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Moment Matching Based Model Reduction for LPV State-Space Models

Mert Ba§tug1’2, Mihély Petreczkyz, Roland Téth?, Rafael Wisniewski!, John Leth! and Denis Efimov*

Abstract— We present a novel algorithm for reducing the
state dimension, i.e., order, of linear parameter varying (LPV)
discrete-time state-space (SS) models with affine dependence
on the scheduling variable. The input-output behavior of the
reduced order model approximates that of the original model.
In fact, for input and scheduling sequences of a certain
length, the input-output behaviors of the reduced and original
model coincide. The proposed method can also be interpreted
as a reachability and observability reduction (minimization)
procedure for LPV-SS representations with affine dependence.

I. INTRODUCTION

In control applications, it is often desirable, see [17],
[15], to use discrete-time linear parameter-varying state-
space representations with affine dependence on parameters
(abbreviated as LPV-SS representations in the sequel) of the
form:

5 {X(t +1) =A(p(1))x(1) + B(p(1) ul(t) 0

(1) = C(p(1))x(1),

where ¢ € N, N denotes the set of natural numbers including
zero, x(t) € R™ is the state, y(¢t) € R™ is the output, u(z) €
R™ is the input, and p(r) = [p1 () P, (I)}T ePCR™
is the scheduling signal at time ¢ € N. Here P is an arbitrary
but fixed, closed, simply connected subset of R"». The matrix
functions A(p(z)), B(p(z)), C(p(t)) in (1) are assumed to be
affine and static functions of p(z) of the form:

A(p(t)) = Ao+ Y Aipi(0), B(p(t)) = Bo+ Y Bipi(0),
in:pl i=1 2

C(p(t)) =Co+ Y Cipi(t),
i=1

where A; € R™*" B, € R"™*™ (C; € R™*"x are constant
matrices for all i € {0,1,...,n,}.
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Contribution of the paper Consider a LPV-SS represen-
tation X of the form (1) and fix a positive integer N. In this
paper, we present a procedure for computing another LPV-SS
representation

3)

such that for x(0) =0, y(t) = y(r) for 0 <t < N, for all
)

put sequences u = (u(0),u(1),...,u(N)) € (R™)N+1, More-
over, the state space dimension of £ is smaller than or equal
to the state space dimension of X. In other words, given an
LPV-SS representation ¥ of order n, (state space dimension
ny) and a N € N\ {0}, we would like to find another LPV-SS
representation £ of order r < n, which has the same input-
output behavior for all scheduling and input sequences of
length up to N+ 1'. In addition, we would like the represen-
tation ¥ to be a “good” approximation of ¥ in terms of input-
output behavior, even for scheduling and input sequences
of length greater than N 41 (see Remark 1 for what is
meant by “good” here). Intuitively, it is clear that there is
a relationship between N and r: larger N yields a better
approximation of the original input-output behavior, but it
also results in larger value of r. In this paper, this relationship
will be made more precise. Finally, by making use of this
relation, the number N can be guaranteed to be chosen such
that the resulting representation is a complete realization of
the original model and it is reachable and/or observable.
Therefore, the procedure stated in the present paper can also
be used for reachability or observability reduction (hence,
minimization) of an LPV-SS representation.

Motivation LPV-SS representations are used in a wide va-
riety of applications, see for instance [11], [20], [S], [19], [6].
Their popularity is due to their ability to capture nonlinear
dynamics, while remaining simple enough to allow effective
control synthesis, for example, by using optimal J% /7,
control, MPC or PID approaches. LPV-SS representations
arising in practice, especially originating from first-principles
based modeling, often have a large number of states. This
is due to the inherent complexity of the physical processes
whose behavior the LPV-SS representations are supposed
to capture. Unfortunately, due to memory limitations and
numerical issues, the existing LPV controller synthesis tools
are not always capable of handling large state-space repre-
sentations [9]. Moreover, even if the control synthesis is suc-

"Note that finding a representation £ with the same number of states as £
is in fact not necessarily useful, but it can happen that the proposed method
does not allow us any other option.
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cessful, large plant models lead to large controllers. In turn,
large controllers are more difficult and costly to implement,
and they often require application of reduction techniques.
For this reason, model reduction of LPV-SS representations
is extremely relevant for improving the applicability of LPV
systems.

Related work The tools which have been used in this
paper stem from realization theory of LPV-SS representations
[13], [18]. Similar tools were used for linear switched
systems in [3]. In fact, we use the relationship between LPV-
SS representations and linear switched systems derived in
[13] to adapt the tools of [3] to LPV-SS representations. The
method employed in this paper is related to that of [18]. The
main difference is that [18] requires the explicit computation
of Hankel matrices of LPV-SS representations. It should
be noted that the size of the partial Hankel matrix of an
LPV-SS representation increases exponentially. In contrast,
the algorithm proposed in this paper does not require the
explicit computation of Hankel matrices, and its worst-case
computational complexity is polynomial.

Model reduction problem of LPV-SS representations was
investigated in several papers [7], [8], [1], [22], [21], but
except [21] they are only applicable to quadratically stable
LPV systems. The method of [21] is applicable to quadrati-
cally stabilizable and detectable LPV-SS representations. In
contrast, this paper does not impose any restrictions on the
class of LPV-SS representations. In [16] joint reduction of the
number of states and the number of scheduling parameters
has been investigated. However, the method of [16] requires
constructing the Hankel matrix explicitly. Hence, it suffers
from the same curse of dimensionality as [18].

Outline: In Section II, we present the formal definition
and main properties of LPV-SS representations. In Section
III, we recall the concept of sub-Markov parameters for LPV-
SS representations and give the precise problem statement. In
Section IV, we present the moment matching algorithm. In
Section V the algorithm is illustrated on a numerical example
and its performance is compared with the one of [18].

II. DISCRETE-TIME LPV-SS REPRESENTATIONS

In this section, we present the formal definition of discrete-
time LPV-SS representations and recall a number of relevant
definitions. We follow the presentation of [13].

In the sequel, we will use

Y= (nyanlun)ﬁ{(AiaBi,Ci)}?£0)7 (4)

or simply X to denote a discrete-time LPV-SS representation
of the form (1). In addition, we use Hﬁf to denote the set
I ={s € N|s; <s<s}. An LPV-SS representation £
is driven by the free variables (inputs) {u(k)};_, and the
scheduling sequence {p(k)}y_,. In the sequel, regarding
state trajectories, the initial state x(0) for an LPV-SS rep-
resentation is taken to be zero unless stated otherwise. This
assumption is made to simplify notation. Note that the results
of the paper can easily be extended for the case of non-zero
initial state.

Notation 1: We will use HY to denote the set of all maps
of the form f:N — H where H is a (possibly infinite) set.
Using this, the sets %, &, % and 2 are defined as % =
UN, Z2=pPN & =yYN and 2 = X" where U =R™, PC
R, Y =R" and X = R™.

Consider an initial state xp € R™ of the LPV-SS repre-
sentation X of the form (1). The input-to-state map Xs ,, :
U x P — Z and input-output map Ys x, : U X P — % of
¥ corresponding to this initial state xy are defined as follows:
for all sequences u= {u(k)} o€ % and p={p(k)};, €
P, let Xy ,,(u,p)(t) = x(¢) and Yz, (u,p)(t) = y(t), t €N,
where x(1), y(r) satisfy (1) and x(0) = xo. We say that X is
reachable, if R™ = span{Xs(u,p)(¢) | (u,p) € % x P,t €
N}, ie., R™ is the smallest vector space containing all the
states which are reachable from x(0) = 0 by some scheduling
sequence and input sequence at some time instance ¢, where
t € N. We say that X is observable if for any two initial states
x1,x2 € R™, Y5y, = Y5 1, implies x; = xp. That is, if any two
distinct initial states of an observable X are chosen, then for
some input and scheduling sequence, the resulting outputs
will be different. In the sequel, to simplify the notation,
we will be dealing with those input-output maps of LPV-SS
representations which correspond to the zero initial state. We
will use Xy and Yy to denote X5 and Ys o respectively.

The definition above implies that the potential input-output
behavior of an LPV-SS representation can be formalized as
a map

[UXxP =Y. %)

The value f(u,p)(¢) represents the output of the underlying
black-box system at time ¢, if the initial state x(0) = 0,
the input w = {u(k)}_, and the scheduling sequence p =
{p(k)}7_, are fed to the system. Next, we define when an
LPV-SS representation realizes (describes) f. The LPV-SS
representation X of the form (1) is a realization of a map f
of the form (5), if f equals the input-output map of X, i.e.,
f =7Ys. Two LPV-SS representations ¥; and ¥, are said to
be input-output equivalent if Yz, = Yy,. Let X be an LPV-SS
representation of the form (1).

Consider an LPV-SS representation X; of the form (1) and
an LPV-SS representation ¥, of the form

Y= (ny,nu,nx,{(A?,B?,Cf)}zo).

A nonsingular matrix . € R™*" is said to be an LPV-SS
isomorphism from X to X,, if for all i € ng

ALY = SA;, B =.9B;, CL.Y =C,. (6)

In this case X; and X, are called isomorphic LPV-SS
representations. The order of ¥, denoted by dim(X) is the
dimension of its state-space. That is, if ¥ is of the form (1),
then dim(X) = n,. Let f be an input-output map of the form
(5). An LPV-SS realization X is a minimal realization of f,
if ¥ is a realization of f, and for any LPV-SS representation
¥ which is also a realization of £, dim(X) < dim(X). We say
that X is minimal, if ¥ is a minimal realization of its own
input-output map Ys. From [13], it follows that an LPV-SS
representation X is minimal if and only if it is reachable and
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observable. In addition, if two minimal LPV-SS realizations
are input-output equivalent, then they are isomorphic.

III. MODEL REDUCTION OF LPV-SS
REPRESENTATIONS: PRELIMINARIES

In this section, the sub-Markov parameters of a realizable
input-output map f and its corresponding LPV-SS represen-
tation X will be defined, and the moment matching problem
for LPV-SS realizations will be stated formally. To this end,
we recall the concepts of an infinite impulse response (IIR)
representation of an input-output map [18] and the concept
of sub-Markov parameters.

Consider an LPV-SS representation ¥ of the form (1),
and consider its input-output map f = Yx. Recall from [18]
that for any input sequence u = {u(k)};", and scheduling
sequence p = {p(k) }7_,

1

Y, (hwop)(tyu(t—m) (7)

m=0

f(u,p)(1) = Ys(u,p)(1) =

for all € N where
(hoop)(t) =0, (hiop)(t) =C(p(t))B(p(t—1)),

(o p) 1) (HA =) ) Blpl—m)).

The representation above is called the IIR of f = Ys. The
map f in (7) is absolute convergent for all P € PN if the
represented system is IO asymptotically stable. From (8) and
(2), it can be seen that the terms (h, < p)(¢), m > 0 can be
written as follows:

p  Tp
(hoop)(t) =0, (op)(t) =Y Y CyByypy(t)pgy(t—1),
4=04p=0
(m <>p)()=
np  np np
Z Z Z Z CAJl : Jm 1quﬁqj1'"jm71qoa
q=0j1=0  jm—1=0go=0
9
where po(k) =1 for all k € Iy and pgj,..., ,q0 = Pq(t)P), (t —

1) pj, (t=m+1)pg,(t —m).

Now we are ready to define the sub-Markov parameters of
Y. To this end, we introduce the symbol € to denote the empty
sequence of integers, i.e., € will stand for a sequence of
length zero and we denote by f(ﬂ ") the set {e}U{j; - ]m |
m>1,ji,....jm €l p} of all sequence of integers from I[O ,
including the empty sequence. If s € .7(I; ®), then |s| denotes
the length of the sequence s. By convention, if s = €, then
|s| = 0. The coefficients

nqzqo( ) =CyBy,

(10)
nq q0 (]l )

CoAjy - AjuByys

m>1; q,j1,---, jmqo € HO” appearing in (9) are called
the sub-Markov parameters of the LPV-SS representation
Y. In the sequel, the sub-Markov parameters n;%qo (s) with
4,q0 €I, s € L (L"), |s| = m, will be called sub-Markov
parameters of X of length m. The intuition behind this termi-
nology is as follows: the length of a sub-Markov parameter

is determined by the number of A; matrices which appear in
(10) as factors.

Note the sub-Markov parameters do not depend on the
particular choice of an LPV-SS representation, but on the
choice of the input-output map (provided that we fix an affine
depency of the matrices of the LPV-SS representation on the
scheduling variable). From [13] it follows that if X1, X, are
two LPV-SS representations with static affine dependence
on the scheduling variable, then their input-output maps are
equal, if and only if their respective sub-Markov parameters
are equal, ie., Yy, =Yy, < Vse€ Y(ng) : né},o(s) =
n,); %(s). Note also that another way to interpret the sub-
Markov parameters is that they correspond to the derivatives
of f with respect to the scheduling variable.

Recall that po(k) = 1 for all k € I}. In addition, ob-
serve from (8), that the output y(¢), for + > 1 of an LPV-
SS representation corresponding to an input sequence u =
{u(k)}7_, and a scheduling sequence p = {p(k)};_, is
uniquely determined by the sub-Markov parameters of length
up to t — 1 i.e., only the sub-Markov parameters of length
up to t — 1 appear in the output y(¢). Hence, if the sub-
Markov parameters of length up to t — 1 of two LPV-SS
representations ¥ and ¥ coincide, it means that ¥ and ¥
will have the same input-output behavior up to time ¢ for
arbitrary input and scheduling sequences. This discussion is
formalized below.

Lemma 1 (I/O equivalence and sub-Markov parameters):
For any LPV-SS representations X, %,

V(u,p) €% x P kely: Yy, (u,p)(k)=

Ys, (u, p) (k)

if and only if

Vs € S (Iy0),q.q0 €Iy Is| St =11 myh (s) = g2, (s)

This prompts us to introduce the following definition.

Definition 1: Let ¥ be an LPV-SS representation of the
form (1). An LPV-SS representation ¥ of the form (3) is
called a N-partial realization of f =Yz, for some N € N, if

Vs € L (197),q,q0 € Ig7, Is| N 21, (5) = gy, (5). (1)
That is, X is an N-partial realization of f =Ys, if the sub-
Markov parameters of Ys and Y5 up to length N are equal.
In other words, ¥ is an N-partial realization of Yz, if
CyByy = CyByy, V4,90 € ng,
~ 7 iR N
AjBgy =CoAj - AjByy, Yk ey,
VQaqujlw"ajk S H:l)p

Cqul a

The problem of model reduction by moment matching for
LPV-SS models can now be formulated as follows.

Problem 1: Let ¥ be an LPV-SS representation and let
f =Yy be its input-output map. Fix N € N. Find another
LPV-SS realization £ such that dim(X) < dim(X) and £ is
an N-partial realization of f =Y.

In order to explain the intuition behind this definition, we
combine [14, Theorem 4] and [13] to derive the following.

Corollary 1: Assume that ¥ is a minimal realization of
f =Yz and N is such that 2dim(X) — 1 < N. Then for any

5336



LPV-SS representation £ which is an N-partial realization of
f, £ is also a realization of f = Y5 and dim(X) < dim(X).

Remark 1: Corollary 1 implies that there is a tradeoff
between the choice of N and the order of X. Assume X is
a minimal realization of f = Yy. If N is chosen to be too
high, namely if it is such that N > 2n, — 1, then it will not
be possible to find an LPV-SS representation which is an
N-partial realization of f and whose order is lower than n,.
In fact, if the model reduction procedure to be presented in
the next section is used with any input N > 2n, — 1, then
the resulting LPV-SS representation ¥ will be a complete
realization of f = Yy. However, the order of ¥ will be the
same as the order of ¥ (provided that ¥ is minimal). This
relation between N and n, gives an a priori idea of how well
the input-output map of £ approximates that of X. More
specifically, we can expect the output error Yy — Y5 to be
smaller when N is increased, as long as N < 2n, — 1. This
error will be zero for N > 2n, — 1, since in this case ¥ will
be a complete realization of Y.

IV. MODEL REDUCTION OF LPV-SS
REPRESENTATIONS

In this section, first, the theorems which form the basis of
the model reduction by moment matching will be presented.
Then, the algorithm itself will be stated. In the sequel, the
image (column space) and kernel (null space) of a real matrix
M is denoted by im(M) and ker(M) respectively. In addition,
rank(M) is the dimension of im(M). We will start with
presenting the following definitions for LPV-SS realizations
of the form (1).

Definition 2 (N-partial unobservability space): The
N-partial unobservability space Oy(X) of X is defined
inductively as follows:

Oo(2) = [ ker(C,),
qE]Igp
ON(E) = Op(Z)N () ker(On-1(Z)A;), N >1
jely?
From [12], [13], it follows that X is observable if and only
if Oy(X)={0} for all N > n, — 1.

Definition 3 (N-partial reachability space): The N-
partial reachability space Zx(X) of X is defined inductively
as follows:

Ho(L) = span U im(By,),

np

qo€ly
AN(E) =Zo(£)+ Y, im(AjZNn-1(Z)), N> 1,

. np
JEly

12)

13)

where the summation operator must be interpreted as the
Minkowski sum.
Again, from [12], [13], it follows that X is span-reachable if
and only if dim(%y (X)) = n, for all N > n, — 1.

Theorem 1: Let T = (ny,n,,ny, {(A;,B;,C;)};",) be an
LPV-SS representation, let V € R™*" be a full column rank
matrix such that

Zn(Z) =im(V).

If £ = (ny,ny,r, {(A;,B:,Ci)};7,) is an LPV-SS representation
such that for each i € I, the matrices A;,B;,C; are defined
as

A,’ = VﬁlAiV, B,’ = VﬁlBi, C,' =GV,

where V! is a left inverse of V, then ¥ is an N-partial
realization of the input-output map f = Ys of X.

This theorem follows from [3], [4] using [13]. See [2] for
a detailed proof.

Note that the number r is the number of columns in the
full column rank matrix V, hence r < n,. This fact leads £ to
be of reduced order if N is sufficiently small, see Corollary
1. Using a dual argument, we can prove the following.

Theorem 2: Let T = (ny,nu,ny, {(A1,B;,C})};",) be an
LPV-SS representation, and let W € R"*"x be a full row rank
matrix such that

On (%) = ker(W).
Let W~! be any right inverse of W and let
i = (ny,nu,r, {(Ahghéi)}zzo)

be an LPV-SS representation such that for each i € ]Ig” , the
matrices A;, B;,C; are defined as

Ai=WAW™, Bi=WB;, C;=CiW .

Then £ is an N-partial realization of the input-output map
f = Y): of Z.
The proof is similar to that of Theorem 1.

Finally, by combining the proofs of Theorem 1 and
Theorem 2, we can show the following.

Theorem 3: Let L = (ny,ny,ny, {(A1,B;,C})};",) be an
LPV-SS representation, and let V € R™*" and W € R"™"~
be respectively full column rank and full row rank matrices
such that

Zn(X) =im(V), On(X) =ker(W) and rank(WV) =r.

If £ = (ny,ny, 1, {(A;,B;,Ci)};7,) is an LPV-SS representation
such that for each i € I;”, A;,B;,C; are defined as

A =WAV(WV)"', Bi=WB;, C;=CV(WV)!

then ¥ is a 2N-partial realization of the input-output map
f =Yy of X.

Now, we will present an efficient algorithm of model
reduction by moment matching, which computes either an
N or 2N-partial realization £ for an f which is realized by
an LPV-SS representation X. First, we present algorithms for
computing the subspaces Zy(X) and On(X). To this end,
we will use the following notation: if M is any real matrix,
then denote by orth(M) the matrix U such that U is full
column rank, im(U) = im(M) and UTU =1I. Note that U can
easily be computed from M numerically, see for example the
Matlab command orth.

The methodology for computing V € R™*" such that
im(V) = Zn(X) is presented in Algorithm 1 below.

By duality, we can use Algorithm 1 to compute a W €
R™"™ such that ker(W) = On(X), see Algorithm 2.
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Algorithm 1 Calculate a matrix representation of %y (X),
Inputs: ({A,’,B,’}idnp) and N

0
Outputs: V € R™*" such that rank(V) =r, im(V) = Zy(X).

V:=Uy, Up:=orth[By --- B,].
for k=1...N do
Vi=orth([V AV AV
end for
return V.

Ay, 14))

Algorithm 2 Calculate a matrix representation of Oy (X)
Inputs: {Ai’Ci}ieﬂg" and N
Output: W € R~ such that rank(W) = r, and ker(W) =
On(Z).
Apply Algorithm 1 with inputs ({AT,CT}
a matrix V.
return W =VT,

i ) to obtain

Notice that the computational complexity of Algorithm 1
and Algorithm 2 is polynomial in N and n,, even though
the spaces of Zy(X) (resp. On(X)) are generated by im-
ages (resp. kernels) of exponentially many matrices. Using
Algorithms 1 and 2, we can formulate a model reduction
algorithm, see Algorithm 3.

Theorems 1 — 3 imply the correctness of Algorithm 3.

Remark 2 (Minimization of LPV-SS representations):
From [13], it follows that if N > n, — 1 then

HN(E) = Y A (E) =

i=0
span{Xz (u,p)(?) | (w,p) € % x Z,t > 0},
OnE)=()0i(Z) =

i=0

{x € R™ | Y, (u,p)(t) = 0,Y(u,p) € % x PVt >0}.

In other words, an LPV-SS representation ¥ of the form (1)
is reachable if and only if the dimension of its N-partial
reachability space %y (X) is ny for all N >ny,—1, and X
is observable if and only if the dimension of its N-partial
unobservability space On(X) is 0 for all N > ny—1. In
addition from [13], it follows that X is a minimal realization
of its own input-output map Yx if and only if ¥ is reachable
and observable. Hence, using this fact and [12], [18], it
can be shown that Algorithm 3 can be used as an order
minimization algorithm. That is, Algorithm 3 can be used
consecutively with the inputs N > n, — 1, Mode = R (in
this case, the resulting ¥ will be reachable and it will be a
realization of f =Yy) and N > n,— 1, Mode = O (in this case,
the resulting £ will be observable and it will be a realization
of f=Yyx) for reachability and observability reduction for X,
respectively. In turn, the resulting representation £ will be a
minimal realization of f =Y.

V. NUMERICAL EXAMPLES

In this section, the method stated in the present paper is ap-
plied to Example 4 in [18] and the result is compared with the

Algorithm 3 Moment matching for LPV-SS representations
Inputs: T = (ny,n,,ny, {(Ai,B:,Ci)}:7), Mode € {R,0,T}
and N € N.
Output: £ = (ny,n,,r,{(A;,B:,C))}/7)-
Using Algorithm 1-2, compute matrices V and W such that
V is full column rank, W is full row rank and im(V) =
Zn(X), ker(W) = On(X).
if rank(V) = rank(W) = rank(WV) and Mode = T then
Let r =rank(V) and

Ai=WAVWV) L C=Cv(wv) T,
WB;.

&
I

end if
if Mode =R then
Let r =rank(V), V~! be a left inverse of V and set

A; = V_IA,'V, C;=CV,B;= V_IB,'.

end if
if Mode = O then
Let r = rank(W) and let W—! be a right inverse of W.
Set
A; = WA,'Wil, Ci = C,'Wil, B; =WB,.

end if
return L = (ny,n,,r,{(A;,B:,C))};",)-

one given in [18]. For this, both procedures are implemented
in MATLAB. The codes and the data used for both examples
in this section are available from https://kom.aau.dk/~mertb/.

The algorithm is applied to get a 3rd order approximation
to the LPV-SS realization of order 4 in Example 4, [18].
The original LPV-SS representation used in this case is of the
form X = (ny, ny, ny, {(A,-,B,-,Ci)}?ﬁo) withny=n,=1,n,=4
and n, = 3. When N is chosen to be 1 and Mode = Reach,
the resulting reduced order model ¥ is a 1-partial realization
of Yy of order 3. The scheduling signal used for simulation is
of the form p(t) = [p /—p sin( ﬁ)]T where the parameter
p takes its values randomly at each time instant, in the
interval [—2m,0]. In addition, a white input u(¢) ~ .47(0,1)
is used. The upper limit of the simulation time interval is
chosen to be N + 50 = 51. Since N = 1, the sub-Markov
parameters of length at most 1 are matched with the original

LPV-SS model X. The precise number of matched sub-

np+ Nt 1
()77 -1 rf,, )(np+1):

80. The original model X and the the reduced order model £
are simulated for 500 different scheduling and input signal
sequences of the type explained above, and their outputs y(¢)
and y(¢) are compared for t+ = 0,1,...,K, where K is the
number of steps of the simulation. For each simulation, the
responses of ¥ and L are compared with the best fit rate
(BFR) (see [10], [18]) which is defined as
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YR olly(t) = ymll3

Markov parameters is thus (n,+1) (

BFR = 100% max 0
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TABLE I
COMPARISON OF ALG. 3 AND THE ALG. IN [18]

The Proc. Mean BFR | Best BFR | Worst BFR | Run Time
Alg. 3 76.5710% 86.5821% 64.9409% 0.0430 s

Alg. in [18] 75.4364% 85.4157% 58.5798% 0.0711 s

Responses of the original and reduced order models

1 — y(f)‘: Response of e origmaﬁ TPV-SS model
—— §(t): Response of the reduced order LPV-SS model
-20 : ; . ; ;
10 20 30 40 50 60

Fig. 1. The responses of the original LPV-SS model £ of order 4 and the
reduced order LPV-SS model X of order 3 acquired by Algorithm 3. The
BEFR for this simulation is = 76.5773%.

where y,, is the mean of {y(t)}X .

For this example, the algorithms stated in this paper and
in [18] are implemented for comparison. The mean of the
BFRs, which is computed over 500 simulations, can be
seen on Table I. In addition the best and worst BFRs over
500 simulations and the run-times for one single reduction
algorithm are also shown in Table I. The outputs y(¢) and
¥(t) of the simulation which give the closest value to the
mean of the BFRs are shown in Fig. 1. We used Algorithm
3 to perform model reduction using moment matching. From
Table I, it can be seen that both algorithms result in almost
the same fit rates, whereas the algorithm stated in the present
paper provides a 50% reduction in terms of computational
complexity.

Note that LPV-SS examples with much bigger order n
and scheduling space dimension 7, are available for freely
experimenting on https://kom.aau.dk/~mertb/. The present
example is chosen for comparison with the method in [18]
(the same example is used in [18]) and for its simplicity.
See also [2] for a detailed example where the method in
[18] breaks down due to memory limitations, whereas the
present method functions successfully.

VI. CONCLUSIONS

A model reduction method is presented for discrete time
LPV-SS representations with affine static dependence on the
scheduling variable. The method makes it possible to find a
reduced order approximation to the original LPV-SS model,
which has the same input-output behavior for scheduling
and input sequences of a pre-defined, limited length. The
presented method can also be used for reachability and ob-
servability reduction (i.e., minimization) for LPV-SS models.

[1]

[2

—

[3

=

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20

[21]

[22]

5339

REFERENCES

F.D. Adegas, I.B. Sonderby, M.H. Hansen, and J. Stoustrup. Reduced-
order LPV model of flexible wind turbines from high fidelity aeroelas-
tic codes. In Proc. of the IEEE International Conference on Control
Applications (CCA), pages 424 — 429, Hyderabad, August 2013.

M. Bastug, M. Petreczky, R. Toth, R. Wisniewski, J. Leth, and
D. Efimov. Moment matching based model reduction for LPV state-
space models. Technical Report arXiv:1508.03446, ArXiv, 2015.
Available at http://arxiv.org/abs/1508.03446.

M. Bastug, M. Petreczky, R. Wisniewski, and J. Leth. Model reduction
by moment matching for linear switched systems. In Proc. of the
American Control Conference (ACC), pages 3942 — 3947, Portland,
OR, USA, June 2014.

M. Bastug, M. Petreczky, R. Wisniewski, and John Leth. Model
reduction by moment matching for linear switched systems. Technical
Report arXiv:1403.1734v2, ArXiv, 2015. Submitted to IEEE-TAC,
Available at http://arxiv.org/abs/1403.1734v2.

F. D. Bianchi, H. De Battista, and R. J. Mantz. Wind Turbine Control
Systems; Principles, modeling and gain scheduling design. Springer,
Heidelberg, 2007.

M. Dettori and C. W. Scherer. LPV design for a CD player: An
experimental evaluation of performance. In Proc. of the 40th IEEE
Conference on Decision and Control (CDC), pages 4711 — 4716, 2001.
M. Farhood, C. L. Beck, and G. E. Dullerud. On the model reduction
of nonstationary LPV systems. In Proc. of the American Control
Conference (ACC), pages 3869 — 3874, Denver, CO, USA, June 2003.
S. De Hillerin, G. Scorletti, and V. Fromion. Reduced-complexity
controllers for LPV systems: Towards incremental synthesis. In Proc.
of the 50th IEEE Conference on Decision and Control and European
Control Conference (CDC-ECC), pages 3404 — 3409, Orlando, FL,
USA, December 2011.

C. Hoffmann and H. Werner. Complexity of implementation and
synthesis in Linear Parameter-Varying Control. In /9th IFAC World
Congress, pages 11749 — 11760, Cape Town, RSA, August 2014.

L. Ljung. System Identification, Theory for the User. Prentice Hall,
Englewood Cliffs, NJ, 1999.

A. Marcos and G. J. Balas. Development of linear-parameter-varying
models for aircraft. Journal of Guidance, Control and Dynamics,
27(2):218 — 228, 2004.

M. Petreczky. Realization theory for linear and bilinear switched
systems: formal power series approach - part i: realization theory of
linear switched systems. ESAIM Control, Optimization and Caluculus
of Variations, 17:410-445, 2011.

M. Petreczky and G. Mercere. Affine LPV systems: Realization theory,
input-output equations and relationship with linear switched systems.
In Proc. of the IEEE 51st Conference on Decision and Control (CDC),
pages 4511 — 4516, Maui, HI, USA, December 2012.

M. Petreczky and J. H. van Schuppen. Partial-realization theory for
linear switched systems - a formal power series approach. Automatica,
47:2177-2184, October 2011.

W. Rugh and J. S. Shamma. Research on gain scheduling. Automatica,
36(10):1401-1425, 2000.

M. M. Siraj, R. Té6th, and S. Weiland. Joint order and dependency
reduction for LPV state-space models. In Proc. of the 51st IEEE
Conference on Decision and Control (CDC), pages 6291-6296, 2012.
R. Téth. Modeling and Identification of Linear Parameter-Varying
Systems. Springer, Germany, 2010.

R. Té6th, H. S. Abbas, and H. Werner. On the state-space realization of
LPV input-output models: Practical approaches. IEEE Trans. Contr.
Syst. Technol., 20:139-153, January 2012.

R. Téth and D. Fodor. Speed sensorless mixed sensitivity linear
parameter variant H-infinity control of the induction motor. Journal
of Electrical Engineering, 6(4):12/16, 2006.

V. Verdult, M. Lovera, and M. Verhaegen. Identification of linear
parameter-varying state space models with application to helicopter
rotor dynamics. Int. Journal of Control, 77(13):1149 — 1159, 2004.
Widowati, R. Bambang, R. Saragih, and S. M. Nababan. Model re-
duction for unstable LPV systems based on coprime factorizations and
singular perturbation. In Proc. of the 5th Asian Control Conference,
pages 963 — 970, Melbourne, July 2004.

G. D. Wood, P. J. Goddard, and K. Glover. Approximation of linear
parameter-varying systems. In Proc. of the 35th IEEE Conference on
Decision and Control (CDC), pages 406 — 411, Kobe, December 1996.



