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Abstract. In recent years several concepts and tools for modelling and simulation of nonlinear het-
erogeneous and multi-domain systems have been developed, speeding up to a great extent the process
of an accurate analysis by simulation of increasingly complex technological systems. In parallel, for
dimensioning and, above all, for control system design purposes, the need of models of reduced com-
plexity has emerged, together with the need of tools capable of extracting, from the overall dynamic
model, reduced models, representing the dominant behaviour. The paper reviews recent results in
nonlinear model order reduction, originally developed with reference to computer aided analysis and
design of electronic circuits, and puts them in a control system design oriented perspective, pointing
out interesting future research directions.

1 Introduction

Equation-based, object-oriented modelling techniques, languages, and tools emerged during the *90s, and are now
well established in the modelling and simulation field, in particular to support the design of modern integrated
systems, which require multi-physics modelling capabilities. Object-oriented models are usually non-linear, and
mostly used for simulation purposes. There is a strong interest in object-oriented modelling for control system
analys and design, but so far the use of such models to support control-related activites has been mostly limited to
the verification of the control system performance in closed loop by simulation, rather than giving direct support
to controller design [4]. For this specific purpose, the equations that correspond to object-oriented models built
by aggregation of reusable components are usually too complex, and not formulated in a way that can be directly
employed in the controller design.

In the field of electronic circuit analysis and design, a research interest has recently emerged in Model Order Re-
duction (MOR) techniques for nonlinear circuits. The main motivation behind this interest is to support hardware
design activities. On one hand, as pointed out by [8] and [34], the design of modern mixed-signal (analog and
digital) integrated circuits represent a challenge for modelling and simulation software, due to the ever-increasing
complexity of the circuits allowed by the progress of integrated circuit manufacturing technology. In order to mas-
ter the complexity, it is necessary to provide good macro-models of basic functional units, which are then used at a
higher level for the design of the integrated system. These macro-models are usually developed manually by skilled
designers, but this activity is very labour-intensive, and might lead to neglect parasitic and secondary phenomena
which have a significant impact on the overall system performance, expecially as the features of the integrated
circuits get smaller and smaller. This motivates the development of techniques to extract these macro-models auto-
matically from finer-detail models of the hardware. On the other hand, as noted by [35], MOR techniques can help
to highlight the influence of key design parameters of the hardware on the dynamic performance of the system,
e.g., the frequency and damping of poles in the transfer function of the linearized model, thus providing valuable
information for the optimization of the system design.

Similar issues also arise in the field of control system design, even though with some significant differences. The
aim of this paper is then to review some of these recently developed MOR techniques, putting them in a control
system perspective, and motivating the need for further research and extensions in order to make them more
effective for control applications.

The paper is structured as follows. Section 2 discusses how object-oriented models could be used for direct
support of control system design, with emphasis on the specific requirements of control-oriented models. In
Section 3, several recently developed MOR techniques are reviewed, while Section 4 points out open issues and
future research work which is needed to make these techniques more effective for control system design support.
Section 5 concludes the paper with final remarks.

2 From object-oriented modelling to control system design
2.1 Object-oriented modelling of physical systems

The object-oriented approach to system-level, heterogeneous physical system modelling follows an a-causal,
equation-based approach. Basic components, corresponding to elementary physical objects, or to specific phenom-
ena going on in a physical object, are built by directly writing the differential and algebraic equations describing
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them as on the paper. The equations refer to both the internal variables and to the connector (or port) variables.
Connectors represent the boundary conditions of the component, and usually contain flow/effort pairs of variables,
such as current and voltage, with no implied causality (i.e., neither input nor output). The basic components can
then be connected together through their ports to form aggregate models; the connection of one or more ports cor-
responds to adding connection equations to the system, stating that the sum of the flow variables is zero, and that
the effort variables are equal. Where appropriate, it is also possible to define causal input and output connectors,
e.g. for signal processing system. The complete system model, obtained by the connection of many basic compo-
nents, thus corresponds to a system of differential-algebraic equations (DAESs), including the component equations
and the connection equations, which is usually called the flattened model.

The Modelica language [21, 12] is the result of a cooperative effort by tool vendors, end users, and researchers,
towards the development of standard, tool-independent object-oriented language for the modelling of physical and
technological systems, with a strong emphasis on the development of libraries of reusable components, in order to
reduce the model development time and effort. During the last decade, component libraries have been developed
covering many fields of engineering, including:

¢ mechatronic systems;

* automotive systems;

¢ electrical and electronic circuits;

* electrical machinery;

* power hydraulics;

e thermo-fluid systems (cooling and air conditioning, heating, power generation);

e aircraft and space systems.

Many of these libraries, as well as their applications to specific projects, are documented in the proceedings of the
International Modelica Conference series, which are available online on the Modelica Association webpage [23].
The availability of an ever-growing base of reusable modelling knowledge promotes model-based system design,
by making it easier and faster.

Object-oriented modelling is particularly attractive to support the study of the control of integrated systems, which
combine different technologies to achieve a certain goal. For example, the study of an aircraft landing gear requires
the integration of the aircraft body model, of the multibody model of the gear links, of the power hydraulics
actuators or of the electrically driven actuators, and of the control system, together in the same system model.
Since object-oriented modelling techniques are based on completely general models described by DAEs, there is
no particular problem in describing the dynamics of such integrated systems within a unified framework.

2.2 Mathematical features of typical object-oriented models

Modelica allows to describe hybrid systems, whose behaviour can be modelled by continuous time equations,
combined with event-driven or discrete-time equations. This very general class of systems is too large for the
scope of the following discussion, which will just focus on continuous-time, time-invariant models, which contain
no discrete variable and no explicit reference to the time variable. The overall model is assumed to have one or more
exogenous inputs, collected in the vector u and corresponding to the control signals and to the external disturbances
acting on the system, as well as one or more output variables, collected in the vector y and corresponding to the
sensor signals.

As noted above, the flattened system model corresponds to a set of nonlinear DAEs, which can be formulated as
FO(XO7XO7V0>U7PO) :Ov (1)

where Fy(-) is a vector-valued function, xy is the vector of the dynamic variables, which also appear under derivative
sign, v the vector of the algebraic variables, which are not differentiated in the original model, and p the vector of
the system parameters, which are constant throughout the time evolution of the system. The vector y of the system
ouputs contains a subset of the elements of xg, vy.

It is often the case that the DAEs of an object-oriented system are of index greater than one; this happens every
time some of the equations in (1) are purely algebraic constraints among dynamic variables. For example, the
connection of two 3D rigid body models via a rotational joint in a closed kinematic loop, or the connection of
two 1D rotational inertia models via an ideal gear introduce algebraic constraints among the two body coordinates,
which appear differentiated in the equations of motion. In this case, it is standard practice in object-oriented tools to
transform (1) into an index-one system, by means of Pantelides’ algorithm and of the dummy derivative algorithm
[22], which add new equations and variables by differentiating the algebraic constraints and substituting some of
the derivatives with dummy algebraic variables. The same algorithm can also be used to change the state variables,
when this is appropriate for some reason. The end result is a new set of index-one DAEs

F(x,%,v,u,p) =0, (2
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where x is the new vector of the differentiated variables (which can now be called the system’s states, as they can
be assigned arbitrary initial values) and v is the new vector of algebraic variables. The outputs y are now selected
from the elements of x, v.

Unfortunately, this model formulation is not directly suitable for the design of control systems, due to a number of
reasons.

First of all, if the model has been built by connecting reusable components from an existing library, it will usually
be much more detailed than needed for the effective synthesis of a control law. In other words, it will describe a lot
of dynamic behaviour which is irrelevant or marginal for the purpose of control design, and that should therefore
be eliminated from the model:

* fast dynamics in a frequency range well beyond the control system bandwith;
e dynamics which is unreachable and/or unobservable from the selected inputs and outputs;
» second-order effects with negligible impact on the input-output behaviour;

e description of the nonlinear system behaviour over a range of operating points which is wider than needed
by the specified operating modes of the closed-loop system.

Second, the model is not formulated in standard state-space form, which is required by most control design tech-
niques. Furthermore, the model typically has too many state variables: the complexity of typical control system
design algorithm is O(n?), O(n*), or more, n being the number of states, and most advanced design techniques will
also run into numerical problems when fed a very high-dimensional model. Finally, solving the system equations
might be too time-consuming, expecially when the model contains large algebraic loops and/or nonlinear function
with large computation time (such as fluid property models in thermo-fluid systems).

It is therefore necessary to reduce the complexity of the model by eliminating all irrelevant details, and to cast the
model in the form required by the control system synthesis algorithms.

2.3 Requirements of models for control system design

Generally speaking, there are different scenarios for the use of reduced-order models in control related activities.
In the first scenario, all the parameters of the plant are known and fixed: the model can then be used for control
design, and for robustness analysis against nonlinear effects. In all the other cases, a model which keeps the
dependency from some key parameters is required.

In the second scenario, some of the parameters are uncertain, because first-principle modelling is difficult or
impossible, but there are experimental data available, or simulation data from some more accurate reference model:
in this case the model might be used for grey-box parameter identification ([17, 7]).

In the third scenario some parameters are design parameters of the process, which should be chosen in order to
obtain a dynamics which is most favourable for control. Ideally, the model should provide a direct relationship
between the design parameters and the dynamic features of the plant, like the damping or natural frequency of
oscillation modes, or the presence of non-minimum phase behaviour, like in the case of right-half-plane zeros in
the transfer function of the linearized model. If a simple, explicit relationship cannot be obtained, some kind of
sensitivity analysis can also be very helpful to guide the design process.

Most control design techniques and algorithms require models in state-space form, i.e.

x(1) = f(x(t),u(t),p)
{ y(t) = g(x(t),u(t), p) 3)

Ideally, explicit analytical expressions should be available for the two right-hand-side functions. If this is not possi-
ble, some numerical procedure should be provided to compute the functions, as well as their Jacobians with respect
to all their inputs. For the design of nonlinear Model Predictive Controllers (MPC, see [26] for a comprehensive
review), a discrete-time version of the state-space equations is usually required

{ et =10 t) W
3(8) = g(x{k), u(k), ).

It is possible to obtain equations (4) from (3) by means of standard one-step numerical integration methods, such
as forward Euler or Runge-Kutta. If explicit methods are used, one has to pay attention to numerical stability in
the case of stiff systems; on the other hand, it is hoped that the model-order reduction procedure has already gotten
rid of the fast states of the original model prior to the discretization step.

An increasing body of control-theoretic methods is being developed for special forms of the state-space equations
(3). A first popular one is the so-called Linear Fractional Representation (LFR), or Linear Fractional Transforma-
tion (LFT), where nonlinearities and uncertain or design parameters are ‘pulled out’ of the model, which is then
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represented as the feedback connection between a linear, time invariant state-space model and two feedback blocks
containing the nonlinear functions ®(®) and the uncertain parameters J; (see Fig. 1)

XZAX+BIW+BQC+B3M
z=Cix+Dyyw+Di2{+Di3u
® = Cox+Doyyw+ Dyl +Dau

y = Csx+D3 1w+ D38 + D3zu )
w:diag{ﬁllrl,...,ﬁqqu}z
{=0(w).

4 w

O |
z
A
X X

]n/S <]

LTI

Yvy

u BA

|

Figure 1: Block diagram of the considered LFT representation.

This formalism can be very useful both for robust control analysis [39] and for grey box parameter identification
[14, 7]. Tools and algorithms are now being developed which allow to perform the transformation from (1) [6] or
(3) [20] to (5) automatically.

Another popular formalism is that of Linear Parameter Varying systems, which is the basis for many gain schedul-
ing control design techniques (see the survey papers [15, 30]). The system model must be formulated as

{ X =A(p(t))x(r) +B(p(t))u(t)
y=C(p(1))x(t) +D(p(t))u(t).

The system matrices depend on the time-varying vector of scheduling variables p(¢), which is assumed to be mea-
surable, and thus known to the controller. The vector p may include some of the system states, as well as known
functions of the system inputs, in which case the model is known as guasi-LPV. There might be different assump-
tions about the dependency of the system matrices from p, depending on the specific control design techniques.
The most common ones are:

¢ Affine parameter dependence (LPV-A): A(p) = Ao+ A1p1 +A2p2 + ..., and similarly for B,C, and D. An
extension to polynomial dependence can also be considered.

¢ Input-affine dependence (LPV-I): as above, but only for matrices B and D, while A and C are constant.

e LFT parameter dependence (LPV-LFT): the dependence on the scheduling parameters is described by a
linear fractional transformation, such as in (5), with & = pj.

The reduced-order model should eventually be cast in the above-mentioned formulations, with the minimum pos-
sible complexity which is compatible with a good performance of the closed-loop control systems. This can be
either checked empirically a posteriori via closed-loop simulation with the full model, or formally proven a priori
via robust control analysis techniques, in case it is possible to quantify the approximation inherent in the MOR
phase in a way which is compatible with the robustness analysis technique.

For all possible kinds of controller, minimum complexity means first and foremost the lowest possible number of
state variables, in order to keep the complexity of the controller design phases and of the implemented control law
at a reasonable level. It might also mean that only the nonlinearities that are effectively influencing the system
behaviour over the expected operating range are considered, in order to avoid unnecessarily conservative and/or
complex designs. For this reason, local approximation techniques, which only try to approximate the system
behaviour around specified reference trajectories, are definitely useful.

For most design techniques, where the bulk of the computation is done off-line during the controller synthesis
phase, it is not essential that the reduced-order model is also fast to compute, as the design phase is done once and
for all, and not in real time. A situation where, e.g., the computation of f(x,u) might require the iterative solution
of implicit equations might still be acceptable. On the other hand, models for MPC control require to compute the
right-hand-side of the state-space equations many time at each time step by nonlinear optimization algorithms that
must run in real time; in this case it is absolutely essential that the speed of computation is as fast as possible.
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2.4 Strategies for control-oriented MOR of object-oriented models

The starting point for the generation of a reduced-order, control-oriented model from an object-oriented model is
the set of index-1 DAEs (2) obtained from the O-O compiler. This model can be brought into standard state-space
form (3) by solving it for the unknowns X,y through a suitable combination of symbolic and numeric techniques,
which are routinely implemented in O-O tools to produce the simulation code. Two different strategies can then
be followed to obtain a reduced-order model. The first option is to first bring the full DAE model into state-space
form, and then apply MOR techniques for ODE models; the other option is to apply MOR techniques for DAE
models to the full DAE model, and then bring the reduced-order DAE in state-space form at the end of the process.
Techniques to support both strategies will be reviewed in the next section.

3 Model order reduction techniques for non linear systems
3.1 Trajectory PieceWise-Linear (TPWL) approximation

The non linear dynamical system considered in the Trajectory PieceWise-Linear (TPWL) approximation is given
in the state-space form [31]:

y==Cx,

where x € R" is the state vector, f : R* — R" is a nonlinear vector-valued function, B in an n X m input matrix,
u € R™ is the system input, C in a p X n output matrix and y € R” is the output.

The TPWL technique is based on a quasi-piecewise-linear approximation of the function f, around s linearization
points (states) x; (i =0,...,(s—1)):

s—1
flx) =~ ;)Wi(x)(f(xi)+1“i(x—xt)), @)

where A; are the Jacobians of f evaluated at states x; and Ww;(x)’s are state-dependent weights (Zf;(} wi(x) = 1, for
all x). Linear model order reduction can be then applied to each linearized system:

x= f(x;)) +A;(x—x;) + Bu, @)
y=Cx,
through some classical techniques, based on the construction of an orthonormal basis V = [vy,... ,vq], with g < n,

spanning the most significant dynamics. Thus, assuming x = Vz, where z € R is the reduced state-space vector,
one obtains:

{ = (R WiV £ () + VT A(VZ—x)]) + VT Bu, o
y=CVz,

where w;(z)’s are weights dependent on the reduced order state z (Zf»_d wi(z) = 1, for all z). These weights are

computed based on the distances between the current state and the linearization points (see [32]), with a rapid
transition from one linearization point to another, so that a single linearized model is actually dominant for most of
the state space (in this sense (9) is a piecewise-linear model). For example, in [2] the following weighting scheme

is proposed:
exp | —

—Ba?
Y,exp |: mzj]

where f3 is a positive constant, d; = ||z — z;||, with z; being the projection of the linearization state x;, and m =
mini(di).

wi(z) = (10)

As far as the choice of a suitable projection basis V is concerned, various techniques may be considered. For
example, a set of Krylov subspaces could be determined for different linearized model and then merged together,
or the projection could be computed according to a Truncated Balanced Realization (TBR) techinque, or a hybrid
combination of both approaches ([24],[36],[38]). In this last case, a singular value decomposition on the projection
matrix V is performed, and only vectors corresponding to the largest singular values are selected as the columns
for a new reduced projection matrix. An alternative technique could be also considered to generate the projection
matrix: the Proper Orthogonal Decomposition (POD) [27]. This technique is based on a snapshot of the system so-
lution, obtained for example by simulation: X = [ x(f;) x(2) ... x(fy) | and computes a basis V minimizing
the overall projection error ||X —VVTX]||. The solution is hence given by the singular value decomposition (SVD)
on the data collection V = svd(X), where V is made up by the dominant singular vectors.

The choice of the linearization points is also crucial. In order to limit the computational burden, while spanning the
n-dimensional state space of the original model (6), the authors propose to generate a collection of models selected
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from a single training trajectory, corresponding to some relevant training input, by performing a simulation of the
full order nonlinear system. Of course, the reduced-order model is accurate as long as its trajectories are not too
far from the training one.

3.2 Piecewise-Linear parameterized model order reduction

In [31] the authors also propose a method for estimating a posteriori the approximation error, based on the es-
timation of the norm of the Hessian of function f, moreover, some results on the stability and passivity of the
reduced-order model are derived. If the original nonlinear system is L,-stable and the input signal is bounded,
the difference 8x between the state of the full nonlinear model and the state of the piecewise-linear approximated
model is bounded, provided that all matrices VV’ A; are symmetric and strictly stable or all matrices VVT A; are
strictly diagonally dominant, with all diagonal elements being negative. Moreover, if O is an exponentially stable
equilibrium point for system x = f(x), there exists a stability-preserving weighting procedure.

In [2] the TPWL technique is extended by considering a nonlinear dependence of system (6) from some parameters:

x= [(xp)+B(p)u,
{ y=Cx, (b

where p € R is a vector of parameters then, by polynomial fitting or Taylor series approximation, the dependence
of the parameters is extracted from the nonlinear functions:

fe,p) = Xh ogi(p)fi(x)
B(p)u= Y, _ogi(p)Bj(x)u

For example, a first-order Taylor series expansion on f(x, p) in the neighborhood of a nominal value of parameters
p yields

Jo(x) = fx,p) — X5, p; "Q,’jf’) ,

(
[ =258 (j£0)

By introducing a new set of parameters p; = g;(p) is finally possible to obtain

k
x=Y pjlfi(x)+Bju] (12)
=0

The TPWL technique may be now applied to (12) similarly to (7), while considering the parameter dependence of
the system, obtaining
= Yoo Lo wi(x)B; [Aijx +kij +Bju]
9f (x )
ag= U .

afj(x
kij = f(x) — 24

Again, standard projection techniques can be applied to each linearized system in (3.2) obtaining

Xi
X

=Yg X owi@)p; [VTAijVz+VTkij+ VT Bjul
y=CVz

(note that the constant vector k;; may be treated as a second input vector B, with a constant input u () = 1).

Authors suggest in [2] to select the linearization points with additional trajectories with respect to the training
inputs considered in the standard TPWL, relevant to a set of nominal points in the parameter space. In particular,
training should be performed in regions where the system is more sensitive to each parameter (authors also show
how to estimate the sensitivity of trajectories to parameter variations).

They also suggest to simulate a linearized model, instead of the full nonlinear system, in order to evaluate the
training trajectories: once the current simulated state leaves the neighborhood of a linearization point, a new
linearized model is created at the current state. It must be also pointed out that the additional trajectories relevant
to parameter-space training increase the cost of construction the model but not its simulation, since the weighting
functions are typically nonzero for few models at any given time.

3.3 Model order reduction based on PieceWise Polynomial (PWP) representation

Very recently, a new method has been proposed to overcome a limitation of TPWL methods [8], namely the fact
that these methods result accurate for large-signal transient analyses, in that they capture strong nonlinearities well
in a wide range, but may fail for small-signal distortion analysis. The reason is that when considering a trajectory
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close to a linearization point, the TPWL model reduces to a linear time-invariant system (LTI) and no distorsion
can be captured. Essentially, the new method: PieceWise Polynomials (PWP), is based on a higher order (tensor)
polynomial approximation rather than a simple linear one as in TPWL, capturing small signal distorsion well
around the expansion point.

Again, s points x; are considered in the state space (i=0,...,(s— 1)) but, instead of a first-order expansion as in the
TPWL, a higher-order expansion is performed, for the sake of simplicity a quadratic expansion will be considered:

{ X= f(x,') —I-A,'(x —x,‘) +A2,,~(x—x,~) ® (x—xi) + Bju,
y=Cx,

where matrix A, ; collect the second-order derivatives of f(x) and the symbol ® represents the Kronecker tensor
product.

A projection basis V; can be constructed for each expansion point by applying a weakly nonlinear MOR tech-
nique, and a uniform projection base V € R"*? is then generated through SVD on the collection of all basis
V =svd [ Vo i ... Vi ] The final reduced-order PWP model is again obtained by a weighted combina-
tion of models: R . R R
{ =Y owi(z) (F(x) +Ai(z—2) +Asi(z— ) ® (z—z:) + Biu)
y=C[Lywi(@)(xi+V(z—z))]

where z; =V x;, f(x;)) = VT f(x;), A =VTAV,and Ay; = VT A,V @ V.

Some comments are now in order about the weakly nonlinear MOR techniques. Consider a polynomial expansion
of f(x) around a dc operating point:

X=Ax+AxRx+A3xRx®x+...+Bu (13)

where A; is the i-th order derivative. According to the Volterra theory [29] the solution of (13) is the sum of
different responses:

where each response x;(¢) can be recursively computed by solving the same LTI with different inputs. For example,
the first- through the third-order responses are the solutions of the following linear systems:

X1 =Ax1 +Bu (14)
Xy =A1x+Axx ®x (15)
i3 =A1x3+A2(x1 QX2 +x2 ®x1) +A3x QX1 DX (16)

The problem has been therefore recasted as a reduction of a series of LTI

The simplest way to deal with the reduction of this form is to separately reduce each LTI [28], for example by
Krylov subspace computation, by plugging the response of each system as an input to the following LTI in the
series. For example, assume that the first-order LTI (14) is reduced by the projection base Vi, then the response
can be approximated as x; () ~ V,z1 (r) and plugged into the second-order LTI (15) having us (1) = z) () @ z1 () as
input

X2 =A1x2+Buy

for which another projection base V, can be determined, and so on. However, in this way the dimension of the
projection base rapidly increases, resulting in inefficiently large reduce models. A more compact projection base
V could be computed via SVD on the collection of separated basis [25], i.e. V. =svd([ Vi Vo ... ]) but the
improvement is in general scarcely appreciable. The most efficient way to approach the problem is the Nonlinear
Model Order Reduction Method (NORM)-Momentwise Projection [16], which obtains a very compact reduced
model without loss of accuracy by removing some redundancies among the Krylov subspaces of each LTI system
in the series. Anyway, in [8] an alternative to NORM is presented, namely the MPI method, which exploits the
intrinsic correlation among the inputs to the LTT in series.

The PWP method is also endowed with an heuristic algorithm to choose expansion points in order to cover a wide
range of the state space with limited expansion regions. Essentially, a new state is added to the expansion point
set when the relative error between the current evaluation of f(x) and its linearization exceeds a predefined error
tolerance along the training trajectory. Another improvement in efficiency is obtained by merging regions from
different trajectories, in order to maximize the state-space coverage. Thus, new points on new trajectories are
added to the base set of expansion points only if the distance between the new points and the points already in the
base set is greater that some predefined tolerances.
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Finally, some limitations of the choice (10) for the weighting functions were pointed out in [8], namely the fact that
sometimes the error is large when the current state is on the border of the space covered by the expansion points.
Authors then propose the following expression for the weighting function:

) = [ e ()~

where d;(z) = |z — zi[3, dmin = min(d;(z)), Dpin is the minimum distance among the base set points z;, while
parameter p is used to make the transition smoother or shaper when switching from one region to another. The
whole weight function is finally normalized to satisfy Zf;é wi(z) = 1.

3.4 Simulation-free nonlinear model order reduction

A rather different approach to nonlinear model order reduction, thus not based on linearization nor on simulation,
has been proposed in [33]. The key idea of the method is to separate the original nonlinear model into a linear and
a nonlinear part, and to consider the nonlinearities of the resulting system as additional inputs to the linear part.

The method considers a general nonlinear time-invariant system:

[ 5= s

which can be rewritten as
{ X=Ax+Bu+Fg(x,u) a7

y==Cx

where the vector g(x,u) collects the nonlinear parts of the element of f(x,u), in such a way that every nonlinear
term appears only once and is free from any possible constant factor. In turn, by defining a new input matrix
B*=[B F ]andanewinputu*=| u g(x,u) |7 model (17) can be rewritten in the form

{ XxX=Ax+B*u (18)

y=Cx

If u* is actually considered as an exogenous input, which is not since it depends on the state x, the order of system
(18) can be reduced through any MOR technique for LTT systems:

- __ A Dk ok
{ ;=Az+B"u (19)

y=Cz

Finally, if an approximation £ of the state vector is considered in g(x,u), just derived from (19), thus £ = Vz or,
more generally, £ = Wiz + Wau, the overall reduced order model can be defined by a feedback connection of (19)
and g(%,u):

{ ;=Az+Bu+Fg(Vzu)

y=Cz

or A A A

z=Az+Bu+Fg(Wiz+Wau,u)

o

Authors in [33] suggest the adoption of Eitelberg’s order reduction method [9], which they extend in order to find
suitable matrices W) and W,. As in the original method, the solution is found by minimizing the error between
the step responses of the full system and the reduced-order system, after defining a set of dominant state variables
and imposing a null steady state error for the reduced linear model. Actually, a sub-optimal solution is computed,
minimizing the time-dependent term of the error to find W; and vanishing the time-independent term by a suitable
choice of W,.

3.5 Analytical model order reduction based on symbolic analysis

An even more different approach is described in [37, 35], where the dominant system behavior is extracted by
automated derivation of approximated symbolic formulas, by means of mixed symbolic (computer-algebra) and
numerical strategies. One major advantage of this approach is that it can be applied to a very general nonlinear
differential-algebraic (DAE) system of equations in the form (2).

A key aspect of the method is that a symbolic formulation of the DAE system is considered, in other words, a
complete class of models with arbitrary parameter values. Another advantage is that the accuracy of the reduced-
order model can be predefined and automatically checked, and the result of the simplification maintains a physical
interpretation. The method is original from the field of the analog electronic circuits design, but it can be extended
to general equation-based, acausal modelling environments.

The equation-based approximation process can be sketched as follows:
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1. A general symbolic DAE system and a list of numerical reference values are first generated.

2. Based on the said reference values, the system of equations is evaluated and numerically solved for some
variables of interest.

3. The results are compared with a simulation, to ensure that the equations are correct and the symbolic model
reduction can start.

4. Since the model reduction consists in a sequence of symbolical simplification steps, it is fundamental to
predict the influence on the error with respect to an objective function a simplification step causes. This
prediction is performed by a ranking algorithm that orders simplification steps according to the error gener-
ated [13]. One way is to iteratively applying each simplification step to the original system and carrying out
one single Newton step starting from the reference solution, the corresponding deviations set up the ranking
order.

5. The next step applies the simplification (or a cluster of simplifications having the same order of magnitude in
the ranking), the accumulated error is calculated and compared with the given error bound. If the error bound
is exceeded the algorithm terminates returning the approximated system, otherwise the next simplification
steps from the ranking list are carried out.

Several simplification strategies may be applied: algebraic simplification (variable elimination and decoupling of
blocks), branch simplification (deletion of branches of piecewise-defined solution), switch simplification (fixing
of values of switch variables), term substitution (replacement of variables with mean values obtained in reference
simulations), term deletion (removal of terms in equations).

One important point to remark is the fact that simplifications may increase the index of the DAE system (2),
thus preventing the numerical solution with standard solvers [1]. As a consequence, an index observer must be
integrated in the simplification algorithm, in order to monitor and avoid index increase.

4 Extensions and future research directions

The MOR methods described in this survey are generally applied to the design of integrated micro-electro-
mechanical systems (MEMS) and electronic circuits. Within this application domain the objective is to obtain
reduced models to support the integrated system design through virtual prototyping techniques. This kind of mod-
els can contain strongly nonlinear components, but the external inputs to the system - typically current and voltage
generators - appear as linear terms. This consideration results into a simplification of the mathematical formulation
of the dynamic model, that can be represented as a ODE system which is linear in the inputs (6). When taking
into account generic models of multi-domain dynamic systems, this formulation might not be general enough. It
would be then interesting to extend the TPWL techniques to the more generic nonlinear systems (3), which could
be obtained after index reduction and reformulation as ODEs.

Another issue with existing TPWL techniques is that they usually employ a Krylov-based approach for the reduc-
tion of the linearized models, which requires those models to have no poles in the origin. This is not a problem
with typical MEMS and electronic circuits, which always have finite DC gains, but might be an issue with generic
object-oriented models that contain pure integrators. In this case, different methods for the local approximation of
the linearized systems should be investigated.

The methods described in Section 3.5, although initially developed for electronic circuits, have already found some
applications in other domains, as shown in [35]. It would be interesting to test those methods with a wider range
of multi-physics model, obtained from object-oriented models written in Modelica. It might as well be interesting
to embed index reduction techniques in these methods, in order to allow an even more aggressive order reduction.

It will also be necessary to investigate how well different MOR techniques can match the specific formalisms
required by the different control design techniques, both from a theoretical point of view and through testing on
specific applications.

Another promising research direction could be to explicitly consider the information that is available on the topo-
logical representation of the dynamic system before obtaining the abstract mathematical representation (as DAE
or ODE). Several works are present in literature considering mechanical applications. In particular, an “Energy-
Based Model Reduction” is proposed in [18, 19], using the bond graph approach. Even if this could lead to some
advantages, the limitation of the proposed methods is quite restrictive, since it is only possible to use bond graph
connectors when creating a model. An improvement in the direction of supporting more general object-oriented
models could be to extend these techniques considering also more general connectors.

Obtaining effective results in this field would require the integration of different tools (Modelica compilers, sym-
bolic manipulation tool, numerical tools), possibly developed within different communities. More in general, a
closer interaction between research groups working in different areas, like electronic circuit design, modelling and
simulation, and control theory, would be helpful in order to obtain better results for everyone.
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5 Conclusions

Object-oriented modelling methodologies, and in particular the Modelica language, are emerging as a tool for
system design, but their use is currently mostly limited to simulation activities. On the other hand, the control
system (and thus its design) is a key part of all modern integrated systems.

The models which are required for the control system synthesis have rather stringent requirements in terms of
simplicity and of specific mathematical structures, which are discussed in this paper. In particular, MOR is essential
to obtain models which are simple enough to be directly used for that purpose. This activity is nowadays performed
manually, and there is thus a clear need of methods and tools to perform this task automatically, starting from
object-oriented descriptions of the plant.

Several MOR techniques, which have been recently introduced by the electronic circuit design community, have
been reviewed in this paper. Much work remains to be done in order to adapt and possibly extend them in order to
work satisfactorily when dealing with generic object-oriented models; some possible research lines have then been
proposed in this direction.
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