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Abstract

QP-DAE system models will potentially play an important role in process systems engineering
because the majority of lumped process models can be embedded into this class without approxi-
mation.

In this report two canonical forms, a hidden non-minimal Lotka-Volterra (LV) ODE form and
a minimal QP-DAE form, are proposed for representing a wide class of lumped process systems
in index-1 DAE form. The form invariance properties of QP-DAE models, their steady-states and
local stability properties at steady-state points are discussed.

Algorithms for transforming a QP-DAE in its hidden non-minimal QP-ODE form into its min-
imal QP-DAE form (i.e. the retrieval of the algebraic equations) are also described.

The notions and tools are illustrated on simple examples.
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Chapter 1

Introduction

Lumped dynamic process models, which have no spatial distribution of their variables,
comprise sets of differential-algebraic equations (DAEs). Many lumped dynamic models
of process systems can be written without approximation in quasi-polynomial differential-
algebraic equation (QP-DAE) form.

The QP formalism has a great advantage: it can capture many kinds of nonlinearity
without approximation in a strongly structured universal form ([5]). QP systems have both
graph and matrix representations; techniques from both these disciplines can be applied.

In this report, we extend the earlier structural analysis work ([8]) to assess the static
and dynamic properties of DAE process models in QP form. The QP approach allows the
use not only of structural information for model analysis, but also the model’s constituent
mathematical functions and parameter values.

Similarly to the case of other special system classes (such as LTI, input-affine nonlinear,
etc.) the various algebraically equivalent forms of QP-DAE models serve to investigate
different properties such as local stability or computational decompositions.



Chapter 2

The structure of QP-DAE system models

Consider the general form of semi-explicit DAE models [1]:

= F(z,z) , z(0)=x (2.1)
0 = G(z,2)

where I/ : R — R" and G : R™ — R? with n being the dimension of the differential
variable vector x and d being the dimension of the algebraic variable vector z. The above
DAE model is a QP-DAE model if both F' and G are in quasi-polynomial form.

The aim of this section is to investigate how and under which conditions can one apply
the description and analysis tools developed for QP-ODE models also in the case of QP-DAE
models.

2.1 The general form of QP-DAE models

The general form is obtained by extending the general form of QP-ODE models [5] with
suitable algebraic variables and algebraic equations as follows.

m n d
.Z"i =T ()\Z + Z Ai]’ H .l’kBjk . H ZkBj(nHC)) s (23)
k=1

j=1 k=1
1=1,...,n,
m n d
0= Zi <>\n+i + Z A(nJrrL')j H l'kBjk . ij(n+k)> s (24)
j=1 k=1 k=1
i=1,...,d, > (n+d)

where the parameters A and B of the model are (n + d) x m, m x (n + d) real matrices and
A € R s a real vector.
It is important that we assume that every variable is strictly positive, i.e.

x>0, 1=1,..n, >0, i=1,...,d

Inputs are regarded as parameters, thus this autonomous form can be regarded as a
system model with z; being the state variables.
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It is important to notice that the monomials, also called quasi-monomials, of a QP-
DAE model are present in both the differential and algebraic equations in the form:

n d
g = kaBjk . Hzfj(“k) , 7=1,...m (2.5)
k=1 k=1

It is important to observe, that the algebraic equations (2.4) of the above QP-DAE form
are ambiguous, as we can multiply any of them with a quasi-polynomial expression and
they still remain QP-algebraic. Such a multiplication, however, will change the apparent
quasi-monomials (2.5).

Example 1 A simple example of a QP-DAE model will be used to illustrate the concepts
throughout this report. The DAE model is:

i = x1(5+ 37323 + 423) (2.6)
By = m9(2+ Ta123) (2.7)
r3 = 3xir) + 4 (2.8)

The above DAE can be easily transformed to the general form in Egs. (2.3)-(2.4) to get
i = x1(5+ 373x3 + 4a3) (2.9)
By = x9(24 Tz123) (2.10)
0 = x3(—x3+ 3ziah + 423) (2.11)

with the quasi-monomials

Q= {azi’xg, r3, Ty, riv, T3} (2.12)

The differential and algebraic variable sets are x = [z; 3|7 , 2z = x3, so we have n = 2
and d = 1. The parameters of the model are

301
5 3400 O 0 20
A= 2 , A=100 7 0 0 , B=] 10 5 (2.13)
0 0403 -1 4 5 0
001
Example 2: A continuous fermentation process A fermentation process with

no control input (constant F' and Sr) and quadratic type reaction kinetics will also be
considered. Its DAE model is:

- F
X = X(_V + p) (2.14)
. F  SpF _,, 1 1
_ __ — =X 2.1
S S( v + v S v S™ ) (2.15)
p o= S (2.16)
The above equation can also be transformed to the general QP-DAE form:
- F
X = X(_V + p) (2.17)
. F  SpF _,, 1 1
_ __ — =X 2.1
S S( v + v S v S™ ) (2.18)

= u(S*—p) (2.19)
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Here again we have a single algebraic variable z = p and the set of quasi-monomials is
Q={p S, XS ', 5%} (2.20)

The parameters of the QP-DAE model are:

—§ 1 0 0 0 8 01 (1)
SpF B
A= -4 , A= 0 =£ 19 L B=| ] (2.21)
0 -1 0 0 1 0 2 0

2.2 The monomial-explicit form of QP-DAE models

In this section we will show that under mild conditions it is possible to express the monomials
of the algebraic variables of the implicit QP-DAE model in Eqs. (2.3-2.4) explicitly (in terms
of the differential ones). This monomial-explicit description is not in QP form in general, but
we will show that it becomes a QP model by introducing only one new algebraic variable.

The special monomial-explicit QP-DAEs are special cases of the general QP-DAE model
class where one can easily develop their QP-ODE form by direct substitution and variable
embedding. This enables to apply the tools and techniques developed for QP-ODE models
for this QP-DAE subclass in an easy and straightforward way.

Let us consider the algebraic equations (2.4). Construct the set of algebraic quasi-
monomials ()* by considering the differential variables as constant coefficients. Assume
now that the number of these quasi-monomials is equal to the number of algebraic equations
and that of the algebraic variables (d), i.e.

Q" ={q, - 9} (2.22)
where

d
qf _ szBij : B* ¢ Rdxd (2.23)
j=1

This means that the logarithm of these QMs are linear combinations of the logarithm of the
algebraic variables:

Ing; = Z Bilnz;

which can be written in compact form:
¢ =B*z" (2.24)

where the superscript * on a vector indicates taking the logarithm element-by-element. If
this assumption is fulfilled, then these quasi-monomials can be expressed explicitly from the
algebraic equations with the following method. Write Eq. (2.4) in the following matrix-
vector form:

p(h, ) = Alx)q” (2.25)

where p is a vector containing the terms which are independent of the algebraic variables,
A is a matrix-valued function of the differential variables, while ¢* denotes the vector made
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of ¢f,...,¢;. This is a linear set of equations with respect to ¢*. If pu(A,z) # 0 and
det(A(zx)) # 0 then this set of equations can be solved for ¢* by using Cramer’s Rule:

det Sl .
q = det((A)) where  S;(A,x) =(A; ... Aip p A ..o Ag) L i=1,...,d (2.26)
and A;, i = 1,...,d denotes the i-th column of A. This form of the algebraic equations is

non-QP in general because det(A) is generally a quasi-polynomial not a monomial, but if we
introduce an additional algebraic variable

1

- - 2.2
“dt det(A(x)) (227)
then the monomial-explicit form of algebraic equations becomes a QP description:
@ = zgndet(Si(z)), i=1,...,d (2.28)
2 = det(A(x)) (2.29)

since det(A(z)) and det(S;(x)) , i = 1,...,d are polynomials of z. Thus, the monomial-
explicit form of QP-DAE models given by Egs. (2.3,2.28-2.29) consists of m + 1 equations.

From Eq. (2.24) it follows that if B* is of full rank, the algebraic variables can be
expressed from the explicitly given algebraic monomials:

7 = (B*) '¢** (2.30)

and can be substituted into the differential equations of the model. This model is minimal
(containing n differential equations) but it is non-QP in general. Non-QP terms in this model
can be handled by variable embedding, resulting in a non-minimal, but QP differential model.
For example, the embedding of z,,; is performed by taking its time-derivative:

%zdﬂ _ —m%det(/l(m)) _ —z§+1%det(14(x)) (2.31)

which results in a QP-ODE equation, since det(A(z)) and therefore its time-derivative are
quasipolynomials.

2.2.1 A simple example
Consider the following QP-DAE model with implicit algebraic equations:

i = z(2z + %) (2.32)
3
0 = 2%2720 + 2272y + 92° + 52 + 8 + 2023 (2.33)
3
0 = 302282 + 4wz + 2,22 (2.34)

The number of monomials of the algebraic equations is 8, and the number of algebraic
monomials (¢*’s) is five. It does not match with the number of the algebraic equations
(which is 2). Thus, this model cannot be transformed into monomial-explicit form. But, if
one divides the second algebraic equation by z;:

i = (2’2 + 23) (2.35)
3
0 = %272 +x2i2 +92° + 52 + 8 + 222 (2.36)
3
0 = 32°2izy + 42 + 23 (2.37)
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the number of algebraic monomials reduces to 2, and therefore the condition on the number of
algebraic monomials is fulfilled. Write the algebraic equations in the form p(\, z) = A(z)¢*:

—923 — 5r — 8 24z 22 ]| Az
[ —4x ] N [ 322 1 ] [ 22% (2.38)
By solving this set of equations with the condition that det(A(z)) # 0 and introducing
1 1

det(A(z)) T 6t alta

we get the following monomial-explicit DAE model:

i = x(a’zn +25) (2.40)

q; =2z = 23(—92° + 82° — 5r — 8) (2.41)
3

G =2 = z(272° + 112° 4 202?) (2.42)

zt = -6+t (2.43)

As a result, we get a monomial-explicit QP-DAE description at the price of introducing a
new algebraic variable. Since the exponent matrix B* is of full rank, and its inverse,

(B = { - ]1 - { : } (2.44)
0 3 0 3
is also of full rank, the algebraic variables z; and 25 can be given explicitly:
a o= (@)(gd)F = (25(—927 + 822 — 5z — 8))? (23(272° + 11° + 202?))
5 = ()} = (22727 + 11° + 2027)) (2.46)

The algebraic part can be substituted into the differential equation resulting in a minimal
one-dimensional ODE that is, unfortunately, not in QP form:

. 2(—9x3 + 827 — b — 8)% <27x5 + 113 + 20x2>—§ <27x5 + 113 + 20x2)2
r=z|x
—6x3 + 22 + o —6a3 + 2% + o —6x3 + 22 + o
To get a (non-minimal) QP-ODE representation, a possible way is embedding z3 and then
taking the time-derivative of ¢j and ¢3:

b= w(a®n 4 28) = o(e(4)2 ()75 + (63))

iy = —22(182% 4+ 2z + )i

@ = (—92° + 8% — 5z — 8)23 + 23(—272° + 162 — 5)

@G = (272° + 11 + 202%) 23 + 23(1352* + 3322 + 402)
This yields a set of QP-ODEs, with variables z, ¢, ¢5 and zs:

i = 2o®a) @)+ ()] (2:51)
G = ai[(a) " (2s(— 270 + 160 - 5)a(a2(aD)* (63) " + (65)?) -

— (= 92% + 822 — 5w — 8)22 (1827 + 2¢ + 1) 2 (22(¢])* (¢2)~F + (¢3) ))} (2.52)
B = a5[(05)7 (50(1350" + 330% + 402)a (22(g7) > (05) %+( 5)?%) -

— (272 + 113 4 202) 22 (1822 + 22 + 1) (2(¢)* ()% + () ))] (2.53)

Z3 = 23 — z3(182% + 2z + 1):U(x2(qf)%( 5)" 34 (qz)z)] (2.54)

5 (2.45)




Research Report SCL-004,/2004 9

In the previous example, the four-dimensional monomial-explicit QP-DAE description
could be transformed into a QP-ODE without decreasing the state-space dimension (a four-
dimensional QP-DAE yields a four-dimensional QP-ODE while the minimal representation
is a one-dimensional non-QP ODE).

This was the "worst case" from the viewpoint of minimality, yielding an n + d + 1
dimensional QP-ODE model, by embedding the reciprocal of a determinant and taking the
time-derivative of the expressed algebraic monomials.

In contrast, the "best case" for transformation into QP-ODE form is when the substitu-
tion of the algebraic monomials yields a QP-ODE representation. In this case, the dimension
of the state space is increased by only one - and is therefore equal to n + 1 - because of em-
bedding the reciprocal of the determinant z;,; = det+%m))' Moreover if this determinant is
a monomial only, then embedding is unnecessary, and the resulting QP model is minimal -
the dimension of the resulting QP-ODE model is equal to n. Therefore the following bounds
hold:

n < dim(resulting QP-ODE) <n+d+1 (2.55)

which means that the transformation of a monomial-explicit QP-DAE into QP-ODE form
does not increase the state-space dimension.

2.3 An equivalent non-minimal QP-ODE form of QP-
DAE models

In the previous section, the transformation of index-1 monomial-explicit QP-DAEs to QP-
ODE form has been presented. In the following, the QP-ODE form of arbitrary index-1
QP-DAE models will be considered following the general derivation presented in [1].

Let us assume that the differential index of our DAE model is 1 on a connected subset
S C R™? which means that the first time-derivative of the algebraic variable vector can be
expressed as an explicit function of the differential and the algebraic variables. A necessary
condition is the invertibility of the Jacobian matrix of the algebraic equations (G(z,z) in
Eq. (2.4)) with respect to the algebraic variables:

oG

3J Y(z,2), where J = {E

1 L Yz, 2]fes (2.56)
Note that this condition is equivalent to det(J) #0 , V [z, 2]T € S.
Also note that this condition is only a necessary, but not sufficient, condition for the

expressibility of z in terms of x, but is quite enough to represent Z in terms of & on S.
If Eq. (2.56) is fulfilled, one can differentiate the algebraic equations in the DAE model

= {%] B {%] i = Gz, 2)i (2.57)

on S, by means of the Implicit Function Theorem. Note that a(x, z) is a matrix valued
function.
If we now consider the QP-form of the differential equations in the DAE model, then the
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elements of Z can be written in the following form:

Zi = Z; (lenzéll(x, Z)Ltl> =
= Z; (Z Gll .1' Z ZL’[)\l + Z Z G l‘lAl]q]) (258)

=1 =1 j=1

i=1,...,d

where @Zk(ac, z) denotes the appropriate element of the matrix-valued function G.

Note that the elements of G are not necessarily in a quasi-monomial form, because we
need to invert the matrix 2 8 . But, if det(aG) is in the form of a quasi-monomial, then this
property is fulfilled, since the set of quasi-polynomials is closed under differentiation, and
also under addition and multiplication occurring in taking the adjoint of a matrix and in
matrix multiplication.

Also note that if det(%—f) is a quasi-polynomial, then its reciprocal can be embedded by
introducing it as a new algebraic variable and taking its first time-derivative. From these it
is easy to see that the resulting QP-ODE model will have the following dimension:

n+ d < dim(resulting QP-ODE) <n+d+1 (2.59)

As we can see, the "best case" dimension is much worse than that of QP-ODE models orig-
inating from monomial-explicit QP-DAEs. At the same time, the latter method is available
for arbitrary index-1 models.

Non-minimal QP-ODE form One can consider the resulting set of ODEs in Eqgs. (2.3)
and (2.58) as a non-minimal ODE representation of the original system that is in QP form
with the set of quasi-monomials extended with new members, which come from the following
terms:

@i ) @Z )
Mxl/\l, MxlAquj, i=1...d, j=1..m,l=1...n (2.60)
It is important to notice that the right-hand sides of the equations (2.3) and (2.58) are
related by an algebraic equation as seen in Eq. (2.57). This fact implies the non-minimality
of the pure ODE form of an index-one QP-DAE model.
Later we shall see that algebraic methods can be developed by using the equality (2.57)

for retrieving the algebraic equations from a non-minimal QP-ODE form.

Example 1 (continued) First we take the time-derivative of x3:
iy = 4-32125(5 +303ws +4a3) +5- 30125 (2 + Twyad) + 2 - 423 (2 4 To2d) (2.61)

Arranging this equation in QP-form, we get the following QP-ODE representation:

i = x1(5+ 323w3 + 423) (2.62)

i3 = w3(90xiwdzy ! + 362Ta5 + 48x wdry !t 4+ 1052 x5x; + 162525 + 567 2573) (2.64)
This is a non-minimal QP model, where the third differential equation is responsible for
non-minimality.

Observe that the number of quasi-monomials has increased drastically compared to the
QP-DAE form in Eq. (2.12):

4,5 -1 7.5 4.7 5,5, .4

_ (.3 2 5
Q = {2ixs, 13, ma3, vixday’, x]x), wialas’, xiadel, aday!, xiadey) (2.65)
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Example 2 (continued) By taking the time-derivative of ;1 and arranging this equation
in QP form we get the following QP-ODE representation:

. F
- F SpF ., 1. .,
S = (-4 ST - oXS ) (2.67)

1= p(—==S*u"'—=XS Su! 2.68
1 =g ST - XS+ 1) (2.68)
This is a non-minimal QP model, where the third differential equation is responsible for
non-minimality.

2.4 The logarithmic form

In order to obtain an easy-to-handle compact logarithmic form of the QP-DAE equations,
we extend the variable vectors as follows:

X =|—— Xr=|-——

where the natural logarithm of a scalar variable ¢ is denoted by ¢*, i.e.

" =Inyp

and the logarithm is taken element-wise when constructing z* from a vector .

It is important to note that X* and X* are equivalent under the condition when z =1
with 1 being the vector of all 1 entries. This means that the time-derivatives of the algebraic
variables are equal to zero, which is the case in the limit if we consider the pseudo-ODE
form of a QP-DAE model.

The compact vector-matrix form of Eqgs. (2.3)-(2.4) is as follows:

d ~
— X =A+A 2.
y7 A+ AQ (2.69)
with

Q" = BX" (2.70)

It will be useful later if we partition the system parameter matrices and vectors according
to the variable vector partition to get:

Ad /\d
A= | —— A= | —— , B=[Bs | B.] (2.71)

Finally we can construct a compact linear-analogue logarithmic form of QP-DAE equations
by uniting the parameters A and X in a structure matrix A € R®FIx(m+D) a9 follows:

A= X | A] (2.72)
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and extend the matrix B with a 0 row to have

B=|-—1| , o=|®" (2.73)
5
Gm

The compact linear-analogue logarithmic form of QP-DAFE equations is then as follows:

d ~ —

—X"=A 2.74

Y% - A0 (2.74)
with B B

Q" =BX* (2.75)

2.5 QP algebraic equations

QP-DAE models contain both a QP-ODE part with the algebraic variables regarded as
constants and a QP algebraic part. This section deals with the QP algebraic part only. It is
important for calculating the steady-states of QP-DAE and QP-ODE systems.

2.5.1 The general form of QP algebraic equations
The general form of a quasi-polynomial algebraic (QP-AE) set of equations is

m d
0= Zi (/\z + Z Aij H Z]fjk> 5 (276)
=1

k=1
i=1,....d, m>d

where the parameters A and B of the model are d x m and m x d real matrices and \ € R?
is a real vector.

Note that a QP-AFE can be obtained from a QP-DAFE by considering its algebraic part only
and regarding the differential variables as parameters. If we characterize the nonlinearity
of such a part then the solvability properties of the algebraic equations for the algebraic
variables will be taken into account. This is relevant for some solution techniques for DAE
models. Likewise, any subset (component) of a set of QP-algebraic equations with the
number of equations equal to the number of unknown variables (e.g. an L-component) can
be regarded as a QP-AE in the above form if one considers the external (known) variables
as parameters.

2.5.2 QM-transformation of QP-AEs
The logarithmic form of QP-AEs is obtained if one divides each equation by z; > 0:
0=X+AQ , Q" =Bz (2.77)

Note that the first equation above does not contain any logarithmic variables but puts a
linear algebraic constraint of the set of quasi-monomials. The logarithmic variables appear
only in the second equation.
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The QM-transformation of a QP-AE model is generated by an invertible matrix C' € R%*¢

to get
S =0z, =071
Then the transformed equations in the new variables are
0 = CTIA+CT'AQ =X+ AQ
Q* = Bz*=BCC '2*=BC7 =0Q" (2.78)
B=B-C , A=C"1- A, X=C"1-)\

with the same invariants as for QP-ODE models, i.e. M = A,y = BA, A = B\ and Q.

2.5.3 Lotka-Volterra form

The Lotka-Volterra form of a QP-AE can now be obtained by extending the variable vector
to form a square m = d case and then following the method described for the QP-ODE
models.

In the general m > d case we extend the variable vector z with (m — d) constant 1-s (and
call it x) and use the partitioned and extended compact linear-analogue logarithmic form of
the model

0 0 0 . 1
Q| =18, 0 [ZO] , oz{gf‘ép "(ﬂ Q, (2.79)
Q3 By 1 Qs
Here again, there is a nonlinear QM-type algebraic relationship between the d independent
primary quasi-monomials in (), and the rest of them in @), in the form of

Qi = B.B,'Q; (2.80)

The Lotka-Volterra form of the original QP-AE can now be obtained by QM-transforming
the above equation with
—1
O { B, 0 }

By 1
It is important to note that the Lotka-Volterra form of a QP-AE model is a LV-AE
model, i.e. a set of second-order algebraic equations. This set of equations, however, is
not algebraically independent, because there are (m — d) QM-type algebraic dependencies
between its variables in the form of Eq. (2.80).

*S ¥

A simple example Consider the algebraic equations of an open vessel with a one-
component liquid phase:

0=cmT —-U (2.81)

= ko + k1T + ko T? + k3T — ¢, (2.82)

where the algebraic variables are the specific heat z; = ¢, and the temperature z, = T
while the differential variables - which are considered now as constants - are the mass m and

the internal energy U. This set of algebraic equations forms a QP-AE with the following
parameter matrices and the extended algebraic variable vector y:

1 1 Cp 21
0 1 T Z9
A:{?{U],A:l?gl?;_ol . B=|02|,xy=|1|=11
10 1 1
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The partitioned and extended linear-analogue logarithmic form of the model is:

(1) (1) 8 8 8 2} -Ulm 0]0 0 O
0 0o 110 0 0 Z; k’o 0 ]{Zl kg k’g -1 1
O e s 0|, 0= 0[]0 0[0 0 O Q,
Q5 o 3lo 1 0 0 00 0[O0 0 O Qs
0 0O /0 010 0 O
1 0/0 0 1
where Eq. (2.80) defines the relationship between the primary and secondary monomials:
2% 02 1 1] [ 2+ 2 02 21+ 25
Q:= | 3% 0 3 {O 1} [ 12*2}: 0 3 { 12*2} (2.83)
2y 10 2 1 -1 2

The Lotka-Volterra form can be achieved by a QM transformation with the following

transformation matrix: .

(2.84)

Q

I
o olo
W N
o rRloo
— olo o
o olo o

1 0/0 0 1
The resulting LV model can be written in the following compact form:

—U‘i‘k’o m kl kQ k3 —1
ko 0 ki ke ks -1 {

O - 2]{?0 0 2]@’1 2]@’2 2]@’3 —2
3ko 0 3k 3ky 3ky —3
-U m 0 0 0 0

1 (2.85)

=) =

where
=0 (2.86)

2.6 (QM-transformation

As we have seen earlier in section 2.5 the quasi-monomial transformation (QM-transformation)
is generated by an invertible transformation matrix C' such that

n d
K= [Ia ™, i=1....,n+d (2.87)
k=1 k=1

where X is the united vector of both the differential z and algebraic z variables.
The effect of QM-transformation on the logarithmic variables can easily be computed

X*=C07'X* | X! =InX;
with the quasi-monomials being Q* = BX™.

Similarly to the case of QM-transforming a QP-AE (see Eq. (2.78)), the effect of the
QM-transformation on a QP-ODE model can be seen on its logarithmic form:

X' = O+ C0AQ (2.88)
Q* = BX*=BCC™'X*=BCX*=Q" (2.89)
B=B-C , A=C1" A, A=C"1-A (2.90)

where the invariants of the transformation are M = B-A, A= B -\ and Q.



Research Report SCL-004,/2004 15

2.6.1 QM-transformation of QP-DAE models

It can easily be seen that the logarithmic form (2.74) of a QP-DAE is not invariant with
respect to QM-transformation because the differential part (a QP-ODE) and the algebraic
part (a QP-AE) will be "mixed" by a general transformation matrix C' € R+d)x(n+d),
However, both "pure" QP-AEs and QP-ODEs are invariant. Therefore, we have two options
if we want to have a QP-DAE form that is invariant with respect to QM-transformation.

1. Construct the equivalent non-minimal QP-ODE form of the QP-DAE (see section 2.3)
and perform the transformation afterwards.

2. Use a restricted version of QM-transformation with a block diagonal transformation

matrix C such that c
0
C — nxn
[ 0 Caxa }



Chapter 3

Form i1nvariance

It has been shown in the previous sections that the DAE form of a QP-DAE will not generally
be invariant with respect to QM-transformation but it can be embedded by introducing new
variables into QP-ODEs in the index 1 case. The embedding can be seen as a transformation
from the DAE form to the QP-ODE one that is not unique. The inverse of this embedding,
that is the transformation that retrieves the hidden algebraic equations from a non-minimal
QP-ODE, is the subject of this chapter.

The significance of the retrieval of the hidden algebraic equations from a non-minimal QP-
ODE model is best explained from a control theoretical point of view. It is well known from
linear and nonlinear system theory that the minimality of a state-space model [6] (i.e. a QP-
ODE in our problem statement) is a necessary condition for designing any state feedback type
controller (and most of the linearizing and stabilizing ones, as well) [4]. There exist general
procedures to reduce non/minimal state-space models to find their minimal representation
but these require to solve partial differential equations symbolically. Therefore, it is of great
practical and theoretical importance from the viewpoint of dynamic analysis to find a feasible
alternative for them.

3.1 Form invariance of linear DAE models

Before we start investigating the form-invariance of QP-DAE models with respect to QM-
transformations, let us look at a simple analogous case - the form invariance of linear DAE
models with respect to linear transformations.

Consider the following general description of linear DAE systems (with no control inputs):

T i AH Alg T
o) La ]l o
where z € R" is the vector of differential variables and z € R? is the vector of algebraic
variables.
Let us assume that the model in Eq. (3.1) has a differential index of one (in the linear

case this is equivalent to the assumption that Asy is invertible), then the algebraic variables
can be expressed in terms of the differential ones:

Z = —A2_21A21£L' (32)

16
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The DAE canonical form We can substitute the algebraic relationship (3.2) into the
differential equation part of the original DAE model to obtain:

T = (AH — A12A521A21)$ (33)

The above purely differential description contains the minimum number of differential equa-
tions describing the time-varying behaviour of the differential variables. Together with Eq.
(3.2) it is equivalent to the original model in Eq. (3.1).

Observe that Eq. (3.3) is an autonomous model in itself, with the advantages of be-
ing both purely differential and minimal. Note that state-space models originating from
nonlinear index-1 DAEs rarely have these properties.

Non-minimal ODE form The time-derivative of equation (3.2) gives
Z = —A521A21i' = —A521A21(A11$ + Algz) (34)

We can now leave out the algebraic equations and substitute them with the above alge-
braically equivalent set of differential equations which leads to the following linear ODE:

T _ AH A12 X _. T (3 5)
z —A2_21A21A11 —A2_21A21A12 z ' z '

which is a hidden DAE system with the state matriz A of dimension (n+d) x (n+ d).
This linear ODE is non-minimal, which means that the dynamics of the system can be
described by a system with a smaller set of differential equations. If A1y is invertible, then
the order of the system equals rank(Ay1) = n, i.e. A is rank-deficient.
If the initial conditions [z(to) 2(to)]? are consistent (i.e. they fulfill the algebraic equation
0 = Ag1z(to) + A2ez(to)), this model is equivalent to the DAE model in Eq. (3.1).

All A12
A21 A22

The application of a general invertible linear transformation

Tll T12
T — nxn nxd 36
[ o1y 122404 1 (3.6)

to the model in Eq. (3.5) linearly combines the variables, but it does not change the rank
of the transformed state matrix:

T[:C} T %11 A:12

< Ay Agy

7T { . } (3.7)

z

which leads to

(3.8)

Tnx' + T122 _ Y TH:U + T122
Tgli’ + TQQZ Tgll’ + TQQZ

where A = TAT-!,

As we can see, a general linear invertible transformation transforms a non-minimal ODE to
a non-minimal ODE, or in other words a hidden DAFE system to an equivalent hidden DAE
system.



Research Report SCL-004,/2004 18

3.1.1 Retrieving the algebraic equations from the transformed lin-
ear DAE

Under the index-one assumption, we can retrieve the original DAE structure from a hidden
linear DAE system in its non-minimal ODE form by finding an appropriate transformation
based on the observations of the previous section.

Detection of non-minimality For this purpose we can use the fact that the coefficient
matrix A of a hidden DAE system is not of full rank because of construction, but is of rank
n < n+ d. Assume that Aj; is invertible in Eq. (3.5) and thus the first n columns or rows
are linearly independent of each other. Then the remaining d rows (or columns) can be
expressed as a linear combination of the n rows (or columns) participating in the spanning
set of the n-dimensional sub-space.

The retrieval algorithm Consider a linear ODE model in the form of
. dr -
T=—=Ar 3.9
= =AT (3.9)

such that A € Ii&mﬁ but rank A = n < 7. If we rearrange the order of variables such that he
first n rows of A are linearly independent vectors, then the remaining rows a;, j =n+1,..,n
can be expressed as linear combinations of the first n rows, i.e.

@ =Y ogdy , j=n+1l,.,7 (3.10)
k=1

The coefficient row vector a; corresponding to z; , j = n+1,..,n can be computed by solving

-~

a linear set of equations. Since rank(A) = n, it has n independent columns. Partition A in
such a way that its first n columns are linearly independent:

AA\ |: Mll M12 :|

oy = 3.11
port = | My My (3.11)

where the first block-column contains the linearly independent columns, the first block-row
contains the linearly independent rows. The coefficient row vector a; can be computed by
solving the following linear set of equations:

ijMll = MQl,(j—TL) y ] =n—+ 1, ..,ﬁ (312)

where My, ;) denotes the it" row of M. Since M, is invertible, the coefficients can be
computed easily. Moreover, if we collect the row vectors a; into a coefficient matrix L:

Q41
L= (3.13)

ag
we can get the coefficient matrix computed in a more compact form:

L= My M} (3.14)
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Having determined the coefficients from Eq. (3.10), we can derive a linear set of equations
relating the time derivative of the corresponding state variables in z:

n
T = E oy o, Jj=n+1,..,n
k=1

Finally we can conclude that there is a linear dependence of the corresponding state variables
by integrating the equations above:

Ti=@i+ Y opdy . j=n+1..7 (3.15)
k=1
Since our DAE system is linear (and homogeneous), ¢; =0, j=mn+1,...,n. Observe

that the above equations are algebraic equations in the transformed variables.

Finally we can construct the DAE form of the transformed ODE model in Eq. (3.9)
by leaving the first n ODEs unchanged but replacing the remaining ODEs by the algebraic
equations in Eq. (3.15). This way we can obtain the DAE form of any transformed ODE
originating from a DAE model. This form can be regarded as a DAE canonical form
of a non-minimal linear ODE model.

The DAE canonical form of a hidden DAE system is unique if one chooses and fixes the
n independent rows of the coefficient matrix A.

3.1.2 From hidden linear DAE systems to DAE canonical form
models

Non-minimal linear ODE models can be transformed into DAE canonical form as described
in the previous section. The resulting algebraic equations are explicit in their variables, so
they can be substituted into the differential equations leading to a minimal ODE form of
a linear non-minimal ODE model.

Transformation to DAE canonical form This substitution can be performed in one
step by using a linear transformation as follows. With the help of Egs (3.10) and (3.13), the
linear model in Eq. (3.9) can be written in the following form:

d { L1 ] | A A { e } (3.16)
dt | Tp2 LA, LA, Tp2
where
o Tn+1
Tpy = : , Tpy =
Tn Ty

are partitions of vector .
Let us apply the following transformation matrix to Eq. (3.16):

I Onxd
Tmin — nxn nx 317

[ —Lasn  Lixd ] (3:17)
It transforms our system to

Zp1 121\1‘1‘121\2[/ 121\2 Tpy
pu— .].
KRR o9
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where the vector ¢p, is built of ¢;-s in Eq. (3.15):

Qpn+l
Yp2 =
2

Since the second row is equal to zero, only the first row has to be considered, therefore
the system can be written in the following form:

5131 = 2290132 + (/Ah + A\QL)fm (3.19)
Note that ¢ps is unambiguous for given initial conditions:
©Yp2 = gpl(t(ﬁ - prg(to) (320)

and it equals zero if our model is linear (because of homogeneity).

This way we get to the minimal realization of the model in Eq. (3.9) which is equivalent to
the original one and has been generated by the transformation which expresses the dependent
(algebraic) variables in terms of the independent (differential) variables and then substitutes
them into the differential equations. Moreover, this minimal model is unambiguous for given
initial conditions.

3.2 Form Invariance of QP-DAE models

The method of retrieving algebraic equations from a non-minimal QP-ODE model is far from
being trivial. Symbolic algebraic methods are applied in [2] to construct nonlinear invari-
ant manifolds (that correspond to the algebraic relationships between the system variables)
for the 3-5 dimensional cases. Necessary conditions for the existence of quasi-polynomial
invariants are presented in [3| that can be constructed recursively from the low dimensional
cases.

The form invariance and the retrieval of the algebraic equations of QP-DAE models is
investigated in this section by using the QP-ODE form of QP-DAE models and the known
form invariance results derived therefor.

3.2.1 The Lotka-Volterra ODE form

Similarly to the case of QP-ODEs, the Lotka-Volterra form of a QP-DAE can be regarded
as a canonical form representing the whole class of QM-transformation invariant models.
For this we recall that the QP models that have the same invariants M, A and @) form an
equivalence class that may contain both QP-ODE and QP-DAE models.

The Lotka-Volterra form of a QP model equivalence class can be derived in two alternative
ways. We may extend the variable vector with constant elements or we may use the quasi-
monomials as new variables.

Extension to the m = n (square) case Note that in the general case m > n, i.e.
the number of quasi-monomials is greater or equal to the number of variables. This implies
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that there are quasi-monomial type relationships between some (m — n) quasi-monomials
(see [5]). To show this, we partition the vector of quasi-monomials as follows:

@y
Q=|---
Qs
with dim((Q),) = n such that the n x n block B, in the partitioned B matrix is of full rank.
From
@, By
= == | x*
Q3 B,
we get
Q, = B, X" (3.21)
Q: = B, X" (3.22)

which gives the connection between the two sets of monomials:
Q: = BsBlle; (3.23)

Moreover, we can formally extend the variable vector X of dimension n with m —n constant
1-s, to get

X
X = 1
1
to form a square version of the original compact logarithmic form of the QP-ODE model as
0 S [0 0 .
Q; | = B ‘)é =| B, 0 { )é ] (3.24)
Q: - - | B, 1
[ 1] - 1
o= A, | =0 ] Q, (3.25)
L QS _ B Qs

The Lotka-Volterra form of the original QP-ODE can now be obtained by QM-transforming
the m-dimensional extended variable vector xy with the square invertible matrix

— BP 0 o
-2 7]
The quasi-monomials as new variables The Lotka-Volterra form of a QP-ODE or

QP-DAE model is formed by choosing the quasi-monomials to be the system variables, i.e.

j=1
with U; = ;. The parameters of the Lotka-Volterra form are exactly the invariants of the
QP model class, being A and M.
It is important to note that the Lotka-Volterra form is a special QP-ODE in itself with
A =M and B = I and thus it is a set of quadratic ODEs.
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Algebraic dependencies between the quasi-monomials Recall the number of the
quasi-monomials m, that is, the number of the differential variables in the Lotka-Volterra
form, is greater than or equal to the number of the original differential variables n. This
implies that the Lotka-Volterra form is a hidden QP-DAE, which is indicated by the fact that
M 1is generally not of full rank. Equation (3.23) gives the QM-type algebraic relationships
between the first n and the remaining (m — n) quasi-monomials.

3.2.2 Retrieving the QM-type algebraic equations from the Lotka-
Volterra ODE form model

It is important to recall that a Lotka-Volterra ODE form can be regarded as a special non-
minimal hidden QP-DAE in the general m > n case where Bry = I and Apy = M. Thus
the LV parameter matrix M will now be rank-deficient such that rank M < n.
This allows us to retrieve algebraic equations between the variables generated by the
linearly-dependent rows
M; j=n+1,..n+d

of the coefficient matrix in the same way as in the case of the transformed linear DAEs in
section 3.1.

Using the same derivation as in section 3.1 we can retrieve the QP-DAE algebraic equa-
tions in the following form:

=@+ Y apdn . j=n+1l.n+d (3.27)
k=1

This gives rise to QP-type (quasi-monomial) algebraic equations in the original variables:

n

xj:gpj~H(xk)aj’“ ., j=n+1.,n+d (3.28)
k=1

It is important to observe that there may be new quasi-monomials in the retrieved (Q)P-
algebraic set of equations compared to the original Lotka-Volterra ones.

Note that with the method above we can retrieve a part of the hidden algebraic equations,
if they are in the form of Eq. (3.28). Such equations are used when creating the Lotka-
Volterra form of a QP-DAE or QP-ODE model.

Example 1 (continued) Let us consider the LV-ODE form of Ezample 1, with its
matrix invariant M:

0O 0 0 0 0 0 0 0 0
15 9 12 0 90 36 48 105 16 56
0 0 14 0 0 0 0 0 0
3 4 0 450 180 240 525 80 280
i 30 12 16 35 —-90 —-36 —48 —105 —16 —56 . (3.29)
45 21 28 35 O 0 0 0 0 0 '
34 12 16 49 -90 —-36 —48 —105 —16 —56
35 15 20 35 360 144 192 420 64 224
4 0 0 14 -90 —-36 —48 —-105 —16 —56
9 3 4 14 360 144 192 420 64 224
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Denote the j™ row of M by M;. If one follows the retrieval algorithm above, then one can

observe that the rows {My, M3, My} are linearly independent, giving a basis to reproduce

the rows {Ms, ..., My} as their linear combination (M is assigned to the known monomial

'1’, which there is no need to retrieve). The linearly combining matrix L can be computed

easily:

[ 15 25 —0.5
25 2.5 —0.5
1.5 35 =05

L= 1.5 25 0.5 (3.30)

0.0714 1 —0.2143

| 00714 1 0.7857

and the algebraic relationships can be given therefrom:

4

=g+ Y apiy . j=5,...,10 (3.31)
k=2

where o can be given from the elements of L:
Oéjk:L(j_47k_1) 5 j:5,...,10,]€:2,...,4

From this, we finally get the monomial relationships:

4

vy =g [[a)™ , j=5,...,10 (3.32)
k=2
where ¢;, j =5,...,10 can be computed from initial conditions.

Thus, the resulting DAE model has LV differential equations complemented with QM-
type algebraic relationships:

n o= 1 (3.33)

d

=2 = wa(1521 + 0wy + 12wy + 005 + 3625 + 487 + 1052 + 16z + 56a10)  (3.34)

d

—2 = (e + L) (3.35)

d

% = a4 (521 + By + Axs + 45025 + 18026 + 24027 + 52525 + 80z + 280z19)  (3.36)
rs = p5-ay° 25 00 (3.37)
5 = g5 3”100 (3.38)
T = @r-ay’-wst w0 (3.39)
N R N (3.40)
T = g aQ0TH gl o021 (3.41)
To = ig- 200 gl 0T8T (3.42)

where the constants s, ..., v are determined by the initial conditions of the model.

3.3 Retrieving the QP-type algebraic equations

In this section we show two algorithms for the retrieval of QP-type algebraic equations. The
first is based on considering the parameter matrices A and B of the QP model together. The
second tries to find first integrals of the system. Both algorithms contain heuristic steps.
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3.3.1 Generalized QM retrieval algorithm

Unfortunately, only the QM-type algebraic equations can be retrieved by the approach pre-
sented in the previous section. Therefore, we have made an investigation on how one could
generalize it to retrieve a broader class, namely when a variable is a quasipolynomial of the
other variables.

For this purpose, we present an algorithm with heuristic elements giving back these
relationships.

1.

Construct the A and B matrices of the QP model sequentially, i.e. by starting with the
first quasimonomial (QM) in the first differential equation, and finishing with the last
QM in the last differential equation. Include the QM "1’ (instead of using the vector
A). Observe that A is a lower block-triangular matrix because of the way it has been
built.

If A is not of full rank, then apply the previously presented algorithm, substitute the
algebraic relationships you got, and then re-start this algorithm.

If A is not block-diagonal then duplicate those QMs with coefficients in the non-
diagonal parts. If this step is done, the modified (expanded) A matrix is block-diagonal.

Denote the diagonal elements of A (which are row vectors) with a,pp, , ¢ =1,...,m,
and their corresponding B matrix partitions by B; ,i =1,...,m.
Reproduce - if it is possible - @4y; in the form:
amwj = [Ml ‘ M2 ’ e ‘ Mg] =
m m m
1.1 2 2 00
= [ Z Ci Gy, Z Cilyo, | - ‘ Z ciamwi] (3.43)
i=1,i#j i=1,i#j i=1,i#j
where c},... ¢t ;i = 1,...,m are constants, while afowi a=1,....m, k=1,...¢

denote rows made from a, .y, ,% = 1,...m by permutating its elements, and by possible
insertion of additional zero entries.

Denote their accordingly arranged B; matrices by BF, i =1,...m, k= 1,...{ (zero
rows are inserted in the appropriate places).

Now construct the matrix

ZZ:L#]' B} Nt
B =B;— | TN e ]\:[2 (3.44)
Sy B N
If all N¥, k =1,...¢ have identical rows in the form of o = [a¥, ob,...,—1,... oF]

with their j-th columns containing —1 elements, then the algebraic relationship is of
quasi-polynomial type and can be given explicitly:

ok
xrj=co+ E L - H xt (3.45)
with the coefficients ¢, = ;’“TZ, k=1,...,0 and n, € {1,2,5— 1,7+ 1,m} are integers
k

such that o # 0 ,k = 1,...,£. The coefficient ¢y can be computed from initial
conditions.
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3.3.2 The method of first integrals

In the previous section, an algorithm has been presented to retrieve explicit QP-type al-
gebraic equations. Now we present another method, which is moreover capable to find
monomial explicit algebraic relationships.

Take a look at the following QP-DAE model with n differential equations and a single
explicit algebraic relationship:

t = f(zr), xze€R" (3.46)
= p(z), z€eR (3.47)

where p(x) is a (quasi)polynomial of x. This model can be written in an n + 1 dimensional
QP-ODE form, by simply taking the time-derivative of z:

i = f(x) (3.48)

) dp "\ 9p
io= o (a:):;@—xifi(x) (3.49)

Now we will show that there exists a first integral of this system which is a function of x
and z. Search for this first integral in the form A(z, z) = ¢, and take its time-derivative:

dx  OX.  OX. OA O\ Op O\ 1
_— = — B — _ — _— — _— = R xn .
il + 557 ag[:f(.ar:) + P axf(x) 0, 5 grad\ € (3.50)
This can be simplified to
ON  OXOp 1
—+——=10 ... R™" 51
5 55 B [0...0] € (3.51)

which is a set of n equations. It is easy to show that
Az, z) =2z —p(z) e R" (3.52)

is a solution of this PDE, since

ONx,z)  OXw,2)0p  Op op
Ox + dz Ox  Ox 183:_0 (3.53)

therefore \(x, z) is a first integral of the system. It means that
z=p(r)+c (3.54)

therefore we retrieved our original algebraic equation, where ¢ = 0 according to the initial
conditions [z(to), 2(to)]”.

Experience has shown us that finding the solution is not so simple in most cases, since
g—’; is a row vector and p(x) is made of an arbitrary number of monomials, therefore the
time-derivative of z can maximally contain ¢ x m, monomials, where ¢ denotes the number
of monomials in p(x), while m, is the number of the monomials in the differential equations
for . However, if p is an arbitrary polynomial of one variable: p(z) = p(xy) for some k then

the solution is immediately given:

p(wk) Z/%d% (3.55)
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If p depends on more than one variable, then a good way is to search for those parts on
the RHS of Z which, if they are divided by the RHS of some zj, give monomials without

remainder:
part;

— = monomial(x) (3.56)
Tk

These monomials (more exactly, their integrals with respect to xy) will constitute the solution
p(x), if 2= part; is fulfilled.

Example 2 (continued) Consider the QP-ODE model in Egs. (2.66-2.68). This is the

case when z = p(x) depends on only one variable zj, and therefore there is a relationship
Z = poly(x)iy, where poly(z) is a polynomial. It is easy to see that

=258 (3.57)
From this, the original algebraic equation can be easily retrieved:
,u:/%dS:/ZSdS:Serc (3.58)
where ¢ = 0 comes from the initial conditions of the model.

Example 1 (continued) Recall the QP-ODE model of this system in Eqs. (2.62-2.64):

iy = x1(5+ 3xiws + 4a3) (3.59)
Ty = x9(2+ Ta23) (3.60)
iy = x3(90xirhzy! + 36x]ah + 48z xirst + 1052 a52s + 162525 + 56z 2573) (3.61)

Consider the last equation of the model - it contains the largest number of monomials,
therefore this would be the differential equation coming from the time-differentiation of a
polynomial in the form x3 = p(x, z5). Now try to find parts of the RHS of &3 which can be
divided by some z; without remainder. Observe that

23(90zixiost + 362725 + 48zxtxlxs )

3.62
21 (5 + 3z3w3 + 423) (3.62)
has a remainder, but
r3(60zix52st + 363:70%2 + 42856‘11x;:£§1) 12085 — paﬂh (3.63)
x1(5 + 3xixs + 4x3) T

gives a monomial without remainder, therefore 30z1x5 should be used elsewhere. Indeed,

23(30xiadzy ! + 105052524) gt part, (3.64)
To(2 + Try23) e Ty '
For the remaining monomials,
23(16232; " + 562 2373) gy, — Parts (3.65)
= 2 pumy .

.1'2(2 + 71’1$§) N .Z"Q
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is true. Since &3 = part; + parts + parts we have found the partial derivatives of the
monomials of p(xy,z5). Take the integrals of these three monomials with respect to the
appropriate variables:

/1233?183611’1 = /15$‘11x§dw2 = 3xiz) + ¢ (3.66)
/ 8xodry = 473 + ¢y (3.67)

Thus, the polynomial we searched for can be written in the form
r3 = p(x1,22) = 3wixs + 423 + ¢ (3.68)

which is exactly the algebraic equation of the original QP-DAE model in Eq. (2.8) with
appropriate initial conditions.

3.3.3 Retrieving monomial-explicit algebraic equations

In this section we focus on the retrieval of algebraic equations in the form
z=p%x), zeR (3.69)

These equations are QQP-algebraic equations, since they can be written in monomial-explicit

form: )

zo = p(x) (3.70)

and - if their substitution spoils the QP format - they are treated by embedding. Consider
the DAE model described by Egs. (3.46,3.69). Equation (3.69) is embedded in order to have
a QP-ODE representation:

z = &pa_l(x)—gvjc =z o —xf(a:) (3.71)

As we will see, the variables x, z of this QP-ODE model in Eqs. (3.46,3.71) form a first
integral A(z, z) = c¢. Take the time derivative of A:

d\ 0N,  OX. O\ O\ o1 0p B
i gx—l—%z— axf(x)+ azaz e (x) =0 (3.72)

This PDE can be written as

o\ 7)) 1ya—1 ap .
One can easily check that .
ANz, 2)=za —p(z) =c (3.74)

is a solution of this PDE from which the original algebraic equation is retrieved in its
monomial-explicit form in Eq. (3.70) with appropriate initial conditions.

The retrieval of embedded variables play an important role in process systems analysis,
since a special case, when @ = —1 s used in describing global reaction rates in the sys-
tem, because the reaction rate equations are rational functions with quasipolynomials in the
denominator. In this case, the embedded variable is

z=p (z) (3.75)
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and the differential equation for z is in the following form:

Z= —22271;085%% :z<—z gp > (3.76)

In general, it is much easier to explore an algebraic relationship of this kind, because of the
multiplier —z in the monomials of Z. Since the elements of the gradient % are independent
of z, the powers of z in the monomials of Z will be increased by one compared to the cor-
responding monomials in &;. Moreover, there is another connection between the coefficients
of these monomials: they have opposite sign (but have the same absolute value). It can also
be indicated if the monomials of some @ do not turn up in z. This is because > a =0 and
means that p(z) does not depend on x. This makes the retrieval easier.

To retrieve an algebraic equation of this type, one just simply applies the method of first

integrals, with one modification: all integrals have to be multiplied by —z72, i.e. if
Opart; .
= monomial;(x, z)
81‘1@
and
z = Z part;
then

= Z/—z_Zmonomiali(ae,z)dxki

Example: A continuous fermentation process with fractional reaction kinetics
Consider now the QP-DAE model of a continuous fermentation process with non-
monotonous reaction kinetics:

X = X(—§+Su) (3.77)
. F  SpF_, 1

§ = S-S - S X (3.78)
o= kS 4 kpS? (3.79)

This model is in monomial-explicit form, from which one can obtain a QP-ODE model by
expressing ;1 and taking its time-derivative:

i(;) — _(;
dt ki + S+ k52" ki + S+ kyS2

The resulting model is a QP-ODE:

L= 21+ 2k)S = —pi®(1 + 2k28)S  (3.80)

: F
X = X(—3+5n) (3.81)
: F  SpF 1
S = S(—V+%S‘ — 5 Xn) (3.82)
. F SpF SpF 1 2ks
= (= ok Lty = 2PE o —XSp® + 22X 8% (3.
1 PGSt 2k 757 — = = 2k =S+ S XSEE + <7 XS70) - (3.83)

Now let’s try to retrieve the algebraic equation! The coefficients of monomials in the third
differential equation turn out in the second differential equation, but with an opposite sign
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- it is correct. The connection between the monomials is also fulfilled, the monomials in the
third equation have powers of z increased by one compared to the corresponding monomials
in the second equation. Therefore our algebraic relationship would be in the form:

_ ! (3.84)
") '
Since p depends on a single variable, it can be retrieved directly:
/ 3 = dS = /%25 +1dS=kS*+S+ec (3.85)

where ¢ = k; comes from appropriate initial conditions.

3.4 Canonical forms of QP-DAE models

Here we summarize the two previously introduced canonical forms for QP-DAE models that
will be used for further analysis.

DAE canonical form of QP-DAEs The usual form of QP-DAE models

(A +ZAZJkaJk H 29 (3.86)
7j=1 k=1

1= 1 So,n,
m n k—
B; n
0 =2k (Msr + Y Awrng [T TT27"). (3.87)
Jj=1 (=1 (=1

kE=1,...,d, m > (n+d)

where the parameters A and B of the model are (n + d) x m and m x (n + d) real matrices
and A € Rt is a real vector, is called a DAE canonical form if both the blocks A, for the
rows corresponding to the differential variables and A, for the algebraic variables are of full
rank.

Example 1 (continued) Let us consider the QP-DAE of Example 1. It is easy to
check that its DAE form in Eqgs. (2.9) - (2.11) is in the canonical QP-DAE form. Defining
the set of differential (z = [x;, z»]7) and algebraic (2 = x3) variables, and using that z is
positive, we get the following QP-DAE model:

i = x1(5+ 3732 + 423) (3.88)
iy = x9(24 T112°) (3.89)
0 = z(3ztad 4423 — 2) (3.90)

which is indeed in the form of Egs. (3.86-3.87).

LV-ODE form of QP-DAE models The previously introduced (see Eq. (3.26)) form
of QP-DAE models

j=1
is a LV-ODE form with the following properties. It is



Research Report SCL-004,/2004 30

e a quadratic nonlinear model,
e rank-deficient M for the general m > n case
e a special QP model with A = M and B = 1.

The results in the earlier sections together with the LV-form of a QP-DAE model show
that

1. Tt is possible to transform a QP-DAE model into LV form similarly to the case of
QP-ODEs (using C = B™!), but the resulting transformed model will be a LV-ODE,
i.e. the algebraic equations formally disappear and the resulting coefficient matrix
M = Ary will be rank deficient.

2. We can retrieve the algebraic equations from the LV-ODE form of a QP-DAE, but
then the algebraic equations will not necessarily be in a LV form (i.e. with at most 2nd
order terms).



Chapter 4

The steady-states of QP models

The number and properties of steady-states of QP models (QP-ODE or QP-DAE) char-
acterize their type of nonlinearity. Generally speaking, one may call a model with single
isolated steady-states more nonlinear if it has more steady-states with different local stabil-
ity properties. As we shall see in this section the maximal possible number of single isolated
steady-sates of a QP model is equal to the difference between the number of quasi-monomials
and that of the variables.

The determination of steady-state points of a QP model is performed in two logical steps.

1. Construction of a QP algebraic (QP-AE) model by equating the time derivatives of
the differential variables to zero.

2. Solution of the resulting QP-AE.

4.1 Full rank m = (n + d) case

If the number of quasi-monomials is equal to the number of variables, then both A and B are
square. The QP-AE to be solved for the steady-states in its logarithmic form is as follows:

0 = A+ AQss (4.1)
Qi = BX.,

SS

It is important to note that a necessary condition to get any admissible solution (i.e. a
solution in the positive orthant) is that Eq. (4.1) possesses an element-wise positive solution.

With invertible (full rank) A and B we get a unique solution that is not necessarily
admissible:

st = —A7"\
XL = BQ

Full rank LV-case: In the rare case when the Lotka-Volterra coefficient matrix Ay, =
M = BA is of full rank (that implies that both A and B should be of full rank) and Bry = I
is also of a full rank, the above equations become

Uss = st = _M_lA (43)

This also means that we have a unique solution and at most a single unique admissible
steady-state.

31
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4.2 Rank-deficient cases

In the general case, however, m > (n+d) and rank M = rank (BA) < (n+d). That means,
that the linear equation

0=+ AQss

will not have a unique solution. Then, the vector of quasimonomials and accordingly the
parameter matrices A and B can be partitioned as:

_ QI%SS Q;,ss _ Bp *
A_[AP‘AS} |:QS’SS] ) |:Q:7ss:| - lBS:|Xss (44>

This gives a set of solutions forming a linear subset of R™ that is constrained by the m—(n-+d)
nonlinear algebraic relationship between the quasimonomials:

0 = A+ A4,Qpss + AsQs s containing (n + d) equations (4.5)
Qsss = BB, 'Qps containing (m — (n + d)) equations (4.6)

even if both the matrices A and B are of full rank (n + d).

Example 1 (continued) The parameter matrices of the DAE model of this example
can be partitioned in the following way:

3 0 1
34 0|0 0 0 2 0
A=|o0oo0 70 0|, B=|105 (4.7)
0 4 0[/3 -1 4 50
0 01
for which Eqs. (4.5-4.6) are in the following form:
0 [ 5 340 0 0
0] = [2]4]00 7|Quus+ |0 0 | Qs (4.8)
0 0 040 3 —1
1
45 071]3 091 005 _2
Qs,ss - 0 0 1 020 = |: _1 6 i7:|Qp,ss (4 9)
L 10 5 14 14
where s
L7 55L3,55 4 5
Qp,ss - x% ss 5 Qs,ss = |: ststSS :| (41())
"5 333,55
x1,83x3755

The linear set of equations has a solution in the form of a two-dimensional subset, which is
constrained by the two nonlinear equations.

In order to see what happens to the number of possible steady-state points, let us consider
the LV form of the QP-ODE or QP-DAE in question. Then the equation to be solved for
finding the steady-state points is

0=A+ MU, (4.11)

but now rank M < (n + d) < m. Thus the steady-state points will be on an m —n — d
dimensional linear subspace of R™ constrained by the generally nonlinear algebraic relation-
ships between the quasi-monomials, that is the LV variables, that are coded in the linear
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dependence of m —n —d rows of M on the linearly independent ones. In the extreme case we
may then obtain m — n — d different isolated solutions of Eq. (4.11) as possible steady-state
points. This system has no admissible steady states.

Example 3 Let us consider a simple one-dimensional example
i = x-(2° =327 +22) = 2%z - 2)(x — 1)
@ = T, =1, @=21

that has 3 different steady-states (two admissible ones): © = 0, z = 1, = 2. The number
of variables is n = 1 and the number of quasi-monomials is m = 3.
The LV-form of the model is

@ = ¢ -(g3—3¢0+2q) 1 -3 2
G2 = 2¢2-(¢3—3¢+2¢) , M=|2 —6 4
g3 = 3q3- (g3 —3q2 +2q1) 3 —9 6

If one solves the related steady-state algebraic set of equations it is easy to see, that it
has infinitely many different steady-states on the plane

(g3 —3¢2+2¢1) =0

that is a 2-dimensional linear subspace of the 3-dimensional space.
In order to retrieve the nonlinear algebraic relationships between the quasi-monomials,
we transform the equations to their minimal form by

1. retrieving the QM-type algebraic equations, and then
2. substitution
Using the LV form of the simple one-dimensional example we perform the following steps.
e rank M =1, take the first row
e 2nd row = 2 - (first row): ¢3 =24 = ¢ =2¢; +C1 = ¢ =Ci¢
e 3rd row = 3 - (first row): ¢ =3¢ = ¢} =3¢ +Co = ¢z = Co@}
Thus the steady-state points can be obtained as the intersection of the equations
(s =30 +2¢)=0 , ¢2=Cigi , g5 =Cogy

that gives 3 points, 2 in the admissible domain.

4.3 Local stability of the steady-state points

The Jacobian matrix of a QP-ODE system at a steady-state point ., can be computed from
the system matrices A, B and the equilibrium point.

Jop(ss) = Xss - A-Q,, - B-X., (4.12)

where
= diag([T1,ss, - - Tnss)),

X_SS
st - diag([q1,887 A 7Qm,ss])
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where g; s, j = 1,...,m are the quasi-monomials of the system in the equilibrium z,.

[ Z;nzl AljBJ'lC.I]}S s i,lL i Z] 1 Al]B]n% ss |
L 27; :: Z] 1 ANJBﬂQJ S8 v 27:1 Anijan,ss

It is important to observe that the Jacobian matrix above is an n X n matrix and thus can
have at most n different non-zero eigenvalues in the optimal full-rank A and B case.

It is also important to know that the above QP-Jacobian matrix is not invariant with
respect to QM-transformation, but its eigenvalues are. To show this, transform the system
with an invertible QM transformation

n+d

X =[[x%, i=1...n (4.14)

where C'is an arbitrary (n+ d) x (n+ d) invertible matrix. The effect of this transformation
on the logarithmic variables at the steady state is

o~ _ =1 %
xss - C xss
which can be written in the form
~ -1 _*
Tss = exp(C xly)

where exp(v) denotes element-wise exponential of vector v. Using the well-known effect of
QM transformation on the parameter matrices and monomials:

Q*=Q*, B=B-C, A=C"1-A,

the Jacobian of the transformed QP system can be written as:

-1

Top(@e) = Xu-A-Q,-B-X,
= exp(Clzz,)-C-A-Q,, (W)A:
e (R B et 17 A-Q,-B-X. Xy C-(cxp(Car)) " =
~ (e - 0K - gl - (eap@R) -0 K) T =
= T-Jhplass) - T (4.15)

where v denotes the diagonal matrix made of the components of vector v.

As we can see, we get the Jacobian of the transformed system by a similarity transfor-
mation T applied to the Jacobian of the original system, and therefore the eigenvalues are
preserved.

Jacobian matrix of QP models in LV form It can be shown [7] that the Jacobian
matrix of the Lotka-Volterra form model is

JLV(USS) = Mdzag(Uss) (416>
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where M = Apy and U, is the solution of the steady state LV-AE equation
0=A+ MU,

Since the matrix M has maximal rank n < m, the LV-Jacobian matrix above is an m x m
matrix with maximal rank n, and therefore it has (m — n) distinct zero eigenvalues. The
other (generally nonzero) eigenvalues, however, are identical with those of the QP-Jacobian
matrix.



Chapter 5

Conclusions and future work

Various algebraically equivalent forms of index 1 QP-DAE models that are of importance for
lumped process models are suggested in this work. These are the DAE canonical form and the
LV-ODE form with a rank-deficient coefficient matrix. Form invariance and transformations
for obtaining these forms from each other are also discussed.

The retrieval of the hidden algebraic equations from a non-minimal QP-ODE form of a
QP-DAE model is also considered. The suggested algorithms can only retrieve special classes
of QM or QP algebraic equations.

Further work will be directed to the use of these forms and the form invariants for
computational and dynamic analysis of QP-DAE systems.

Acknowledgement

The authors are indebted to Prof. Ian Cameron, Dr. Adrien Leitold and Dr. Géabor Szed-
erkényi for their helpful comments and suggestions.

Part of this work has been supported by the Hungarian Research Fund through grant
T042710, which is gratefully acknowledged.

36



Bibliography

1]

2]

13l

4]
5]
6]

17l

18]

R. E. Beardmore and Y. H. Song. Differential-algebraic equations: A tutorial review.
International Journal of Bifurcation and Chaos, 8:1399-1411, 1998.

A. Figueiredo, T. M. Rocha Filho, and L. Brenig. Algebraic structures and invariant
manifolds of differential systems. Journal of Mathematical Physics, 39:2929-2946, 1998.

A. Figueiredo, T. M. Rocha Filho, and L. Brenig. Necessary conditions for the existence of
quasi-polynomial invariants: the quasi-polynomial and Lotka-Volterra systems. Physica
A, 262:158-180, 1999.

K.M. Hangos, J. Bokor, and G. Szederkényi. Analysis and Control of Nonlinear Process
Systems. Springer, London, 2004.

B. Hernandez-Bermejo, V. Fairén, and L. Brenig. Algebraic recasting of nonlinear ODEs
into universal formats. J. Phys. A, Math. Gen., 31:2415-2430, 1998.

Alberto Isidori. Nonlinear Control Systems. Springer, Berlin, 1995.

A. Magyar. Stability of Generalized Lotka-Volterra Systems (Diploma work). University
of Veszprém,
http://daedalus.scl.sztaki.hu/diploma/Magyar_Attila.pdf, 2004.

A. Magyar, G. Ingram, B. Pongricz, G. Szederkényi, and K.M. Hangos. On some
properties of quasipolynomial orinary differential equations and differential algebraic
equations. SCL-10/2003, Computer and Automation Research Institute,
http://daedalus.scl.sztaki.hu/pdf/research reports/On some properties of
QP-0DEs and QP-DAEs.pdf, 2003.

37



