,m+1
Q J; (yn+17 nm)_ J; ) (yn+1' nm+l) Z

|: rJ1:1|er1(yn+l’ n.m+2" m+1 @ km+1) Pm+1( m+l @ km”') Rm+1/2 I (S ) [26]

Kpn41=0 Q rJ']ilirwrjl.(yn+1’Sn,er].) Pm+l( m+1)
form=1, ...., n, and
Q Irj]j_linﬂ(yml) = QJH: (yn+l) FTnJ+:Il n+l(yn+l' Sn,m) = 1 [27]
3.2. Proof of the recurrence relations.

The proof comes from induction reasoning; for the first two intervals, equations [25], [26] and [27] are
consistent with equation [23]. On the other hand, if we consider equations [25], [26] and [27] true up to interval
n, we have:

-nm

~n i qH
Xq" (801) = 0, (sT,) [28]
" Z P" ( )
Replacing in r.h.s of equation [20]:
~n+1l(yn+l’ nl) Gjnill(ynJrl)uNn,i(ynJrl®STH)+ZGJn;1q(y”+1)Z I;H( ) ml(STm) [29]
g=1 m=1
Comparing this expression with eq. [24] and [25] we can identify:
| 1, 1 1
rjwelm (yn+l’ Sn m) ZGTZq (yn+l)Q :eml ( ) [30]
These recurrence relations of Q’ are assumed true up to interval n, so:
|n+1 m

j<—| (yn+1' n, m)

- n+! n,m+: — Q ”':rl(ym, ! n,m+2? m+ (_B km+ ) Pm+1 1 @ k 1 m+: i
— sz:q(ym-l){qu;i1(yn+1’sn,m+l) Z |: q nmil 2 1 1 ( m+ m+) R 1/2, (S ) — [31]
gq=1

1
q<—| (yn+1' nm+1) m+ (Sm+1)

Km41=0

_ in+1,m+1
- jei (yn+l’ n, m+1) Z

Km41=0

in+1,m+1

1,m+1
r]]iler (yn+1’ e S (‘kaﬂ) ~ pm+1( s @
1
jei (yn+]_! nm+1) m* (S

) m+1/2,i
m+1 R
M) } v (Sn)

for m=1,...,n-1. Finally, for m=n, using property [A7]:
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"Jil.n (yn+1l n) Z Gjn;lq (yn+l)Q ':L (S ) z Gjilq (yn+1)Q:%i (Sn) =

N
— ZGT;lq (yn+1)ZQn+1 i Rn+l/2 i (Sn) —
g=1

[32]
n+1 +
— n+1 JH (Y51 @ k) P" 1(yn+l ®k) RMV2i
- JH (yn+1) n+l pn+t k (Sn)
Qj(—i (yn+l) (yn+1)
3.3. Consistency checks.
As a significant application, consider the case when Q;‘(_i (s)=Q;i(s) are independent on the interval.
Then, because there is no discontinuity
12, K
RIT(Sy) =8, [33]
and
in+l,m in+1,m+1 I 1,m+1
Q ji (yn+1’sn,m) _ Q jei (yn+1’Sn,m+l) r}j—lmJr (yn+1’ nm+2? m+1 ®S ) Pm+1(sm+1 ) _
- in+1,m+1 1 -
Pm(sm) Pm(sm) Q f;:r_ier (yn+l' n""’sm+1) Pm+ ( m+1)
m+1 n+l,m+1l [34]
_P(mrwimmwwq
~ pm m+1
P [ PO L e,
This expression shows that:
a. Consistency with reference [1], section 4.3.

If QJ-Ei (s) =1 we get back the results of reference [1] section 4.3 as may be easily checked.
b. Consistency with a single interval partitioned in several subintervals.
If also the polynomials P™ (S) are independent of the interval, i.e., P™ (S) = P(S) we get

I - (YnoarSom) - Qic (s) _ Qiei(_s) =|:Gjei(s)i| _ [35]
P(s.) PO |y o LPO Loy o -

which leads to the correct result when computing X, i.e.
n+l

n+1| Sn+1’Sn1 ZGJH STn+1 (ST ) [GJH( )ﬂm(s)}s:y 1@5'[ [36]

just equivalent to the one interval transfer function result when expressed in terms of partitions.

IV. SUMMARY OF RESULTS.
In order to give a complete approach to the problem exposed in the introduction of section 2, we must consider

the general case where [BM] * [lN ] . The recurrence relations of equation [26] are still valid as long as we

modify two of the ingredients involved in their computation:

[A]-[A7 =B [A][B]
[Rn+1/2,i} N |:Renq+1/2,i } _ [Qnﬂ.i T B ]’ [Bn”:Qn,i } [37]
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The first equation of [37] takes into account that we dropped the “eq” superscript of the matrix [qu]

in equation [3], and the second one is a generalization of equation [16] when we consider [Bn ] # [IN] (see

the general boundary conditions equation [4]).

Figure 2 summarizes the TFT approach, indicating that transmission functions are products of transfer
function matrices in different Laplace variables. FTs are an extension of linear systems to piecewise linear ones
that keeps the nice features for the treatment of model topology division within each time interval. The diagram
in figure 3 summarizes the process to compute the output variables via the FT recurrence relations approach, as
an alternate to the FT matrix approach, with only involving the input—output pairs in the transfer function
matrices associated to input i and output j. In this form the theory is able to find very fast algorithms for their
computation in the time domain.

For each interval n+1 .
Select output component j

A,.., B,., matrices

=[AL] e 3]

For each input i (Spal =A%) > P™LQI eq. [10]

)

P (5,4 ®K),QA(5,.: ©K) eq. [A1]
[@].[Q"] 8, 1[8,1=[Ry*™] eq. [10], [16], [37]
Inputs < Transmission Functions (Q” recurrence relations):
Given input function u, (t) For m=n+1,...,1 QITﬁ;m(sn,m) eq. [26], [27]
FTI (s eq. [25
= um‘i (Tm) = 'jm,i (sm (‘B ST,“,I) n+1‘m( n+1,m) q [ ]

l A 4
>

Process Variable (interval n, contribution i):

n+l

)~(JI'H1‘i (Sn+1,1) = Z FTnJJrim (sml‘m)am,i (Sm ' STm—l) eq' [24]
m=1

Yes No Process Variable (interval n)
Superposition Principle:
L N
K (50) =Y D (8], X () €012
i=1 k=1
Yes
No Total Process variable X, (t)

END

n+l i
Sequence of X[ (7, ) functions

Figure 3. Process to compute the output via FT recurrence relations approach
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V. VERIFICATION THROUGH EXAMPLES.
In this section several examples of piecewise linear MIMO systems are considered and their corresponding
process variables are calculated following several methods (including the process described in the diagram of
figure3) in order to mutually compare their results, thus ensuring the validity of the transmission functions
techniques.

5.1. Analytical example.
The following simple example is chosen to clarify the main results. Consider the piecewise linear system
defined in Rox, by

?(rn)z{ﬂ(cﬂ C”J—(O ﬂnﬂi(rn){u”(f”)j 0<7, <AT, n=1234
C21 C22 0

with C a fixed matrix and ﬂ” , A" piece-dependent parameters. Boundary conditions between pieces are such
that x is continuous in time and we assume zero initial conditions.

The characteristic polynomials, the Q polynomials and the discontinuity vector of the interval n can be obtained
by [10] and [15] respectively.

As an example, the analytical expression of component 1 in the fourth interval is shown below, derived
for the case where Cy; = -1, C;=1, Cy = 1, Cx» = -1, A"= 1/n, B"= 3, and the constant input signals u;=us;=1,
U,=U,=0:

[1/12])+[-29/12]s, +[-13/ 4]s, +[-10/3]s, +[-5/2]s,s, +[-T/3]s,3, +[-2]5:5, + 5,55, N
[ [ (1135, s, Pu(s )R (S )P (,)s.P(5.)
P,(5,)P,(5,)8,5,5, +[—29/24]+[—5/6]sz +[-5/4]s,+[-T16]s, +[1/4]s,s, +[1/3]s5, +[L1 2]s;s, + 5,85,
ACHACYACYLACY
For details of the calculation up to the 3" interval see appendix A.4.

Xf(SAYSSYSZ’SI)

5.2. Computer-aided testing of the approach.

To check the validity of the theory, we developed a number of computer routines, built in MATLAB, that

compute transient piecewise MIMO systems in a variety of dynamics. They implement the following alternate

methods, applied to the examples described below.

1. FT matrix method. This method implements the FT matrix approach solution of equation [12] that is
feasible for these low order few intervals case. This is considered the reference method to compare with.

2. Frobenius method. The MATLAB FT matrix method above may also be applied to the Z canonical
variables, as follows. Equation [15] shows that, because vector Z corresponds to a canonical system, the
results within interval n of vector Z"' (T,) , corresponds to the canonical case described by [16]. On the

other hand, eq. [16] can be written as

N-1

LY R 40

m=0
and it shows that if the MATLAB results at T, of iteration n in the FT matrix method are multiplied by
matrix R, they provide the right initial conditions for the next interval, and it should occur that

N-1

00, +0)=) [0 Lm 1 +1)

m=0
The left hand side is evaluated according to [12] (FT matrix method), while the right hand side use the
same FT matrix method, but applied to the z variables as described above.

3. FT recurrence relations method. It solves first the recurrence relations of the transmission functions
equations [25], [26] and [27], then compute outputs for given inputs as a separate process. For the analytical
example in particular, the recurrence relations have been solved by hand and the MATLAB routine
evaluates the resulting expressions (for instance, equation [39]).
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5.2.1. Analytical example.
The following values for the parameters have been chosen:
C11: '1, C12: 1, C21: 1, C22: '1, }\.1: 1, )\,2: 1/2, )\.3: 1/3, 7\,4: 1/4, Bn =3.

We set a double step function as input signal. The limits of the intervals are set at: T,;= 2s, T,=7s, Ts=
17s. In this simple case it is viable to calculate the output components expressions by hand. The graphical
comparisons of the results between the methods are shown below (figures 4 and 5). The error is extremely low
(absolute value of the difference goes from 10™*to 10™*%, around 10™*? % of the output signal values).

5.2.2. Point Kinetics Nuclear Reactor model.
To address a more realistic case we consider now a sequence of nuclear chain reaction transitions due to control
rod insertions-extractions in startup tests of nuclear facilities. This example is chosen because there are many
studies on the Nuclear Reactor Point Kinetics (PK) model (see reference [8]) The PK without feedback is an
example of MIMO piecewise linear systems as follows.

The vector of process variables includes a set of concentrations of a family of radioactive isotopes
generated as a result of fissions products, able to produce delayed neutrons, together with the very fast
additional neutron production that is direct result of the fissions themselves. Fissions are generated with a

multiplicative factor, the reactivity p(t), from a neutron flux ¢(t) basically proportional to the total number
of fissions. Then, the corresponding state vector is described by components:

X;(t) =C,(t) Precursor isotope concentration of family j (j=1, ..., N) 2]
Xy (t) =¢(t)  Nuclear reactor neutron flux
The features of the multiplicative reactor change p(t). In order to measure p, a set of experiments changing
its value p(t) = p, during given time intervalsT,< t < T, are performed, inferring the reactivity values from the
time evolution of the neutron flux. The experiments are made at sufficiently low flux level as to prevent that any
feedback mechanism introduces simultaneous, intrinsic reactivity changes. The experiment thus fails if the
neutron flux reaches an excessive value.

Yo Fist oulput component Eor. Frobenius v T Method
. A
o
8
1
o
s
L i . N
0
3
o
x 2 5
&

o

Secand uput componen:Frobenis s T Method 10 Second outputcomponent Eror Froenis ' T Method

0 5 ) 15 E) > E) ® ] 0 5 0 15 » 3 E) El [
t

Figure 4: Analytical example— Frobenius and FT matrix method comparison (x vs time and absolute error): (up)
First output component; (down) Second output component.
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First output component: TF recursion relations vs T Method
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Figure 5: Analytical example— FT recurrence relations and FT matrix method comparison (x and absolute error
vs time) (up) First output component; (down) Second output component.

5.2.2.1. Six Groups Model.

We can consider a six precursor groups PK model in a three intervals sequence®:

e Firstinterval has null initial conditions, is subcritical, and a constant source input signal is applied.
e Second interval lasts 400 time units, is supercritical and input signal is maintained.

e Third interval lasts 600 time units, is subcritical and the input signal is still maintained.

Taking into account the previous hypothesis, the dynamical matrices of the system are:

ple
Bt
Bl

| B
[A”] Sl
Bl

(0" -1)
[B.]=[1]

and where

j=1

£

L

6
B =Y j3; =total delayed fraction

~A
0

o O O o

o~

0
4
0

o O O

&)

0
0

4
0
0
0

4

p; = fraction of the total number of neutrons per fission born from decay of group j

1/ ; = average time of the group j to produce a delayed neutron after any fission

0 0 ©
0O 0 0
0O 0 0
43
-4, 0 0 [43]
0 -4 O
0 0 -4
A A5 A
[44]

¢ = period time for fast neutrons to born after a fission
p" = reactivity of interval n in dollars $ (1$=2)

® Values of parameters, times, and input functions are in range but arbitrary, just for demonstration purposes. They are not

representative of any actual reactor or transient.

WWW.irjsre.com

18 | Page



The Theory of Transmission Functions and its Application to Design Verification...

The routine developed implements the application of Frobenius method, solves the FT recurrence
relations and generates the graphical comparisons with the FT matrix method results. A realistic set of
parameters (to a certain extent) has been chosen, and a change of the total fraction of delayed neutrons  from
0.007 to 0.006 in the last interval has been simulated to introduce a deeper discontinuity.

e P P2 Pa Ba Bs Ps ¢ (%)
1 0,0003 0,0013 0,0011 | 0,0024 | 0,0012 [ 0,0006 | 410 s -0.01
2 0,0003 0,0013 0,0011 0,0024 0,0012 | 0,0006 | 410 s +0.01

0,0002 0,0012 0,0010 0,0021 0,0010 | 0,0005 | 410 % -0.02

3
and &; = 0,0133 s™; 4,=0,0325 s*; A3=0,1219 s*; 1,=0,3169 s*; 15 =0,9886 s; A6 =2,95445"

As expected, the error is way higher than before, since the amount of operations has increased
significantly. In any case its value is around 10°® %.

x 10" Neutron Flux Error: Frobenius vs FT Matrix Method

Neutron Flux: Frobenius vs FT Matrix Method 1

X
/ 1
/
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Neutron Flux: FT Recurrence Relations vs FT Matrix Method X107 Neutron Flux Error: FT Recurrence Relations vs FT Matrix Method
120 7

N :
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/ °
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=
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0 500 1000 1500 0 500 1000 1500

t t

Figure 6: Point Kinetics 6 groups/3 intervals: Methods comparison (flux and absolute error vs time) (up)
Frobenius vs FT matrix method; (down) FT recurrence relations vs FT matrix method.

This no feedback PK model illustrates well the capability of the Transmission Functions method to

reproduce discontinuities. Figure 6 shows the results when different sojourn times in the three intervals are taken
and the input is the same step in the three intervals. Because the [RM’ 2] matrix of the two first intervals is

unity (the Q?(_i (Sn) polynomials may easily be checked to be the same for n=1, 2, as well as the input) no

discontinuity in derivatives is expected, while discontinuous derivatives should appear in-between the second
and third intervals due to different beta fractions, inducing [RM’z] different than unity.

However, as seen in the figure, apparent steps (discontinuity in the variables) at the transitions times are also
observed. Those are actually due to the stiffness (large differences in the poles of the polynomials P"(s,) in

the denominators of the transfer functions) of the PK model that includes large negative poles.
In summary we have three different sources of discontinuities, clearly discriminated by the theory:
i. Discontinuities of the input.

WWW.irjsre.com 19 | Page



The Theory of Transmission Functions and its Application to Design Verification...

il.  Apparent discontinuities in the variables due to stiffness of P"(s,).

Rn+l/2

iii. Discontinuities of the variable derivatives due to [ ] matrix differing from identity.

VI. DISCUSSION AND CONCLUSIONS

6.1. System dynamics remarks.

The main purpose of these developments is not to research new findings in complex system dynamics, rather to

exploit them within the context of Protection Engineering problems. Nonetheless, some system dynamics

remarks are worth the point:

i The FT recurrence relations method provides, for piecewise linear systems, a projection into a single
variable that represents the prior history of the transients through the FT. That is, it is close to the
integral, rather than differential methods. It is immediately suggested the connexion, as limiting cases of
infinite number of infinitely small intervals, with the tradition of the Wiener-Volterra (see references [9]
and [10]) approaches to nonlinear systems.

ii.  Sudden changes in trends, i.e. in derivatives of process variables, are the main observables to indicate the
occurrence of dynamic transitions, very often a consequence of protective actions and/or of the onset of
degrading phenomena. This justifies the study of sequences of events, that are a characteristic feature of
Protection Engineering problems. Continuous behaviour between events is expected , very often the
results of control system actions, that, as shown in this paper, may be interpreted as the infinite limits

mentioned in point (i) above, when the continuity condition [R] = [ I N ] is applied to each interval.

iii. Among the uncertainties in boundary conditions, fluctuating inputs due to noise (or high statistics) are
often involved. Because of the particularly attractive features of the response of piecewise linear systems
to those stochastic inputs, (see reference [11]) the extension of these inputs to transmission functions
opens new possibilities.

6.2. Risk assessment. PSA implications.

Although many other applications may be envisaged, the main motivation for this research has been the

development of a methodology and tools to assess the quality of risk assessments made with the well known,

PSA (Probabilistic Safety Assessment) method, widely used in several industries as an approach to risk

assessment (see references [12], [13], [14], [15], [16], [17], [18], [19]). It has become customary in certain

domains, like in Nuclear Engineering, as part of the regulatory process to verify compliance of Protection

Designs. This widespread method substantially consists of three well defined stages, namely

1. Delineate the possible sequences, which amount to find all SOTs of potential relevance.

2. Determine sequence success criteria, such that the sequence of configurations of the safety systems
responsible to successfully change with their intervention the wrong trends of the damage indicators
evolution in the different sequences, are identified and discriminated versus other configurations not able to
do it (failed configurations).

3. Compute the sequence failure frequency of its safety systems configurations, by using, for instance, FT/ET
techniques.

While detailed methods and abundant literature (see [14], [18]) provides guidance for stage 3, such a
guidance become loose when describing stages 1 and 2, mainly due to the unique phenomena involved in each
application domain, their strong nonlinearities, and their dependence on the protection design methods, usually
very sophisticated and technology dependent (as for instance use of Design Basis Transients, [20]).

The direct motivation for this paper was to be able to understand stages 2 and 3 in a piecewise-linear
PSA, i.e., one where the dynamics involved in the transitions are piecewise linear. The lessons learned may then
be translated into the general case.

A major problem with this industry approach is that in order to analyze consequences (i.e., to
characterize success) with accident computer codes, it is necessary to work with single, deterministic transients.
And in order to cover all potential situations and to compute their frequencies, probabilistic techniques are
necessary, that is, to consider groups of transients (specifically, all those covering the uncertainties) and to apply
statistical methods. For instance, in reference [17] the drawbacks of the transient modelling in the reliability
treatment of electric systems (cascades effects) are clearly stated.

MIMO FTs may contribute to a better approach to this problem, via the optimization of the process to
identify sequence failure domains, i.e., the set of SOTSs that exceed safety limits.

In fact, it allows computing the subset of output stimuli variables, subject to constraints in the inputs, in
a myriad of transients, by using first a numerical technique that substantially pre-computes and store the
transmission functions independently on inputs. The FTs are accounting for the influence of the rest of the
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system variables in that particular variable set, without requiring information other than the one stored in the
FTs that may be pre-processed.

The FT approach is also of interest to help the process to verify adequate success criteria in the current
Probabilistic Safety Assessment (PSA) methodology (see [14]). That is, to identify minimum inputs and its
timing in those variables associated to the system safety functions (of any protective action, either automatic or
manual) that are required for success.For instance, if the inputs are actually boundary conditions that isolate the
plant model from the outside represented by a set of safety systems, so that the boundary condition variables
may be interpreted as safety functions of safety systems, the approach may be used to identify minimum
requirements for success for each sequence system function variables (i.e., minimum flows, temperature and
pressure ranges, etc.).

They also facilitate the application of the TSD theory to the calculation (see [3]) of the contribution to
the frequency of any SOT within the failure domain in order to weight them with the FT/ET results of stage 3
and to aggregate them to find the frequency of exceeding safety limits.

Then, it is enough to apply an appropriate numerical scheme to invert into the time domain the
application of the FT operators to each of the time input shapes, keeping in memory the FT numerical
representation.

6.3. Conclusions. Future research.

The theory of transmission functions is able to implement useful techniques to model the complex aspects
involved in the process to identify failure domains and to verify success criteria in a PSA process. They extend
the many useful properties of classical transfer functions for linear systems (that are but the case of a single
interval) allowing the propagation of the dynamic effects from one interval to another (see figure 2).

This paper is part of a research project trying some new risk assessment techniques in the context of
protection engineering (see [1], [3], [5]). Altogether, they aim to be able to quantitatively validate and verify the
adequacy of designed protections, providing a generalization and mathematical interpretation of all stages of the
PSA process in a way independent on the domain of application, with particular emphasis in the envelope issue.
This paper has dealt with the uncertainty in boundary conditions and time of protective actions, as well as with
the validation of success criteria, and the techniques described are able to provide the sequence damage and
failure domains associated to them.

Next step will clarify more the relationship with the PSA sequences and will provide a numerical
method to convert these results into useful algorithms (see [21]). At the same time, it will be shown the
extension of the algorithms to cases where the matrices defining the piece dynamics are of infinite dimension, so
that transfer functions are no longer rational fractions, a situation often appearing when the original piecewise
linear models come from partial differential equations, rather than ordinary ones.Future steps will be focused on
the identification (see [22]) of envelope transmission functions starting from an adequate, representative, best
estimate, transient data base and to the computation of the exceedance frequency.
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Glossary and Notations

CSISO, Canonical Single-Input Single-Output, Phase variable/Frobenius
MIMO, Multi-Input Multi-Output

PK, Nuclear Reactor Point Kinetics model

PSA, Probabilistic Safety Assessment

SOT, Sequence of Transitions

TSD, Theory of Stimulated Dynamics

FT/ET, Fault Tree/Event Tree

FT, Transmission Functions

[A], matrix A
[A]i,j , element corresponding to the i row, j column of the matrix A

N
[A][B]= Z[A]ik[B]kj , usual product of matrices A and B
k=1

X; (t) , time evolution of the component j of the N-th order process vector x

T, n-th event time when a transition in the dynamics has been induced

AT, =T, —T,_,, duration of the n-th piece of a piecewise linear system

[A1 ] , [ Bn] , State description matrices of the n-th piece-wise linear dynamics of sequence

[ | N ] , identity matrix of dimension NxN

0, Kronecker delta
Uy, ; (t) , i-th input signal of the system during the n-th piece of a piece-wise linear system.
G,L (S,), transfer description of X;(t) -, ; (t) relationship for the n-th piece-wise linear dynamics

P"(s),Q;;(s) . denominator and numerator of G}, (s,)
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@(s,,S,,..), multiple Laplace transform of function @(t,,t,,..) of the independent variables t;,t,,..., where
S, is the Laplace variable associated to the partition time T

®, partition operator (defined in equation [6])

Q;‘L , piecewise linear Frobenius transformation (defined in [15]) that reduces the system in variables X toa

piecewise CSISO Frobenius canonical form in variables Z

FT, I (ST, ) Transmission Functions (FT) of the process variable X;due to input i (see equation [12])

ST

n
nm» Laplace variable associated to the time variable T, = th

=(S,,..,S,,) collection of local Laplace variables corresponding to the m-th to n-th pieces of a piecewise

linear system
7,,, local time variable of the n-th piece of a piecewise linear system

Y,.1 . local Laplace variable associated to the local time variable 7,

Ui (Yo ©ST,), Laplace transform of the U, (z,,, +T,) time function
P" (S @ k) truncated polynomial vector, derived from polynomial P
RIY21(s), Ri™#! | discontinuity vector and matrix between intervals n and n+1

Pk QTk' , coefficients of the P"(S), QJH (S) polynomials
"H' , k component of the canonical variables vector of the n-th piece of a piecewise linear system

[Q ® P], cross polynomial (see section A.1.2 of appendix)
L[e(t)], Laplace transform of ¢(t) function

Appendix A: Transfer functions in partitions of time intervals
In this appendix we provide concepts and properties of transfer functions. In A.1 we show relations that are

derived from polynomials and properties they satisfy, and in A.2 properties of cross polynomials that are
responsible for coupling intervals

Al Notation and properties of polynomials in partitions.
A.1.1. Properties of truncated polynomials P(s ®k), P(k ®s), P (s), P (s) .
N-1
For any polynomial P(s) =s" + Z p, s, of order N, we will use the notations
=0

% ZP(S @k)s! —ZP(k@)s )st

ZP(S ®k)s, ) _M z _zp ZS SJ m-1 z_(_z pmslmkljszk

P(Sl ® 52) =

S, =95 82 k= m=k+1
8 k-1 NG (k+1) 5T
m—k- m _ —(k+
P(Sl ® k) =- Z PmS == z PismaS =5 Pk (51)
m=k+1 m=0 [/\1]

k
PRI (5)=2. p,s"
m=0
P(s®k)=P(kk®s)=-s“ R (s)

N

RI(s)= D Pns" =P(s)-R/(s)

m=k+1
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A.1.2. Properties of cross polynomials [Q ® P] (s®k), [P ® Q] (s®k)
Also we define, with Q a polynomial of order N-1 (i.e.,Qy = 0, py =1)

Q(s)
G(s) =
P(s)
P(s,®s,)
PTF(s, ®s,) = —=—22
(Sl SZ) P(Sl)
PTF(s®k) EM [A2]
P(s)
[Q®P](s®k)
Z(s®k)=QTF(s®k)-PTF(s@k) =
Q(s)P(s)
[Q®P](s®k)=—[P®Q](s®k)=[Q(s@®k)P(s) - P(s@k)Q(s)]
We note the following conclusion
[Q ® P] (s@Kk)=Q(s@k)P(s)-P(s®@k)Q(s) =
=Q(s@Kk)R/ (s)-P(s®K)Q( (s) =
=5 “I1QI ()R (5)- Qi ()R (5) ] [A3]
kN
—Z 2 (G Py = PG, )s ™ (ay =0, py =1)
m=0 I=k+1
N
[Q®P](s@k) = (qp}
min{n-+k-+1
<qp>: {Z }( P Onsks1-t — G Pk ) = <qp>2
1,n+1
_ _ N . _ (N +1)N
Since the previous coefficient matrix is symmetric, we only need to compute T out of the
N % N elements, and the rest are fixed by symmetry.
A2. Transfer functions and cross polynomials.
With the definition and relations
j<—i (S)_Gy—i(z) _ [S[I ]_[A]Tl _[Z[I ]_[A]:Iil
G, (s®2)= =
Z-S Z-S
ji [A4]

- %[S[I ]_[A]I:I:Z[I ]_[A]:';,l = gGy_q (S)qui(z)

the following properties of the transfer functions are proved

G (s®2) :ZGjem(S)Gm&i(z):{%\Iﬁ)\/\o} _ZGJ<—| (S)ZZ“—' ( )

Ok [A5]
sk = 68K PGok)

b1 Qi (s) P(s)
We also define G, _; (s @ k) such that
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[Q®P] (s@K) o
(s
G(s®k)=> I
k P(s)
N i [Q®P](s®Kk)
Z G (8)Qu=G(s®k)=Q, (S)Z, (s ®K) :T [AT]
g=1
where Q(;k is defined in equation [10].
A3. Some examples on the use of partition operators.
In this section we provide some explicit expressions of application of partition operators in the significant
classical pole decomposition of rational transfer functions:
N-1 )
@1(5) =Q(s) = qusl
j=0
- 1 1 [A8]
¢2 (S) = P( ) = N
2. p;s’
=0
In this case the rational transfer function can be expressed as:
N-1
2.0,
Q) <™
?,(5)@,(s) P6) pZ;, oy
where
N
P(s) ; S+2,
i [A10]
()
al=2"
p '
P'(-z,)
The application of partition operators to the case of two intervals, yields
al al N-1
P P
ZN:NZT S+ S, 4T i Z{;qja;
[2.(5)¢,(s)] q—" P — = [AL1]
3 Ds, Lol (s,-5) (s, +1,)(S,+1,)
A general expression that extends to n intervals is obtained by iterating the procedure above:
N
) 1
[(Dl(S)Q)Z(S)]ST = z N P - [A12]
n,m _
Tz -2,) [ 1 +2,)
g=1 I=m
q#p

Here the numerator and denominator are polynomials in all s variables with the numerator degrees
lower than those of the numerator, so they are regular rational fractions.

A4, Use of the recurrence relations in the analytical example.

Let’s consider system [38] in three intervals, choosing

C11=-1,Cp=1,Cx=1,Cp=-1, &= 1/n, B = 3, Up1(11)=U31(3)=1, Up1(12)=0:
The system is defined then by:

1/n 1/n-3

CE R B A B S CARCY LSS IS IS
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To apply the recurrence relations equation [26], we will need to compute some mathematical objects that
might be unfamiliar for the reader. Hence, it is useful to show some explicit examples of their calculation for the

system defined by [A13]. Let’sfix input component i=1:

- Transfer functions and Q matrices:
P"(s)=s’+2s/n+3/n

o 1/n+s 1/n-3 . 1/n+s
Qi) = 1/n  1/n+s ~Qla(8)= 1/n

g (L0 1)(s° o (lno1 [AL4]
Q)= ZQ (1/n O][sl 2% =10 o

- Truncated polynomial vectors (see equation [Al]):
Pn _pn 252 2 _ 0
P'(s@z)= () (Z):S Z+2(s Z)/n:—(5+z+2/n):—(s+2/n 1)[21J
z

(Snl _Aiq _1_)

Z—S Z—S [A15]

P"(s®k)=—(s+2/n 1)
- Derivative discontinuity matrix and vector (see equation [16]):
[12]

Lo T ] 0 e 3 )

N RI?+1/2,1(S) :[(n +1)/n 0](8?] :[(n —I—l)/ nJ
0 LAs > [A16]

- Q’ functions (3 intervals, see recurrence relations [26]):

Q¥ (y,) = Q0 (y,) =1/3+y, > Q% (y, ®k,) = (-1 0)

[A17]
2 LIQT (., ®ky) Py, ®K,) | Lo
Q'S;(YVS)=Q'3L:(Y) |: 1c1\J3 3/ 3 3 R 1(s.) =
11\ V3192 1 3 kgz;,) Qlfﬁl(yii) PS(ya) ks ( 2)
3/2 —7/6|+|1/3 1/2
B PEPSRTESNOPPN (CTEAN & 7T EScT L Y PR s
P (ys) S Y5 +2/3y;+1
Q 1. 1(y3 S) Q 1 1(y3 S ) _1/3_y3 _1/3_y3 510
S, ®s < = = 10
—->Q 1«1()’3 , ®s)) = 5, s, y32+2/3y3+1 y32+2/3y3+1( ) 511

QP2 (¥3,5,®ky)

31 13,2 'fezl 31 2®k P’ Ok
Ilel(y3152;s) Qlel(yS! 2)Z|: ‘EZ(yS S) ) |(:)S( ) )
1<—1 3! S

:|Rl+l/2 1(31) [Alg]

and so on.
- Un; inputs (3 intervals, see equation [6]):

ay,(s) = Ll:ul,l(rl)jl =Si

0, (s, ®ST, ,) —> 10 ~2,1(s2@s1)=L[um(rz)]i:o [A20]

111
a ®@sT,)=L|u,,(z —_
31(Y3 ) [ 31( B)JS s, y3 s, S,
Proceeding as showed in Figure 2, computing each element as explained in this Appendix, it is possible
to obtain the total process variables for the whole time span, with the advantage of projecting over specific pairs
i,j of input-output variables.
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