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1 Motivation and aim

The analysis and control of nonlinear dynamical systems is an undoubtedly
challenging field of systems science. A large number of concentrated param-
eter nonlinear systems can be mathematically described by finite dimensional
nonlinearinput-affinestate space models, where the state equation is a set of
ordinary differential equations (ODESs) [1]. This is a definitely advantageous
kind of representation with well founded tools for dynamical (stability, con-
trollability, observability) analysis and also for controller design [3][{8.

However, concentrated parameter dynamical systems are usually mod-
elled by amixedset of differentialand algebraic equations (DAES) using
a systematic modelling procedure [1]. To achieve the advantageous purely
differential form, the algebraic equations are then substituted to theafffer
tial ones. It occurs quite often that this elimination cannot be performed and
the state equation remains in DAE form. Unfortunately, only a few analy-
sis and controller design tools can be found in the literature, moreover they
generally deal with only very narrow classes of DAEs [5], [6].

Since a rising number of dynamical models - e. g. models of strongly non-
linear complex systems or high precision models that have an emerging role
in a lot of practical fields with an ever-growing demand for punctualityl- fal
into the class of non-substitutable DAE models, the lack of widely applica-
ble general analysis and controller design methods is a serious and emerging
problem that calls for a solution.

This motivates us to alloy the DAE form with another formalism, namely
the quasi-polynomial (QP) form, that has been proved useful in the analysis
and control of systems with ODE models [7],[8]. Under the mild condition
of smoothness, the QP-DAE form can be regarded as a general mathematical
representation of lumped parameter systems.

This thesis represents the very first steps towards the analysis and control
of QP-DAE systems. Three related topics will be presented that are common
in attempting to exploit the advantages of the QP formalism.

It is well known from the literature, that there are no generally appli-
cable constructive ways to find an appropriate Lyapunov function to prove
the asymptotic stability of a steady state point and to determine the stabil-
ity neighborhood in the general nonlinear case [9]. However, for a class of
rank-deficient QP models, namely Lotka-Volterra models - whicthatden
QP-DAEs- there is an algorithmic procedure for finding a quadratic Lya-
punov function and estimating the stability neighborhood of a steady state



point [10]. The first topic aims tapplythis method to different zero dynam-
ics of a strongly nonlinear QP model of a low-power gas turbine.

The second topic is directed towards designing controllers of different type
for a low power gas turbine. This topic is QP-specific in the sense that the gas
turbine model is a QP-DAE with substitutable algebraic equations. Although
standard controller design methods are to be applied, the special QP structure
is to be exploited again.

Finding constants of motion (invariants) of ODE systems is a complex
topic of mathematics. Furthermore, it has a great theoretical and ptactica
importance in systems and control theory [3]. The last topic aims to develop
a new, algorithmizable method to find QP type invariants of QP state space
models.

2 Methods and tools

In this section, the most important notions and tools used in the Thesis are
briefly summarized.

2.1 System representations

State equations in the form of ordinary differential equations (ODES)
Denote the vector of states bye x < R", the vector of system inputs and
outputs byu € RP andy € RY, respectively. The general nonlinear input-
affine form consists of an ODE state and an output equation [11]:

x = X 01 S giou @)
= o= i (X)Ui
a0,
y = h(x) (2)
wheref,gi e R"— R", i=1,...,pandh € R"— R% are smooth nonlinear

functions, andi = [uy, ..., up] .
A function | : R" — R is called aninvariant (constant of motion, first
integral or hidden algebraic constraint) of the ODE in (1) if
d ol
—l=—-x=0.
dt  Jx
State equations in the form of differential algebraic equations (DAES)
The following, input-affine semi-explicit DAE [12] can be regardedttaes



general representation form of lumped parameter dynamical systems

X = f(x,z)+_igi(x,z)ui
Z) :

0 = w(x,

y = h(x,2)
wherex € R™ andz € R™ are the vectors of the differential and the alge-
braic state variables, respectivel,gi € R ™ RM i=1....p, W€

R™™R2 ., R™ gndh € R™™ — RY are smooth nonlinear functions, and
u=[uy,...,up]" is the vector of control input variables.

Quasi-polynomial (QP) models

The majority of nonlinear autonomous ODE models (i.e. (1)-(2) with O

or with u = ¢(x)) with smooth nonlinearities can be algorithmically trans-
formed to the so-called quasi-polynomial (QP) form [13]:

m
X = )(i()\i+ZAijUj), xi>0, i=1,....n, m>n (3)
=1
y = h(x (4)
where the termbJ; are thequasi-monomial¢QMs) of the system:

N B
.
Uj:ﬂxk‘, ji=1,....m
K=1

andA e R™M B e R™N A ¢ R" are constant matrices and vectors.
ThelLotka-Volterra (LV) form of the QP state equation (3) is [13]:

m
UEZUE(/\Lvﬂr ZALV“Uj)a (=1,....m ©))
=1

where the elements of the state vector are exactly the @Ms{Uy, ... ,Um]T,
Av =B-A e RMandAy = B-A e R™M LV models computed from QP
models are generally non-minimal (when> n), therefore their system tra-
jectories can evolve on andimensional manifold (surface) &™.

2.2 Stability analysis: local quadratic stability of LV systems

DenoteU* a steady state of the state variablef an LV state equation (5),
and letU =U —U*. The general quadratic Lyapunov function candidate for



this system and its time-derivative are:
V({U) = U'PU, PcR™™ pP>0

%—\t/ — U {PO)Aw +PUAy +Al [0)P+AL (UHPLT
where[Uy,...,Un" € 4 c R™ while (U) and(U*) are diagonal quadratic
matrices built from the vectotd andU*, respectively.

The non-increasing nature of the quadratic Lyapunov function in a neigh-
borhood. 4" of the origin is equivalent to the validity of the following matrix
inequality, which isbilinear in its variables? and (U) [10]:

PU)A +PUHA + Al (UP+A, (UP <0 (6)

Therefore the quadratic stability region can be estimated by first sétting
0 and solving (6) as Bnear matrix inequality (LMI)[14] for the matrix vari-
able P, and then - with thid - solving (6) as an LMI for the variabléJ).
The solutiongU) define aconvexneighborhood of the origin [14].

Several differentontrol techniqueshave been used in the Thesis. All the
controllers are based on input-output linearization [3] or adaptive feedback
linearization [4], and linear quadratic controllers [11] and/or constrained lin-
ear optimal controllers [15] are put to the linearized plants.

The identified model of a DEUTZ T216 type low-powgas turbine has
been used in this Thesis. Its third order nonlinear input-affine model has been
developed in [16].



3 New scientific results

The new scientific results presented are summarized in the following Theses

Thesis 1 Stability analysis of the zero dynamics of a low power gas turbine
model in QP forn{Chapter 3)
([P1L.[P2],[P3].[P4)
The local stability of two different zero dynamics of a third order non-
linear low power gas turbine model taken from literature [16] has been
investigated.

For thezero dynamics for the turbine inlet total pressa® output, a
guadratic stability analysis method for LV systems known from liter-
ature [10] has been applied to a typical operating point, with stability
neighborhood estimation. The estimated stability neighborhood covers
approximately 56 % of the operating domain. Simulations confirmed
theoretical results, moreover the trajectories started out of the gitadrat
stability neighborhood showed the conservativeness of this estimation
since the range of stability is proved to be wider than the estimated
one. By the application of this stability analysis method to different
zero dynamics belonging to different steady states of the turbine inlet
total pressure, the results have been generalized and the possible causes
of the conservativeness of the estimation method have been discussed.
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Figure 1: Quadratic stability neighborhood estimation

The stability of the one dimensionakro dynamics for the rotational
speedhas been investigated with phase diagrams. The equilibrium of
this zero dynamics has been found to be unique and stable in the whole
operating domain, independently of the arbitrary constant values of the



rotational speed and of the load torque, which is the most versatile en-
vironmental disturbance.

The results of this Thesis give a basis for control structure selection for
the low power gas turbine.

Thesis 2 Controller design for a low-power gas turbir(€hapter 4)
([P2],[P3].[P4],[P5].[P6))
The rotational speed of the low power gas turbine has been chosen to
be controlled via three different input-output linearization based linear
controllers:

(a) An LQ servo controller that tracks a piecewise constant reference
signal for the rotational speed, with known time-function of the load
torque;

(b) an LQ+MPT controller that keeps the rotational speed at a constant
value and the states between bounded values, with measurable load
torque;

(c) a novel adaptive LQ servo controller that is an extension of (a): the
time evolution of thdoad torque is unknown and is estimated

Simulation experiments showed that all controllers guarantee robustness
against model parameter uncertainties and environmental disturbances.

In cases (a) and (b) the time function of the load torque has been as-
sumed to be known, although in most cases it is an unmeasurable distur-
bance of the environment. The advanced controller (c) handles this more
realistic case with a novel approach: the load torque is estimated by a
dynamic feedback supplied by a state space based adaptive controller
and used in the input-output linearizing feedback.

Worst case simulations in MATLAB/SIMULINK have showed that the
controller properly estimates the time function of the load torque, more-
over the reference tracking for the rotational speed is robust against all
environmental disturbances and model parameter uncertainties. In spite
that the load torque is only estimated, the controlled plant shows the
same robustness as (a) with known load torque.

The importance of this result is well characterized by the fact that this
approach has not been applied to gas turbines yet, however the load
torque is the most important environmental disturbance because of its
non-measurability, versatility and impact on the time behavior of the
gas turbine.
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Figure 2: Adaptive estimation of the load torque

Thesis 3 Determining invariants (first integrals) of QP-ODEShapter 5)
([P7],[P8],[P9],[P10],[P11)
A new algorithm has been developed that is able to determine a wide
class of QP-type invariants of non-minimal QP-ODE systems. The op-
eration of this algorithm is based on simple matrix operations, and does
not contain any heuristic steps.

Two versions of this algorithm has been presented: the former is de-
signed to determine single, the latter is to determine multiple first inte-
grals. Both versions of the algorithm are of polynomial-time, and can
retrieve invariants from arbitrarily high dimensional QP-ODEs with ar
bitrarily high number of quasi-monomials.

Both versions of the algorithm has been implemented in the MATLAB
numeric computational environment, and their operation has been tested
successfully on the mathematical model of several physical systems.

The invariance properties of the algorithm have been investigated under
qguasi-monomial and algebraic equivalence transformations. The capa-
bilities and limitations of the algorithm have also been discussed, and
compared with another known method, the QPSI method [17]. Accord-
ing to its applicability, simplicity and effectiveness even in casehigh-
dimensional models with arbitrary high number of quasi-monomials, the
proposed algorithm is proved to be a feasible alternative of the QPSI ap-
proach.



4  Application areas, directions of future research

Since a detailed nonlinear model of a real low-power gas turbine has been
used for the stability analysis and controller design thereon, the implemen-
tation of the controllers designed, especially the one that estimates the load
torque on an experimental test-bed (on a real turbine) is the first stepd®war
the application of theoretical results. Then, this novel controller should be
implemented to other gas turbines.

There are a lot of possible directions of future research connected to the
analysis and control of the low-power gas turbine:

 For the stability analysis of the zero dynamics for the turbine inlet total
pressure, another method could also be applied, bilinear matrix
inequalities, being hopefully less conservative than the method based
on LMIs.

 Although the one dimensional zero dynamics of the gas turbine for the
rotational speed has a very complicated algebraic structure, its phase di-
agram is a relatively simple curve. The identification of the phase curve
as a polynomial depending on two constant parameters (rotational speed
and load torque) might give the possibility of the analytical treatment of
stability investigation.

» The robustness of the controllers could only be checked via simulations,
however an analytical treatment of uncertainties would be desirable.
Further work should be focused on obtaining a structured description of
the key parametric and dynamic uncertainties of the gas turbine model
that would guarantee better circumstances for robust controller design.

Since the majority of classical nonlinear input-affine models can be trans-
formed to a QP-ODE, the algorithm for retrieving invariants could be an ef-
fective and easily applicable tool to determine QP-type first integrals.

The possible directions of future work related to the topic are as follows:

» The algorithm should be re-implemented in a symbolic computer-algebra
system (e.g. MAPLE) in order to handle parametric models.

* Moreover, this algorithm should be applied constructively in control ori-
ented nonlinear system analysis and feedback design - for instance by
combining it with control Lyapunov function based techniques.
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