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Abstract

This paper presents a new approach to modeling of linear time-invariant discrete-time
non-commensurate fractional-order single-input single-output state space systems by
means of the Balanced Truncation and Frequency Weighted model order reduction
methods based on the cross Gramian. These reduction methods are applied to the
specific rational (integer-order) FIR-based approximation to the fractional-order sys-
tem, which enables to introduce simple, analytical formulae for determination of the
cross Gramian of the system. This leads to significant decrease of computational
burden in the reduction algorithm. As a result, a rational and relatively low-order
state space approximator for the fractional-order system is obtained. A simulation
experiment illustrates an efficiency of the introduced methodology in terms of high
approximation accuracy and low time complexity of the proposed method.

Keywords Model order reduction - Cross Gramian - Frequency weighted -
Non-commensurate fractional order system - FIR-based approximation
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1 Introduction

Nowadays, fractional-order calculus, which is a generalization of ordinary derivation
and integration to non integer orders, has been given considerable interest in various
fields of research. This is due to the fact that many phenomena can be modeled more
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adequately by fractional-order models, such as heat conduction [19, 34, 55], elec-
trochemical processes [11, ch. 2], [20, 51], biological systems [11, ch. 4], [30], or
viscoelasticity problems [1, 42], [47, ch. 10.2]. In addition to the modeling problems,
there has been an increase in research effort to apply the fractional calculus in con-
trol systems. Fractional-order versions of the PID controller, that is P/ *D" | have
been found to produce a very good control performance [44, ch. 5-7], [48], as well as
optimal/adaptive/predictive control strategies have been extended to fractional-order
systems [15, 56, 64], [44, ch. 10].

The main problem occurred in fractional-order systems is their infinite time
computational complexity, due to the fractional-order derivatives (or differences)
incorporated in the model. Therefore, the key step in practical implementations is to
approximate fractional-order systems by integer-order models having nearly the same
properties in a given frequency range. A number of methods have been proposed
in continuous- and discrete-time domains, using transfer function as well as state
space representations, e.g., specific finite impulse response (FIR) and infinite impulse
response (IIR) representations of fractional-order systems [7, 46, 58—60, 65]. How-
ever, an accurate approximation of the fractional-order system in a wide frequency
range usually requires a very high integer-order approximator. Thus, to decrease the
order of approximators, both in continuous- and discrete-time cases, various model
reduction techniques have been proposed [21, 36, 41, 54, 60, 62].

Among reduction methods, a great attention has been given to the SVD-based
methods, which use the balanced model realization theory. This concept enables an
easy way of determination of the dominant part of the model and elimination of
state variables which have negligible impact on the system properties. In general, the
Balanced Truncation (BT) method consists in simultaneous diagonalization of the
controllability P and observability Q Gramians [6, 23, 38, 45, 60]. A combination of
the two, called the cross Gramian, which simultaneously encodes controllability and
observability information on the system in a single matrix, can also be used in the
model order reduction process. This concept was firstly introduced for single-input
single-output (SISO) and symmetric multi-input multi-output (MIMO) systems [17,
18, 39]. Furthermore, this approach was also extended to nonlinear systems by the
use of empirical Gramians [13, 24, 27].

The frequency weighted (FW) methods are extended versions of BT. They
are based on either (1) direct application of input/output weighting functions
[16, 29, 63, 66, 68] or (2) Gramians in a restricted frequency interval Q = [w1, w2] in
the frequency domain [5, 10, 22, 28, 31] or (3) Gramians in a restricted time interval
T = [t1, 2] in the time domain [22, 25, 32, 61]. These lead to a higher model accu-
racy in selected frequency ranges, in particular when the parameters of the weighting
functions and frequency/time intervals are optimized [50].

It is worth mentioning that the reduction process, in particular determination
of Gramians for very high order systems, is highly time-consuming. This problem
can be solved through the Fourier Model Reduction (FMR) method, which uses
discrete-time Fourier coefficients to develop an intermediate order approximation
of the original model [49, 60, 67]. Controllability and observability Gramians can
be calculated in an analytical way, which significantly reduces time complexity of
the reduction process [49, 60]. In this paper, new model order reduction methods
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combining the FIR-based approximation of a non-commensurate fractional-order
system with BT and FW model order reduction methods based on the cross Gramian
are proposed.

The remainder of the paper is organized as follows. A representation of non-
commensurate fractional-order state space systems and integer-order approximation
based on FIR technique are presented in Section 2. Consequently, this Section also
gives the background for balancing the systems by use of the cross Gramian and
recalls fundamentals of the BT and FW reduction methods for discrete-time state
space systems. The main result in terms of new analytical formulae for determination
of the cross Gramian for FIR-based approximation of the fractional-order system are
presented in Section 3. Numerical examples of Section 4 confirm the effectiveness
of the introduced methodology both in terms of modeling accuracy and low time
complexity. Conclusions of Section 5 complete the paper.

2 Preliminaries
2.1 System representation

Consider a stable discrete-time non-commensurate fractional-order (NCFO) lin-
ear time-invariant (LTI) single-input single-output (SISO) state space system
G ={A,B,C, D}

A%x[k + 1] = Ax[k] + Bulk], xo,

ylk] = Cx[k] + Dulk], 1

where k =0, 1, ..., x[k] € X" is the state vector, xo € N" is the vector of initial
conditions, A € W*", B € W<l C e RI>X" D € % denote the system properties
and A®x[k + 1] is the fractional-order difference vector
A% x[k + 1]
Ax[k+1] = : ,

A% x, [k + 1]

with «; € N being called the fractional (or non-integer) order, «; € (0, 2) for
i=1,...,n.

Individual fractional-order differences A% x;[k + 1], i = 1,...,n can be repre-
sented by the well-known Griinwald-Letnikov fractional difference [44, ch. 3.5]

k+1 _
A%xi[k + 1] = Z(—1)1<°‘_’>xi(k —j+D, k=0,1,..., )
J

j=1

where (O;’) denotes the Newton binomial

Oli B 1 ) J = O
j = ai(ai—l)-;!(ai—./-i-l) j>0"
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In the case of o] = --- = «,, the system as in Eqn. (1) is called a commensurate
fractional-order system.

2.2 FIR-based approximation of discrete-time fractional-order system

It is well known that the discrete-time integer- or fractional-order system can be
described using the Fourier decomposition

o
6@ =) azt 3)
k=0
with gr e R k=0, 1, ..., being the impulse response components for the system.

In practice, the impulse response components usually approach values very close
to zero and can be neglected after a certain implementation length L. In this way,
a finite length approximation QL (z) to the G(z) can be obtained. The error bounds
corresponding to the introduced approximation

90 G0 =max|g@ — 0. )
o) zl=1

usually decide on a value of the chosen implementation length L. However, the error
bound given in Ref. [67] is not readily computable. Therefore, one way to determine
the appropriate approximation length L is to stop calculating Fourier components
when their magnitudes |gx| decrease below a certain value [67].

The way of calculating Fourier components for a commensurate fractional-order
system was proposed in Ref. [60] and it can be extended to NCFO systems as follows:

D k=0
gk:{Cqbk k=1,2,...,L" )

where
B k=1
B k—1 ' o o
Pr= (A+diag @1, ..., an))¢>k_1—Z(—1)fdiag[( j1>’ s < ;)}pk_j k=2,..,L
j=2

with A, B, C, D and «; as in Eqn. (1) and L being the implementation length. This
enables to present the FIR-based approximation of the system for the implementation
length L in state space form (G = {A, B, C, D}) as follows:

[k + 1] = A%[k] + Bulk],

x
FKI = CRIkI+ Dulk], ©
with A € REXL B e REx1 C e R1*L and D € R defined as
00 0 ---0 1
10 0---0 0
A=|0 L 0-00 g=|0) C=[g1 8- 8] D=go.
0 010 0
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It is worth emphasizing that the state matrix A is singular and nilpotent of order L.
Remark 1 For MIMO systems, Fourier components become matrices gx € R *"«,
where n, and n, denote the numbers of inputs and outputs of the system, respec-
tively. In that case, every element 0 and 1 in the state space form of the FIR-based
approximation (6) changes into 0 € 9i"«*"« and I € ">« being the zero and iden-
tity matrices, respectively. Therefore, the order L of the FIR-based MIMO model
depends on the number of inputs of the system and implementation length L = Ln,
[60, 67].

2.3 Cross Gramian-based model order reduction

Balancing-related model order reduction methods can be interpreted as performing
a linear state transformation x — 7'x. This concept is an easy way to determine a
dominant part of the model which accurately describes the system dynamics. Trans-
formation (or projection) matrix 7 and its inverse are not unique. Nevertheless,
the majority of algorithms determine its form based on the controllability P and
observability Q Gramians of the system [23, 29, 37, 38, 49, 60, 63, 66].

Consider a SISO FIR-based approximation of the NCFO system as in Eqn. (6).
Let T be the transformation matrix of that system, which diagonalizes the system’s
controllability and observability Gramians, with decreasing Hankel singular values
on the main diagonal

TPTT =77 TQT~" =diag (61,02, ...,0y,0p41,...,0L),

where 0y > 03 > -+ > 0, > 0,41 > --- > o > 0. Linear state transformation
X — TX enables to calculate the balanced form of the system G; = {A, B, C, D} in
the following way

where the submatrices A, = Aj; eithX’, v =~1§1 gﬂi’fl, C, = C; eR*" define
the reduced-order state space model G, = {A,, By, C», D,} of order r < L.
Partitioning 7 and 7! in the form of

T, -1 1 1
S R

where the matrices 7, € %", T.~! € REX" such that 7,77 = I, are called trun-
cation matrices and they are the only ones necessary to determine the reduced model
[6, ch. 7.3] [63]

L= @®)

G T,AT'|T, B
ct~' | D |’
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The Hoo-norm of the difference between full (L) and reduced (r) order models is
upper bounded by the twice of the sum of the neglected Hankel singular values
[6, ch. 7.2]

L
<2y o ©)

In addition to controllability and observability Gramians, another type of Gramian,
known as the cross Gramian X, can be used in the reduction process. The following
definitions of reachability R(A, B) and observability O(C, A) matrices

C
o R . CA
R(A,B)=[B AB A’B ---], OC,A)=|¢&i |,

o0

can be a basis for the respective definitions of controllability, observability and cross
Gramians [6, ch. 4.3.2]

P=RRT, 0=0T0, Xx=RO. (10)

On this ground, for SISO and symmetric state-space MIMO systems, we can combine
the three Gramians’ definitions to obtain [18]

X2 =ro. (11)

As it is clearly seen from Eqn. (11), the cross Gramian simultaneously encodes con-
trollability and observability properties into a single matrix X [17, 18, 39]. For the
considered SISO FIR-based approximation (6), due to the nilpotency of the state
matrix A, the cross Gramian can be expressed as a finite sum

L
X=ZA"1§(§A", (12)
k=0
and it is always a symmetric matrix for the SISO systems. The controllability and
observability Gramians can be calculated from the respective discrete-time Lya-
punov equations [6, ch. 4.3], [45], whereas the cross Gramian is determined from the
following Sylvester equation [6, ch. 4.3.2], [17]

AXA - X =—BC. (13)

In both cases, square roots of eigenvalues of the product of controllability and
observability Gramians and absolute values of eigenvalues of the cross Gramian are
input-output invariants and are equal to Hankel singular values of the model

oi = LX) =2 (PQ).

For this reason, reduced model Gr can be calculated on the basis of the cross
Gramian, making this approach useful in decreasing computational complexity of the
reduction algorithm, since solving two Lyapunov equations for P and Q is replaced
by solving the single Sylvester equation only.
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Various methods can be used to obtain projection matrices from the cross Gramian
[4, 5,9, 27, 57]. The first approach can be performed on the basis of singular value
decomposition (SVD) of the cross Gramian

X=UsV=(U, UL,)<20’ 2?)(\/?)’ (14)

where U and V are the unitary matrices, U, € RLxr v, e WL In the general case,
the | = diag(af, ...,0f)and Xy = diag(afﬂ, ..., 0]) matrices contain af sorted
in decreasing order, which are the approximation to the Hankel singular values o;. In
this way, only the approximation to the BT can be obtained [57]. However, for the
SISO FIR-based model (6), the cross Gramian is a symmetric matrix, i.e., X = X r
(see Eqn. (26)), which provide al." = |A; (X)| = o; [6, ch. 3.2.3] and for that case the
reduction is equivalent to the BT. The truncation matrices 7, and 7,~! can be obtained

through either the one-sided Galerkin projection

,=Uur, T17'=U, (15)
or the two-sided Petrov-Galerkin projection

T,=Ur, T17'=vV,. (16)

The second approach for determination of the transformation matrix 7" relies on
decomposition of matrix X into two blocks, which separate the strongly coupled
from the weakly coupled controllable and observable states [3, 5, 52]

-1 _ (S0

- (30)

where eigenvalues of S; € W*” and S; € RETIXL=7) are the large and small (in
magnitude) Hankel singular values of the system.

One of the algorithms within the second approach requires of a block-ordered real
Schur form of the cross Gramian and calculation of an additional Sylvester equation

[3, 5, 68]
_ S1 S12 VrT
v=mvi) (38) (0, ) a7

S1Z — 285 =-S12,

where §; € RU*M 8, € RUL—X(L=r) Thijs enables calculation of the truncation
matrices as

T,=vIi-zvl . 17'=v,. (18)

Another algorithm within the second approach uses orthogonal Givens rotations in
order to compute the ordered real Schur forms in ascending and descending orders
of absolute eigenvalues along the diagonal [4, 52].

Taking into account that the algorithms based on the Schur decomposition are
highly computationally involving, they can only be used for moderately complex
models. This limits the maximum value of the implementation length L of the
FIR-based approximation to the fractional-order model. It finally affects the approxi-
mation accuracy of the obtained reduced order model, in particular for low-frequency
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range. On the other hand, algorithms for computing low-rank approximate solu-
tions to the Sylvester equation, which provide the r-rank approximation to the cross
Gramian X, can be used in order to reduce computational complexity and enable
approximate balancing reduction of large scale systems [8, 9, 33, 57].

Remark 2 The cross Gramian satisfies Eqn. (11) for SISO and symmetric MIMO
systems only. Note that the cross Gramian for non-symmetric, square MIMO systems
can be calculated from Eqn. (13), however without any theoretical background as for
the symmetric case, so there is no guarantee for obtaining the reduced-order model of
appropriate quality [9]. The approaches for non-square MIMO systems rely, e.g., on
embedding the system into a symmetric square system by using a symmetrizer matrix
[14], which produces a model of the same order but with more inputs and outputs
[6, ch. 12.3], [57] or decompose the system into a set of individual SISO subsystems
[26, 35, 43, 53].

2.4 Frequency weighted model order reduction

The aim of the reduction process based on the above discussed balancing method is
system’s approximation over all frequencies. In many cases, however, a good approx-
imation is required in designated frequency ranges only. This leads to a specific
frequency weighted balanced truncation. The FW method has been developed for
stable models and stable input and output weighting functions with minimal realiza-
tions W;, = {Ain, Bin, Cin, Din} and Wy,r = {Auut’ Bouts Cour Doul} of orders m;,
and m,,;, respectively. It is well known that, in case of two-sided weighting, the
controllability, observability, and cross Gramians are computed based on the system
connected with the input weight (GL Win), the output weight (Womé 1), and both
weights (WOM,GL Win), respectively [6, ch. 7.6], [16, 29, 49, 63, 66, 68].

Remark 3 Note that for SISO systems, the input and output weighting functions can
be very simply transformed into a single weighting function. Therefore, without the
loss of generality for SISO systems, further examination will be conducted for one-
sided input weighting case only.

Accounting that no pole-zero cancellations occur during forming of G Wip, the
augmented system is given as follows [6, ch. 7.6], [29, 49, 63, 66, 68]

i Fr A BCi, | BDjy
GLWin = |: - ~m:| = 0 Ain Bin s (19)

Cin | Din & DCin | DD

m mn

for which the cross Gramian is the solution of the following Sylvester equation
A‘in/’%A‘in - /? = _Einéin‘ (20)

It is important to emphasize that the application of the weighting functions affects

the order of the solutions of the Lyapunov/Sylvester equations. However, in order

to calculate truncation matrices 7, and Tr_l, Gramians of order L are required. A
number of algorithms to solve the problem have been developed [16, 29, 40, 63]. For
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instance, the cross Gramian of the augmented system G 1 Wi, can be partitioned as
follows

F= | M AR g Cmi) where Xy € REXE, 1)
Ao X

Like for the Enns technique [16] for frequency weighted controllability and observ-

ability Gramians, the frequency weighted cross Gramian X’ can be defined as

X =Xy, (22)
which means that the X satisfy the following equation
AXUA — X1 = —éCinXmA — éDinC.

A more general approach is based on the Schur complement of a matrix block, which
is identical to the method proposed in [40, 63] for calculating frequency weighted
controllability and observability Gramians

X =X — y XX, o, (23)

where for y = 0, we have the Enns [16] and for y = 1 the Lin and Chiu [40] methods.
In a general case, when O < y < 1, a combination of these two approaches is chosen
[63].

Remark 4 All the subsequent steps of determination of the truncation matrices 7;
and 7,~! for the FW method are the same as for the methods presented in Section 2.3,
with the frequency weighted cross Gramian X substituted for X

2.5 Fourier model reduction for continuous time systems

The presented FMR cross Gramian model order reduction method can also be easily
applied to reduction of continuous-time fractional-order systems. Note that the FIR-
based approximation of the system and reduction algorithm are still realized in the
z-domain. Therefore, approximation of continuous-time systems by the use of the
considered methodology require the following steps:

1. Discretization of the continuous-time fractional-order system to its discrete-time
counterpart.

2. Approximation of the discrete-time fractional-order system by the FIR-based
model (see Section 2.2).

3. Reduction of the FIR-based model (see Sections 2.3 and 2.4).

4. Conversion of the reduced-order model back to the continuous-time domain.

Taking into account the above items, an additional step in terms of discretization of
NCFO system has to be realized.

Consider a stable continuous-time non-commensurate fractional-order LTI SISO
state space system

DYx(t) = Acx(t) + Beu(t),

y() = Cex(t) + Deu(t), (24)
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640 M. Rydel

with A, € R B. e W1, C. e R D. e R denoting the system properties and
D*x(t) being the fractional-order derivative vector

D x1 (1)
D*x(t) = :
D% x, (1)
Fractional-order derivatives D% x;(t), i = 1,...,n can be represented by various

definitions involving the Riemann-Liouville, Caputo or Griinwald-Letnikov deriva-
tives [47, ch. 2]. Moreover, to obtain discrete-time non-commensurate fractional-
order system (1), various discretization schemes, such as Euler, Tustin or Al-Alaoui,
can be used [2, 12]. Taking into account that the simplest discretization procedure can
be implemented by the use of the Euler operator to the Griinwald-Letnikov derivative,
we arrive at [44, ch. 3.5]

D“fx(t)|t:kh ~

[A“ix(kh)}
hei |

where t = kh, k =0, 1, ... denotes the (unnormalized) discrete-time and / is the
sampling interval. Therefore, transferring from continuous-time system (24) to its
discrete-time counterpart (1) results in [44, ch. 3.5]

A=h%A,, B=h"B.,, C=C., D=D,, (25)

with A, B, C, and D being the matrices of the discrete-time NCFO system (1) and
h* = diag(h®t, ..., h%").

Taking into account that the reduced discrete-time model (8) is the integer-order
model, a conversion process from the discrete to continuous domain can be obtained
by using the well known classical methods, e.g., Tustin approach. A value of sam-
pling period & should be chosen with respect to an adequacy range of final reduced
order model.

3 Main result

The main computational cost of the model reduction process based on the cross
Gramian is the determination of the Gramian itself. Therefore, the main result of
this paper is a new, analytical method for calculation of the cross Gramian of the
FIR-based models.

3.1 Cross Gramian for FIR-based approximation of NCFO system
In general, the time complexity of calculating the cross Gramian by solving the
Sylvester Eq. 13 is a class of cubic one. However, due to the special structure of the

FIR-based approximation of discrete-time fractional-order model as in Eqn. (6), it is
possible to determine an analytical solution of the cross Gramian.
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Lemma 1 Consider the FIR-based approximation (6) of a stable discrete-time non-
commensurate fractional-order LTI SISO state space system (1). Then the cross
Gramian for that model is an upper triangular Hankel matrix

81 82 - 8L-1 8L
g g -~ g O
r=| o | 6)
gr-1 8L -+ 0 0
gL 0 -~ 0 0

where gy, k =1, ..., L, are as in Eqn. (5).

Proof Because of the special structure of the state space for the FIR-based model,
such that the matrix A is a lower shift matrix, it results that A¥ is a k-th diago-
nal matrix and A is nilpotent since AL = 0. Therefore, the reachability R(A, B)
and observability O(C , A) matrices have finite dimensions (L columns and rows
respectively) and are equal to

10---0
s S 01---0
R(A,B) =[B AB A’B --- AL7'B|=| . .| ;
00---1
C
CA gl gz gOL
- - 2 83
OC, A =| CA S
Taking into account (10), we can determine the cross Gramian in a form of Eqn. (26).
This completes the proof. O

3.2 Frequency weighted cross Gramian for FIR-based approximation of NCFO
system with input weighting function

The cross Gramian for the augmented system G W;, is a solution of the Sylvester
Eq. 20. However, taking into account (19), the cross Gramian can be determined as a
solution to four Sylvester equations of lower dimensions.

Lemma 2 Consider the discrete-time augmented system as in Eqn. (19). The cross
Gramian in a form of Eqn. (21) can be determined as a solution to four consecutive
Sylvester equations

AinXo1 A — X1 = —B;nC, 27)
AX) 1A — Xyy = —BCi,X21A — BD;,,C, (28)
AinX22Ain - XZZ = _AinXZIBCin - Bin[)Cim (29)

AXpAiy—X1n=—AX11BCi,— BCiyX21 BCiy— BCin X2 Ai—BD;, DCiy, (30)
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where Xi1 € WXL X1y € \MExmin . Xy € MinxL | X5y @ RiMinXMin,

Proof Combining Eqns. (19), (20), and (21), we obtain

A BCy, |[Xn X |[A BCiw | _[Xn Xi2|__ [ BDywC BDinDCiy
0 A X1 Ao || O Ay X1 A Bi,C B;,DC;, |

Expanding the matrix description (31) into four submatrix equations, we arrive at
Eqgns. (27) to (30). This completes the proof. O]

Consider the input weighting function in terms of the FIR filter described as

Min
Win(2) =) wiz ™", (32)
k=0
where wy e R, k=0,1,...,m;, are the impulse response components of the

weighting function (32). Then the augmented system G W;, as in Eqn. (19) con-
sisting of the FIR-based approximation of the NCFO system (6) and input weighting
function (32) can be presented in state space form as follows

ik + 11 = AR (k] + Binulkl, 33)
)A’[k] = Cin),e[k] + Dinu[k]v

where A;, € WLAmn)x(Ltmin) B GLAmin)xD) ¢, e RIXLAmin) gnd D, € R
are defined as

r0O 0 O O|lw; wy w3"'wm,-_ wo
100 ofo 0 0 --- 0 0
01 0 00 0 O 0 0
i _[A|BC,|_|0---0 10[0 0 0 0 B_BD,,,_L
n=10[4, |~ |00 0---0[0 0 0 - 0 """~ | B, 1 |-
00 0 ---0/1 0 O - 0 0
00 0---0/0 1 0 - 0 0
(00 0---0/0--0 1 0 L0

Cin=[C|DCin ] =[ &1 g2 g -~ gL|gow1 gow2 -+ goWn,, | Dinz[f)Dm]zgowo.

Due to the special structure of G Wiy given in Eqn. (33), it is possible to present a
new, analytical method for determination of the cross Gramian for such a system.

Theorem 1 Consider the augmented system (33) consisting of the FIR-based
approximation (6) of a stable discrete-time NCFO LTI SISO state space system (1)

@ Springer



New integer-order approximations of discrete-time...

643

and the input weighting function (32). Then the cross Gramian for the augmented

system is a block matrix such that
5 X X
X = ,
[ X1 A :|
where

1) submatrix X11 € K%L is an upper triangular Hankel matrix

ryrg - rp—-17rp

rpry--- rp 0
X]] — r3 rq4 - 0 0 ,
r,. 0 --- 0 0
with
i+miy
=y wk—pngk fori=1,...,L,
k=i

2) submatrix Xy € RLxmin jg as follows

[ SN ,ﬁmin
1 2 - om,
Xo=1| . . . ) ,
FLATL2 - TLomy,
with
R Min J )
Fi= ) wj Y kW(i+j—k) fori =1,...,L,
j=0 k=0

Min

fi,j = f(i+j_1) + kzl Ii—k)W(j+k—1) fori=1,...,L, j

3) submatrix Xy € WMinxL jgq rectangular Hankel matrix

g1 82 - 8L-1 8L

& & - 8 0
Ao = : : T

gm,-n gmin-i-l et O 0

4)  submatrix Xy € N"in*Min s s follows

1, ry2 o Itmg,

1 r22 - Nm,
Ao = ) . . ;

Tmin,1 T'min, 2 Tmjy,mip

(34)

(35)

(36)

(37

(38)

@ Springer



644 M. Rydel

with

1
Fij = 2 8hk—D)W(j+i—ky fori=1,....my, j=1,...,mi,,
k=1

and, for all the four items above, gr = 0 for k > L, wy = 0 for k > m;,, #, = 0 for
k<lork>L.

Proof Consider the cross Gramian of the augmented system G 1 W;, partitioned as in
Eqn. (34), where the submatrices of &’ can be concisely presented as follows:

ij ij
x11 x12 XM - Xy
ij ij
x21 xzz X =1 Y2,y
A=\ T . . e

lj ij . ij
.1 xﬂ 27 MB-1 FBy
with the dimensions 8 =y = Lfor X1, 8 =L,y = m;, for X120, 8 =mj,,y =L
for Ay an~d B =y = m;, for X resulting from Lemma 2.

Since A and Aj;, are lower shift matrices (compare Eqn. (33)), the left hand sides
of the four consecutive Sylvester Eqs. 27 to (30) are as follows:

ij ij ij ij ij

RN KW X133 XLy-1 Xy

ij ij ij

le_xlz x2 2_x13 x2,3_x1,4 M y-nT Xy Yoy

_ B i ij i) ij

- x31 x22 x32 xz% X337 %4 0 X3 - X2y X3,y

TR TR T Ly | ij
L X1 -2 *p27 M p-1.3 P37 X B-n4 T Fp -0 T X B-Dy YBy
The right hand sides of the Sylvester Eqs. 27 and (28) are respectively equal to
81 82 -+ 8L-1 8L

_BinC = - P . . . s

—éCianlA BD

Ql
Il

wog1+ -+ Wiy, &mip+1) W0L2+ -+ Wiy, &min+2) * - WOZL—1)TWI1L WogL
0 0 0 0

0 0 » 0 0

Both above matrices contain nonzero entries in the first rows only, which proves that
X11 and A3 are the upper triangular Hankel matrix and rectangular Hankel matrix,
respectively.
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The right hand side of the Sylvester Eq. 29 can be presented as (compare
Eqn. (33))

—AinX>1BCiy —BiyDCiy =
gowi
g1w]

gow2
g1w2

80W(m;,—1)
81W(m;,—1)

80Wm;,
81 Wm;,

Emiy—DW1 mipy—1)W2 =+ Emip—)W(mnip—1) 8(min—1)Wmy,

After simple manipulations, we arrive at

[ gow gow? 8OW(miy—1) g0Wm;, |
g1wy + xfzz g1w2 + xlz?g 81Wam;,—1) + xlz?mi,l 81Wmy,
A = :
8(mi—1HW1 8(mi—1H W2 8(miy—1)W(m;,—1) Emin—1) Wy,
| 02 P X o). il

Similar elementary operations performed on the right hand side of the Sylvester
Eq. 30 can lead to

o1 12 02 12 a(milz_l) 12 Unlin
rjwi + x1,2 riwz + x1,3 e rlwmifl_l + xl»min rlwmi"
12 12 12
rnwi + x2,2 rnwz + x2,3 rzwmin_l + x2,n11,, rzwmin
X = . ) . ) . ,
rL—1Hwi r(L—1)W2 F(L—1)W(m,—1) F(L—1) W,
12 12 12
L T@-n2  Tri-ns FXL—1),mi, ]
where
o) = g1w1 + -+ &my, Wiy, »
01 = w100 + wWir12 + -+ Wy, Fmy,,2 + WogoW1,
02 = w200 + Wir1 3+ -+ Wy, m;,,3 + Wogow2,
Omin—1) = Wim;u—1)00 + WiFLmy, + -+ Wi, Fngy iy + WOLOW (i —1)
Omiy, = Wm;, 00 + W0L0Wn;, -

Accounting for the elements xili. and xlzi occurring in the previous rows, e.g., starting

2 _
from X5 =

0> in Xy and from x72 = gow» in Xa,, we arrive at Eqns. (36) and
(38). This completes the proof. ’ [

As mentioned above, the cross Gramian for the augmented system, consisting of
the FIR-based approximation for NCFO system and input weighting function, sat-
isfies (20) for SISO systems only. Note that the cross Gramian for non-symmetric
square MIMO systems can be determined using Theorem 1 with substitution of all
the elements gg, wy by the respective matrices g € R ™, wy € R*™ and all
the elements 0 and 1 by the respective zero and identity matrices 0 € R"«*" and
I € W>" where n, denotes both the number of inputs and outputs of the system.
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However, for non-symmetric square MIMO systems the singular values of the cross
Gramian o (14) are only the approximation to the Hankel singular values o; [57].
Therefore, it must be emphasized that without any theoretical background as for the
SISO case, there is no guarantee for obtaining the reduced-order model of appropriate
quality.

3.3 Frequency weighted Fourier model reduction algorithm

The frequency weighted Fourier model reduction (FMR-FW) algorithm for reduction
of fractional-order systems can be summarized in the following steps:

1. For continuous-time NCFO system, use discretization procedure to obtain
discrete-time counterpart as in Eqn. (25).

2. Calculate g components for NCFO system using Eqn. (5).

3. Specify wy components of the input weighting function (32).

4. Create the augmented system G ; W;, as in Eqn. (33), consisting of the FIR-based
approximation of NFCO system and input weighting function.

5. Use Theorem 1 to analytically calculate the cross Gramian X of the system
GrWi,. _

6. Select coefficient y and calculate frequency weighted cross Gramian X based
on Eqn. (23).

7. Calculate the truncation matrices 7, and 7,~! using either the one-sided Galerkin

projection (15) or the two-sided Petrov-Galerkin projection (16) or the algorithm

based on the Schur decomposition (18).

Reduce order of the model as in Eqn. (8).

9. Use G, as a final model for the discrete-time NCFO system or convert G, to the
continuous-time domain using classical methods (e.g., Tustin approach) in order
to obtain a final model for the continuous-time NCFO system.

*®

4 Simulation examples

The effectiveness of the reduction process by the use of the introduced methodol-
ogy will be demonstrated on test examples. All the computations were done on a
board 2 IntelXeon E5-2683V3 CPUs with 2.0 GHz clock and 128 GB RAM using
MATLAB/Simulink 2015b software.

Example 1 Consider the discrete-time NCFO state space system (1) with

—22 —15 —0.45 -0.05|1

AO.S
AlB 10 0 0 |0 204
== 0 1 0 0 ol A= s
o 0o 1 0|0 s
A.

0 1 0 0|0

The system is approximated by the FIR-based models (6), with the H ~,-norm approx-
imation errors equal to 0.0855, 0.0204, 0.0044 for the respective implementation
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lengths L being 100, 1000, and 10000. Hankel singular values for all models are
presented in Fig. 1a. Figure 1b shows approximation errors, the upper bound of H -
norm (9) calculated on the basis of HSV for FIR-based models and the actual value
of Ho-norm for the reduced models obtained by use of the FMR-BT method. The
results show that approximation accuracy for the FIR-based model plays a crucial
role in the reduction process as the global approximation error for the reduced model
is a sum of errors for the FIR-based approximation and the reduction process.

Example 2 Consider the NFCO system as in Example 1 approximated by the FIR-
based model (6), with the implementation length L = 10*. The input frequency
weighting function is applied in the form of a low-pass FIR digital filter with cut-
off frequency w, = 0.01x [rad/s] and m;,, = 12. The system is reduced to models
of order r = 4 using the FMR-BT method based on the cross Gramian given as in
Lemma 1 as well as the FMR-FW method based on the frequency weighted cross
Gramian as in Eqn. (23) for y =0, 0.35,0.7, 1.0 and the one-sided Galerkin pro-
jection for determination of the truncation matrices 7, and 7,~!. The cross Gramian
of the augmented system X is calculated based on Theorem 1. Since the matrix
X»> may be ill-conditioned, the Moore-Penrose pseudoinverse can be used. The fre-
quency responses of NCFO system, high integer-order FIR-based approximation and
reduced models, as well as the approximation errors are presented in Fig. 2.

Example 3 Consider the same example of fractional-order system and the FMR-FW
algorithm as in Example 2. Figure 3 shows the approximation errors of reduced mod-
els obtained by the use two algorithms of determination for truncation matrices 7,
and Tr’l, that is (1) the one-sided Galerkin projection (15), denoted as FMR-FW-G
and (2) the algorithm based on the Schur decomposition (18), denoted as FMR-FW-
S. Table 1 presents the values of the approximation errors for the analyzed models in
terms of DCE - steady-state approximation error, M SE - mean square approxima-
tion error for the frequency characteristics in the frequency range w € [107>, 7] and
"H ~o-nOrm approximation error.

* HSVFIR L=100

2
2 3 o (FMR-BT, L=
x  HSV FIR L=1000 x z"‘a (FMR-BT, L=10000;

© HSV FIR L=10000 * H;-nnrm (FMR-BT, L=10000,

)
)

ol ] L
10 A 23 o (FMR-BT, L=1000)

100 F i k|

3 o He-norm (FMR-BT, L=1000)

L
o 2% o, (FMR-BT, L=100)

102 % i1

0 Hymorm (FMR-BT, L=100)

o

gL 4 ° o o ]
F-——— % - 3-8-8-8—o—0—¢—g—
Hecenorm (FIR, L=100) A a4 A 4,

NN
R

Approximation error
3

Hecnorm (FIR, L=10000)

8 i i \

10 03— . . . . . .

10° 10" 102 10° 10* 2 4 6 8 10 12 14
index of HSV r

Fig. 1 a Hankel singular values of FIR-based models. b H,-norm errors for the reduced models
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Fig.2 Frequency responses and approximation errors for the reduced models

To compare time complexities of (each iteration of) the FMR-FW algorithm the
fractional-order system was reduced for various implementation lengths L and var-
ious orders m;, of the input weighting function. Table 2 shows times required for
determination of the augmented system (33), item 1 in the table, calculation of the
cross Gramian from the Sylvester Eq. 20, item 2, calculation of the cross Gramian
based on Lemma 2, item 3, calculation of the cross Gramian based on Theorem 1,
item 4, calculation of truncation matrices 7, and Tr_l based on the one-sided Galerkin
projection (15), item 5, calculation of truncation matrices based on the real Schur
decomposition (18), item 6.

The results presented in Figs. 2 and 3 and Table 1 show that FMR-FW gives a
good approximation accuracy, in particular for low frequency range, in comparison
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—o0— FMR-BTA-G —o FMR-BTA-S \
—x— EMR-FW-G 7=0 |~ * FMR-FW-S =0

—o— FMR-FW-G 7=0.35 |~ o FMR-FW-S 1=0.35
107 El—o— FMR-FW-G 7=0.7 |~ 0~ FMR-FW-S 1=0.7

—&— FMR-FW-G 7=1 |~ - FMR-FW-S ~=1

Approximation error

108 107 1072 10°
w [rad/s]

Fig.3 Approximation errors for the reduced models

to the FMR-BT method, due to application of the low-pass filter. It can be seen that
the approximation error in the low frequency range is in a large part the result of the
FIR-based approximation of the NCFO system. Reduced order models obtained by
the use of both methods for determination of truncation matrices give very similar
results. Taking into account that the algorithm based on the Schur decomposition is
much more computationally involving, it is strongly recommended to use the one-
sided Galerkin projection. It can also be seen from Table 2 that the computational
times for the FMR-FW algorithm using the introduced analytical solution to the cross
Gramian and the one-sided Galerkin projection is the least time consuming.

The Matlab scripts used to compute the presented results can be obtained from:
http://doi.org/10.5281/zenodo.1256699.

Table 1 Approximation errors

for models DCE MSE H oo-norm

FIR 4.4e—3 0.1003 4.4e-3
FMR-BT 79.0e—3 62.72 0.079

FMR-FW-G (y = 0) 25.5e—3 5.852 0.2864
FMR-FW-S (y =0) 25.5e—3 5.852 0.2864
FMR-FW-G (y = 0.35) 2.80e—3 0.485 0.2459
FMR-FW-S (y = 0.35) 19.4e—3 3.283 4.5017
FMR-FW-G (y = 0.7) 15.2e—3 1.913 0.1872
FMR-FW-S (y =0.7) 20.4e—3 3.627 3.1588
FMR-FW-G (y = 1) 19.0e—3 3.087 0.1846
FMR-FW-S (y = 1) 23.6e—3 4.960 1.5921
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Table2 Computation time (in seconds) of the FMR-FW algorithm

L =100 L =300 L = 1000 L = 3000 L = 10000
1) m; =10 23.23e-3 184.0e—3 1.938 16.89 185.7
m; = 100 41.66e—3 202.3e—3 2.092 18.31 201.7
2) m; =10 7.023e—3 93.79e—3 2.712 163.5 7028
m; = 100 43.80e—3 199.6e—3 3.834 175.8 7123
3) m; =10 9.892e-3 103.7e-3 2.907 170.1 7271
m; = 100 33.50e—3 141.5e-3 3.139 173.7 7389
4) m; =10 0.771e—3 2.022e—-3 0.0330 0.4871 4.575
m; = 100 2.561e—3 3.943e—-3 0.0342 0.4759 4.551
5) 2.754e—3 20.20e—3 0.1693 2.194 24.74
6) 46.77e—3 689.0e—3 22.11 617.9 23941

5 Conclusions

In this paper, a new approximation methodology for modeling of discrete-time
non-commensurate fractional-order state space systems by integer-order state-space
models has been offered. The introduced FW reduction method is based on cross
Gramian of a high-order FIR-based approximation to the fractional-order system.
The main contribution of the paper is the introduction of analytical formulae enabling
low-cost calculation of the cross Gramians, including the frequency weighted one,
instead of a very time consuming process of classical solving the Sylvester equation.
Simulation examples illustrate the efficiency of the proposed methodology, both in
terms of high accuracy within prespecified frequency ranges and low computation
effort of the reduction algorithms.
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