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This paper addresses the design of finite-dimensional feedback control laws for linear discrete-time
fractional-order systems with additive state disturbance. A set of sufficient conditions are provided
to guarantee convergence of the state trajectories to an ultimate bound around the origin with size
increasing with the magnitude of the disturbances. Performing a suitable change of coordinates, the
latter result can be used to design a controller that is able to track reference trajectories that are
solutions of the unperturbed fractional-order system. To overcome the challenges associated with the
generation of such solutions, we address the practical case where the references to be tracked are
generated as a solution of a specific finite-dimensional approximation of the original fractional-order
system. In this case, the tracking error trajectory is driven to an asymptotic bound that is increasing
with the magnitude of the disturbances and decreases with the increment in the accuracy of the
approximation. The proposed controllers are finite-dimensional, in the sense that the computation of
the control input only requires a finite number of previous state and input vectors of the system.

Numerical simulations illustrate the proposed design methods in different scenarios.
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1. Introduction

A fractional-order derivative is a generalization of an integer
order derivative, where the order can take non-integer values.
Its discretization results in a fractional-order difference (Samko,
Kilbas, & Marichev, 1993) that rules the dynamics of the discrete
time counterpart. In this paper, we address the design of control
laws for dynamical systems described by fractional-order differ-
ence equations, i.e., discrete-time fractional-order systems (FOSs).

In contrast to integer order differences, which use local in-
formation around a given point, fractional-order differences are
obtained using all the previous values of a given function up
to the point where the difference is computed. Because of the
global nature of the fractional-order operators, models described
by fractional-order differences seem to be particularly suitable to

* This work was supported in part by FCT projects POCI-01- 0145- FEDER-
031823 - IMPROVE, and POCI-01- 0145- FEDER- 031411 - HARMONY. The
material in this paper was not presented at any conference. This paper was
recommended for publication in revised form by Associate Editor Hitay Ozbay
under the direction of Editor Miroslav Krstic.

* Corresponding author.

E-mail addresses: andrea.alessandretti@gmail.com (A. Alessandretti),
goncas@rpi.edu (S. Pequito), pappasg@seas.upenn.edu (G.J. Pappas),
pedro.aguiar@fe.up.pt (A.P. Aguiar).

https://doi.org/10.1016/j.automatica.2019.108512
0005-1098/© 2019 Published by Elsevier Ltd.

capture the behavior of systems with infinite memory and hence
have found applications in many fields. Many biological systems
manifest fractional-order behaviors (Pereira, 2010). Fractional-
order derivatives are used to model the cardiac tissue-electrode
interface and electrically stimulated or mechanically stressed tis-
sues (Magin, 2010; Magin & Ovadia, 2008), drugs release and
adsorption (Magin, Ortigueira, Podlubny, & Trujillo, 2011), and
the behavior of neural systems (Anastasio, 1994). Applications
on polymer science are highlighted in Hilfer (2000). In Sun, Ab-
delwahab, and Owaral (1984), transfer functions with a pole of
fractional power are used to model analog electronic circuits. The
work (Cao, Deng, Li, Yang, & Qin, 2010) explores the benefits of
fractional models for modeling of fuel cells.

The many applications and the control challenges associated
with fractional-order systems motivated a wide literature in
the control community. For the continuous-time case, Matignon
(1996) shows the equivalence of stability with the presence
of the eigenvalues of a given polynomial in a specific angular
sector, generalizing the integer order case where such a sec-
tor becomes the left half plane. Building on this, the works
in Ahn and Chen (2008), Farges, Moze, and Sabatier (2010) and
N'Doye, Darouach, Zasadzinski, and Radhy (2013) focus on de-
veloping linear matrix inequality (LMI) conditions for stability
and extensions to the case of uncertain polytonic FOSs. The
work (Podlubny, 1999) provides analytical expressions for the
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unit-step and unit-impulse of FOSs, that is then used to compare
a proposed fractional-order PID controller with the traditional
integer-order counterpart. The work (Li, Chen, & Podlubny, 2009)
presents the concept of Mittag-Leffler stability for nonlinear FOSs
and proposes a Lyapunov-like condition to certify such stabil-
ity, using both integer and fractional-order derivatives of the
Lyapunov function.

For the discrete-time FOSs, the control design problem is
addressed either using the infinite-dimensional formulation of
the FOS (Guermah, Djennoune, & Bettayeb, 2010), or adopting a
finite-dimensional approximation of the FOS obtained by truncat-
ing the infinite-dimensional fractional-order difference operator
and using the associated stabilizing controller to control the orig-
inal FOS (Kaczorek, 2008; Sopasakis & Sarimveis, 2017). The main
drawback of the first approach is that the stability conditions that
arise from the analysis of the whole infinite-dimensional form
of FOS are generally difficult to verify and to apply for (finite-
dimensional) control design purposes. The second approach was
initially introduced in Kaczorek (2008), without providing sta-
bility guarantees, and then adopted in the work (Sopasakis &
Sarimveis, 2017) for the design of a stabilizing Model Predic-
tive Control scheme. In the latter approach, the authors derive
sufficient conditions for practical asymptotic stability and, upon
satisfaction of an additional condition, asymptotic stability of the
origin. In addition, the latter work is able to explicitly handle
constraints in both the system state and input vectors.

In this work, we retain the simplicity in the design of the
widely used approach proposed in Kaczorek (2008), while at
the same time providing closed-loop guarantees. The analysis
adopted in this work builds upon the reasoning proposed in
Sopasakis and Sarimveis (2017). Notwithstanding, as the main
differences, this work does not consider system constraints and
shows that convergence can be guaranteed globally, i.e., for any
initial conditions of the system. The proposed controller is easy to
implement, without the need of optimization-based schemes. In
addition, we address (i) possible additive disturbances acting on
the system and (ii) the trajectory-tracking problem. For the latter
case, we also consider the practical scenario where the reference
trajectories are solutions of an exogenous finite-dimensional ap-
proximation of the original infinite-dimensional FOS. Specifically,
we provide sufficient conditions for the tracking error to converge
to an asymptotic bound that is increasing with the magnitude
of the disturbances and decreases with the increment in the
accuracy of the approximation.

The remainder of this paper is structured as follows. Section 2
introduces the linear discrete-time fractional-order system and
formalizes the control problem addressed in this paper. Section 3
contains the main results that are illustrated in Section 4 with
numerical simulations. All the proofs are relegated to Appendix A.

Notation: The terms R, R, Z, N, NT denote the set of reals,
non-negative reals, integers, non-negative integers, and positive
integers numbers, respectively. The terms R" and R"*™ represent
the set of column vectors of size n and n-by-m matrices with
real entries. A continuous function & : Rt — R* is said to
belong to class K if it is strictly increasing and «(0) = 0. In
addition, a function is said to belong to class K if, in addition,
a(r) — 400 asr — 4oo. Moreover, a continuous function
B : RT xR — R7 is said to belong to class KL if, for a constant s,
B(r, s) belongs to class K with respect to r, and for a constant r it
is decreasing on s and satisfies 8(r,s) — 0 as s — oo (see Khalil
(2002)). The term Id denotes the identity function, i.e., Id(x) = x.
The term I, is used to denote a n x n identity matrix. For a
sequence {x(k)}xez, we use the notation ||X|l«c = SupPyez lIX(k)||
and Xl k) = Max, <is, IXK)I, if ki ka € Z with ki < ky,
and ||x||fk, k) = O if k; > k,. Given a square matrix M € R™",
the notation M > 0 indicates that the matrix is positive definite,
i.e, vTMv > 0 forany v € R". Moreover, whenever clear from the
context, we use x* and x to refer to x(k+ 1) and x(k), respectively.

2. Control problem formulation

This section introduces the discrete-time FOS and defines the
control objectives addressed in this paper.

2.1. Discrete-time fractional-order systems

Consider a left-bounded sequence {z(k)}yez over k, ie.,
limsup,_, _ ||z(k)]| < oo. Then, for any a € R* the Griinwald-
Letnikov fractional-order difference (Samko et al., 1993) is de-
fined as

A%z(k) = ch“z(k —j).¢f =(=1y (;’) , (M)
j=0

where

a 1, ji=0
(1') =\rP-lesi -0 (2)
i=0 ix1 J =~

for all j € N. Notice that the summation in (1) is well defined
from the uniform boundedness of the sequence {z(k)}xcz and the
fact that

@
which implies that the sequence {C;’}jeN is absolutely summable

for any a € RT. A discrete-time fractional-order system with
additive disturbance can be modeled as

1 r s
> AAUxk+1) =) Biabu(k)+ Y Giasw(k) (4)
i=1 i=1 i=1
for scalars a; e RT, withi=1,..., b e R, withi=1,...,r,

and g; € RT, withi = 1,...,s, and where x(k) € R", u(k) € R™,
and w(k) € RP denote the state, input, and disturbance vectors
at time k € N, respectively. The latter vector is considered to be
bounded as

lw(ll < by, k €N, (3)

for some positive scalar b,,. We denote by xo = x(0) the initial
condition of the FOS at time k = 0. In the computation of the
fractional-order difference, the state, input, and disturbances are
considered to be zero before the initial time, i.e., x(k) = 0, u(k) =
0, and w(k) = 0 for all k < 0.

It is worth noticing that the infinite dimensional case where
the state is defined for all the times, can be addressed in the
presented theorems considering the limit of the initial time that
goes to minus infinity (or equivalently, considering the case k —
+00). In addition, given the robustness properties of the proposed
control law, it is possible to address the case where the controller
is activated at a given time by considering the previous absence
of control input (or zero input signal) as a (bounded) disturbance.

2.2. Control objectives

The first control objective concerns the regulation of the state
of the FOS toward the origin.

Problem 1 (Convergence). Design a finite-dimensional controller
that renders the associated closed-loop system with (4) globally
bounded and globally ultimately bounded with respect to the dis-
turbance (5), i.e., for any initial condition xo € R" the associated
closed-loop state trajectory is bounded and satisfies

XNl < B(lIxoll, k) + y(buw). k € N (6)

for a function B : R* x R™ — R*, with B(r,s) — 0 as s — +oo,
and a class-K function y : RT — R™,
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Definition 1 (Finite-dimensional Controller). We denote by finite-
dimensional controller a control law that only requires a finite
number of previous state and input vectors to decide the current
input to apply to the system, i.e., there exist two values v, v; € N
such that the control law can be expressed in the form u(k) =
k(x(k), ..., x(k—wvq1),ulk —1),...u(k — vy)).

As it will be made explicit in the remainder of the paper,
performing a suitable change of coordinate, a controller that
solves Problem 1 can be used to track any reference trajectory
that is a solution of (4) (similar to integer-order linear systems).
It is interesting to note here that since (4) is infinite-dimensional,
it often presents a major challenge in cases where one wishes
to generate such a reference trajectory. Specifically, for any de-
sired input reference trajectory {u,(k)}ren, the computation of the
associated (nominal) fractional-order state trajectory {x,(k)}ren
(i.e., the solution of (4) considered with w(k) = 0, u(k) = u,(k)
and x(k) = x,(k) for all k € N) becomes intractable as k — oo due
to the sum of an always growing number of terms. To avoid this
situation, we consider the case where the reference trajectory is
generated using a finite-dimensional exogenous system.

Problem 2 (Tracking Exogenous Solutions). Let x.(k) € R, u,(k) €
R™, and x,(k) € R", with k € N, be the state, input, and output
vectors, respectively, of the finite-dimensional exogenous system

Xe(k + 1) = Axo(k) + Bu(k), x.(0) = X0, (7a)
x:(k) = Cxe(k), (7b)

where x.o € R"™ denotes the initial condition at time k = 0.
Design the matrices A, B, and C of (7) and a finite-dimensional
controller for the FOS (4) such that, for the associated closed-loop,
the tracking error

e(k) := x(k) — x-(k), (8)

defined as the difference between the state of the FOS and the
reference signal, satisfies

lleC(loll < B(lle(O)II, k) + y(by) +d (9)

for a function B : R* x RT — R, with B(r,s) — 0 as s — +oo,
a class-K function y : R* — R¥, and a constant d > 0.

It is worth noticing that although the desired controller is
finite-dimensional, the closed-loop guarantees of Problem 2 hold
when the plant is described by the closed-loop with the infinite-
dimensional system (4).

3. Main contribution

Before stating the main results, different formulations of the
FOSs (4) are introduced, as well as mild technical assumptions.

Assumption 2. The matrix Y |_, A; is invertible.

Using Assumption 2, the FOS model (4) can be reformulated
as
[o ]

x(k+1) :Z

o0
xk—j+1)+ ) Bu(k—j)
j=0

[o]
+ ) Guw(k —j) (10)
j=0
where 4, = —Aj'A;, B] = Ay BJ, and G; = A;'G; with 4; =
ZI 1Acal BJ ZI 1Bl and GJ - Zl 1G' g,'

Formulatlon 10) hlgﬁllghts one of the maln peculiarities of
FOSs, i.e., that the state x(k + 1) does not depend only on the

state, input, and disturbance at time k, but it is a function of the
whole past trajectory.

For any given integer v € N*, the model (4) can be equiva-
lently rewritten as

%k + 1) = AyR(k) + Byu(k) + G,r(k), X(0) = % (11a)
o0 o0
k=Y Ax(k—j+1)+ > Bu(k—j)
Jj=v+1 Jj=v+1

o0

+ ) Gu(k—j) (11b)
j=0

using the augmented state vector X(k) = [x"(k),...,x (k — v +

€ RY™™ and appropriate matrices
A,, B, and G,, where xg = [x0 .0, ,0]T denotes the initial con-
dition. Specifically, the terms {Aj}] 1.0 and {B,}j 1,..v are used
to form the matrices A, and B,, whereas the remaining terms
{GJ}J:l AAAAA ~ and the states and input components not included in
X(k) are collected in the term Qr(k).

1), u' (k—1), ...,uT(k—v)]T

Definition 3 (v-approximation). The v-approximation of the
discrete-time FOS (4) is defined to be the system (11a) but with
r(k) =0 for all k € N.

Assumption 4 (v-stabilizability). The pair (;\v,év) of the
v-approximation of the FOS system (4) is stabilizable.

Assumption 4 implies the existence of a matrix K, such that
for any positive definite matrix Q the equality

A{PAx —P +Q = 0,A¢ = A, + B,K, (12)
holds for a positive definite matrix P. At this point, we are ready

to state one of the main results of this paper.

Theorem 5. Consider the FOS system (4), the reformulation (11),
and let Assumptions 2 and 4 hold. Moreover, consider v € N such
that

cw¥(v) < 1 (13)
with
ZHA 'Aillpa (v +Z 1A BiK, lin, (v) (14)
i=1 i=1
and ¢o(v) = "=y}, ;”7 Cy = /m, ¢ = *mau(G, PG,)
cT
I% PAK” , = U= 9)’\"(1};1)“2) ¢4 = min(cy, 0), for any 6,0, ¢, €

(0, 1) Then for any positive definite matrix Q > 0, there exists a
pair of matrices K, and P > 0 such that (12) holds and the controller

u(k) = K,x(k), (15)

with X(k) = [x"(k), ..., x"(k—v+1),u"(k—1),...,u"(k—v)]"
solves Problem 1 with y(r) = c,r, where k € (CWII/(U) 1) and
¢ = Cuie Yo Ay Gillesi.

Theorem 5 provides a set of sufficient conditions that guar-
antee the state vector of the closed-loop system (4) with (15)
to converge to an ultimate bound with size proportional to the
maximum magnitude of the noise. The controller (15) is designed
to be any linear controller that stabilizes the v-approximation of
(4), where v satisfies condition (13). It is worth noticing that since
the state of the v-approximation (with v > 1) stores the previous
state and input signals of the original fractional-order system, the
control (15) is not a standard state-feedback controller for the
FOS, but rather uses feedback of a window of past states and
inputs, where the window size increases with v.
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In the control design for integer-order linear system, a con-
troller designed to stabilize the origin of the state space can be
used to stabilize the system around any of its solutions, i.e., per-
forming a suitable change of coordinates, it is possible to stabilize
the origin of the error space defined as the difference between the
current state of the system and a solution of the system that we
wish to track.

Similarly, performing a suitable change of coordinates the
controller of Theorem 5 can be used to track any feasible solution
of the FOS (4). This fact is made explicit in the following corollary.

Corollary 6 (Tracking FOS Solution). Let the assumptions of Theo-
rem 5 hold and consider a generic state and input reference trajec-
tory pair {x,;(k)}ren and {u,(k)}ren, respectively, that are the solution
of (4) with w(k) = 0, for all k > 0, and the associated augmented
state vector X.(k) = [x] (k), ..., x] (k—v+1),u] (k—=1), ..., u} (k—
v)]T. Then, the closed-loop (4) with

u(k) = ur(k) + Kye(k), e(k) = x(k) — x-(k) (16)

leads to an error trajectory e(k) := x(k) — x.(k) that is globally
bounded and globally ultimately bounded with respect to the dis-
turbance (5). Specifically, for any initial condition eq € R" the error
trajectory is bounded over time and satisfies

lleCi)ll < A(lleoll. k) + v (bw). k € N (17)

for a function B : R* x RT™ — R™, with 8(r,s) — 0 as s — +o00,
and a class-K function y : RT — R*,

Corollary 6 highlights the robustness of the proposed con-
trol strategy, where the origin of the error space is ultimately
bounded with the size of the ultimate bound being increasing
with the bound of the disturbance.

In what follows, we consider the case where the trajectory that
we want to track is not a solution of (4), but rather it is a solution
of a finite-dimensional approximation.

Theorem 7 (Tracking Solution v-approximation). Let the assump-
tions of Theorem 5 hold and consider the v-approximation of the
discrete-time FOS (4) from Definition 3. Moreover, let

ur ()l < bu,, 1% (K)|| < by, k € N (18)

for two scalars by, , b,, € RT. Then, selecting A = A,, B = B,, and
C = [ xnygs Ongx1s - - - » Onyx1l, the control law

u(k) = u.(k) + Kye(k), e(k) = x(k) — x.(k) (19)
solves Problem 2 with

1
K A
d=-_— (bxr > 1Ay Aill o (v)

i=1

r
+by, Y ||A0‘B,-||¢b,.<v)> (20)
i=1
and «, y(-), and ¢q4(-) as described in Theorem 5.

It is worth noticing that the existence of bounded state and
input trajectories {u,(k)}ken and {x;(k)}xeny required in (18) is
always guaranteed by Assumption 4. Moreover, we recall that
since the exponential function can be rewritten as the infinite
sum e* = j’io ;‘ff the function ¢,(v) defined in Theorem 5 can
be equivalently reformulated as

Ld X d
Palv)=e" =) ==
=0 T

it
that decreases to zero as v goes to infinity. As a consequence, the
asymptotic bound of Theorem 7 is decreasing with the increment
in the accuracy of the approximation.

(21)
Jj=v+1

In practice, Theorem 7 shows that the state and input trajec-
tories of the original FOS can track arbitrarily well (by increas-
ing the value of v) any references {x,(k)}ken and {u.(k)}xen that
are generated as a solution of (7), where x. is the state of the
v-approximation. As a consequence, we can control the origi-
nal infinite-dimensional FOS by designing a finite-dimensional
controller (using standard techniques for finite dimensional sys-
tems) for the auxiliary system (7). The overall controller (that
includes the v-approximation system) achieves in closed loop
a tracking error whose ultimate bound decreases with the in-
crement in the accuracy of the approximation. An illustrative
example is presented in the following section with the design of
a finite-dimensional controller that is able to steer the infinite-
dimensional FOS around a desired trajectory.

4. Numerical simulation

Consider the discrete-time fractional-order system (4) with
A= (1) } ,B1 = (1) I =3,A1 = Ihya, Ay = A A3 = —A,
ap=0,a, =17,a3 =0, r =1,b; =0,s = 1, gy = 0, which
satisfies Assumption 2 since Ziﬂ Ai = Iy, is a full rank matrix.
The matrix G, is selected depending on the simulation.

For different values of v € N*, we display the behavior of the
closed-loop (4) with (15) and (19) for both the cases of conver-
gence to the origin and trajectory-tracking displayed in Figs. 2 and
3, respectively. Moreover, in the first case, we consider both the
noise-free case with G; = 0,,, and the case with noise where
G1 = I and the noise {w(k)}key iS generated as a random signal
uniformly distributed within the interval [—0.5, 0.5] (i.e., b, =
0.5).

Different approaches can be used to generate solutions of
(7), that are reference trajectories for the trajectory-tracking al-
gorithm. In this example, we used a model predictive control
scheme (detailed in Appendix B) to compute reference trajecto-
ries for the v-approximation that drives x; toward a pre-defined
sinusoidal trajectory. It is worth noticing that for each v, we
generally have a different state and input solution of the v-
approximation (7) that achieve our objective (i.e., that drives x;).
This behavior is shown in Fig. 3 where the reference trajectory
for x, in the case v = 1 (dashed-line blue) differs from the case
v = 9 (dashed-line orange). Despite this, in both cases the state
X1 is driven toward the desired pre-defined sinusoidal trajectory.

It is worth noticing that the system under analysis is open-
loop unstable. Moreover, despite the v-approximation with v =
1 being stabilizable, it follows that the associated linear con-
troller does not stabilize the original infinite-dimensional system.
Specifically, for the case v = 1, Assumption 4 is satisfied but the
condition (13) is violated. Figs. 2 and 3 show that the closed-loop
system is unstable with the error trajectory oscillating with in-
creasing magnitude. To avoid this undesired behavior, Theorem 5
provides a suitable selection of the value of v that satisfies (13)
and therefore guarantees global convergence to the origin and, for
the case of trajectory-tracking, global convergence to an ultimate
bound d around the reference signal.

It is worth noticing that the function ¢,(v) strongly decreases
as the value of v increases, as depicted in Fig. 1. This plays an
important role in the design and analysis of the controller, since
small values of ¢4(v) render condition (13) easy to satisfy and lead
to small values of the term d in (20). This is reflected in Table 1
where the value of d is close to zero since v = 8.

Besides, the table highlights that the constants in Theorem 5
are generally conservative. For instance, this applies to the term
¢, that leads to a pessimistic estimate of the effect of the dis-
turbances, which is in practice much smaller, as illustrated in
Fig. 2.
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Table 1
v 1 8 20
w(v) 4.4883 6.3481-1074 1.5.1071
cy 163.2081 647.1015 1495.2155
¢, - 462.2394 15.1032
d - 5.768 - 103 1.9.10716
50
z
o
©
E
50

Fig. 1. On the top we show the values of ¢,(v) by varying v and a, and at the
bottom we show these in a logarithmic scale.

5. Conclusions

This work introduces a set of procedures to design finite-
dimensional controllers for FOSs that guarantee closed-loop con-
vergence to the origin, in the case of regulation, or to a reference
trajectory, in the case of trajectory-tracking. This is achieved ex-
ploiting a linear controller designed for a suitable finite-
dimensional approximation of the original FOS. For the case of
trajectory-tracking, we consider both cases where the trajectories
to be tracked are solutions of a FOS or solution of an exogenous
finite-dimensional linear system. The latter case is desired in
many practical cases where the reference trajectories are to be
generated. All the proposed results are global, in the sense that

the convergence is guaranteed for any initial condition of the
system, and robust to additive disturbances.

Appendix A

The following lemma is used in the proofs of the main results.
Lemma 8. Consider the system (11) and let Assumptions 2 and 4
hold. Then, for any positive definite matrix Q > O there exists a pair
of matrices K, and P > 0, with P being a symmetric matrix, such
that (12) holds and, for the closed-loop system (11) with (15), the
state trajectory satisfies

1X(ko + k) < BUIX(ko)II, k) + Co 1T ll kg, ko+k—11 (A1)

with kg, k > 0, for a class-K.L function 8 : RT x NT — R*, and ¢y
from Theorem 5.

Proof. Consider the function

V(X) = X PX. (A2)

Using the system model (11) and the equality (12), the func-
tion (A.2) evolves in time according to
VT =XTA{PAcX + 1G] PG,r + 2r' G| PA(X

=V —(1-0)X'Qx — 0x%' QX

+ 1G] PG,r + 2r" G| PAcX (A.3)

for any scalar 6 € (0, 1). Notice that for any ¢,, g, ¢, € R the
inequality
—CaX*+Cpy*+ Ty Xy = —(Cax— oy P+Cey < Coy? (A4)
holds with ¢, = \/Cy, ¢, = 2% Cc = Cp + C7. Then, we can bound
the last part of the right hand side of (A.3) as follows —6X" QX +
rTGIPGyr +2r G PAKX < =0hmin(Q)IRI? + 2 Amax(G) PGu) +
20rIHIGT PAKIIRI < & Irll? with ¢ = Amax(G)PG,) + ol
and where in the first inequality we used the fact that for any
symmetric matrix Q the inequality Amin(Q)|x[? < xTQx <
Amax(Q)[1X]|? holds and in the last inequality, we used (A.4) with
Co = OAmin(Q), €5 = Amax(G]PG,) and ¢, = 2|IG/PA«|l. As a
consequence, by replacing it in (A.3) we obtain V(X(k + 1)) <
V(x(k)) — (1 — 0)x(k)TQx(k) + c2||r(k)||>. Therefore, we can write

Additive noise G =I )
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Fig. 2. Closed-loop trajectories for the regulation of the origin in cases with and without noise (right and left columns, respectively).
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Closed-loop trajectories

Tracking error
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Fig. 3. Closed-loop trajectories and reference signals (dashed lines) for the scenario of trajectory-tracking of the solution of an exogenous system. For the sake of

clarity, the plot associated with the unstable case v = 1 is dotted.

ai(lIX]) < V(x) < aa(lIxIl), V(x(k + 1)) — V(x(k)) < —as(lIX]]) +
o(r(K)) = —aa(V(X) + o(lr(k)l) with ay(r) = Amin(P)rz.
a(r) = )Lmax(P)rzv as(r) = (1- G)Amln(Q)rzv o(r) = cr?, and
oy = Olgoaz_], i.e., o4(r) = c4r, withcy = % Noticing that
a1, 0, 03,0 € K, the function V() is an ISS-Lyapunov function
(see, e.g., Definition 3.2 of Jiang and Wang (2001)), which implies
that there exist a class-K£ function 8 : Rt x Rt — R* and a
class-K function y : R* — R* such that

X(ko + k)| < BCUIXCko)l, k) + v (T ll kg eko +h—11) (A5)
for all kg, k > 0. Now, let ay(r) be any class-K., lower bound
of @y € Ko such that Id—a € K, eg., aq(r) = Car with

C4 = min(cy, 6) for any 6 € (0, 1). Moreover, let p(r) = c,r, with

€ (0, 1). Then, following Jiang and Wang (2001) (specifically,
from (13) to (17)) it is possible to show that (A.5) holds with
y =a;'op wherey =&, 'oploo,ie, p(r) = @fi/) r2, and
B(s, t) = al‘l(f}(ozz(s), t)) for a class-K £ function f} RT xR —
R, which concludes the proof. ®

A.1. Proof of Theorem 5

The proof is structured as follows. First, we show that the state
trajectory of the closed-loop system (11) with (15) is uniformly
bounded over time and converges to an ultimate bound propor-
tional to the value of ||r||., which also includes the contributes
of the disturbance vectors {w(k)}xen. Then, noticing that the mag-
nitude of ||r(k)| is increasing with the increase of the norm of
the past state vectors, a contraction argument can be invoked to
show convergence to an ultimate bound that is proportional only
to ||w|l, Which concludes the proof.

A.1.1. Ultimate boundedness
Taking the norm of r(k) in (11b) and usmg the bound (5) o
the disturbance, results in [[r(k)[| < Y, Ay Al s erl|ca'|

%l 0,k—v] + Di— 1||A 'BK, || Z, v+1|C Ml o,k—v—1) + Yw With

Yo =be||Aglc,-||Z N =be 1A Gille®i.
i=1 j=0 “° i=1

Notice that we used the fact that |[x||[—cok—v] = lIX|l[0.k—v] SinCE,
as described in the problem formulation, the state of the system

(A.6)

is considered to be the zero vector before the initial time 0.
Combining the latter with (3) and the defining (21) we obtain

(Ol < (WIXN0,k-v1+ Vi < P (V)IXlloot Vi (A7)

with ¥(-) as in (14). Combining (A.1) in Lemma 8 with (A.7) re-
sults in [|X]les < B(IIXoll, 0)+-cy lITlloc < B(IIXoll, 0)+cy ¥ (V)llIX]l o
+ Cy Yw, that under condition (13) leads to

[%ll0o < (1—co ¥ ()" (BIXoll, 0)+Cy i) =: by. (A8)

Replacing the latter bound on the state trajectory into (A.7), and
then (A.1), results in

XU < B(lIXoll, k)+Sx, Sx = o [¥(v)by + vl
for a class-K£ function 8 : RT x Rt — R™,

(A9)

A.1.2. Convergence
We start by noticing that for any M € N the bound on the
norm of r(k) in (11b) can be decomposed as

v+14+M

Ir(k)ll < ZMA YA Y 1 I oo
Jj=v+1
(o]
+Z||A51A,-|| > 1 Xl o k—v-m—1
i=1 Jj=v+24+M
v+14+M
+Z||A Bl D1 X o1 ko
j=v+1
o0
. b
+Z||A013i1<v|| > 16 Xl ok-v-m-2)
i=1 Jj=v+M+2
+ %
fCDU(M)”x”[kfv—Mf],kfv]+W(U+1+M)bx+yw (A]O)
with y,, as in (A.6), by as in (A.8), ¥(-) as in (14), and
v+14+M
@,(M) —ZnA Al I
Jj=v+1
v+14+M
+Z||A "Bkl Y 1. (A11)

Jj=v+1
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The remainder of the proof is carried out by recursion. Specifi-
cally, for a generic i € N, consider a constant s; > 0 and a function
Bi : R* x R* — R* such that

X < Billlxoll, k) + i, (A.12)

holds, where for any given r € R, Bi(r, s) is bounded over s € Rt
and satisfies Si(r,s) — 0 as s — oo. Moreover, consider a §; € R
that satisfies

S (O, min { R

with k¥ € (¢,1) and € = cy ¥ (v), which satisfies ¢ € (0, 1) as
a consequence of (13), and select a 6;11 € (0, x6;), which from
(A.13) satisfies

_651‘}) = €(si +6;) < «s; (A.13)

0< E(Si + 9i+1) < 6(5,‘ + 9,) < KS;j. (A.14)

From (A.12), there exists a k; = k;(6;+1) such that k > k; —
Xl k—vr1g < IXE) < si+ 6’“ , which implies that for any
M; € N we have k > k; + M; —|—2 =k = 1% (k—v—M;—1,k—0] <
si + ’“ Hence, combining the latter with (A.10), we obtain
wwms¢xmml+mQ+ww+M+nb+wﬂmmw>k
Therefore, by choosing M; to satisfy

CyW(v+ M+ 1)by < €0i11/2, (A.15)
from (A.1) in Lemma 8, we have
IX(ki + Il < BUXKIL k) + Si1 (A.16)

with

0;
Si+1 = Cy (¢U(Mi) ( i+ L ) +‘1/(U+Mi+1)bx+]/w)
1+1> 1+1 +Cq/)/w
< cp¥(v) ( 'H) IH + Cy vy

0;
=e<s,»+ ';)—t—e L + Co Vw

<cy®P, (M <

2
< €(Si+ 0ip1) + CoYw < KSi+ Co Vs
where the first inequality comes from (A.15), the second from the
fact that ¥(v) > @,(M) for any v,M € N, and the third from
(A.14). Combining (A.12) with (A.16), we obtain
Bill%oll, k) +si, k[0, k—1]
min{Bi( Xl k)+si.
B(BilIXoll, ki)+si, k—ki)+Ksi+Cw v},
k € [ki, +00]

1%kl <

and consequently

1K) < Bis1(lXoll, k) + Ksi + Coyu (A17)

with
ﬂi(rv k)+(]_K)$f_ClI/yu)5 k € [Oa I_<i - 1]
min{B(r, k) + (1 = €)s; = C Y,

BUIXK)I, k —ki)y, k€ [ki, +oc]
that recursively satisfy the fact that Bi 1(r, k) — 0 as k — oo.
Roughly speaking, we showed that as the state converges toward
s;, it is possible to compute another ultimate bound s;;1 < «s; +

Cy Yw. Iterating the process starting from (A.9), i.e., Bo(r,s) =
B(r.s), so = sy, and any 6 € (0, min{1, “<s,}), we obtain

si = k'so + Cu Yo (ZJ' g)K]> and therefore

Bira(r. k)=

XU < Boo(lIXoll, k) + Soo (A18)

with soc = limiseeSi = Cyywts, Where B (r,k) — 0 as
k — oo. The proof is concluded by noticing that ||X]| = [|Xol|
and ||x(k)|| < |IX(k)|l, which implies (17) with 8 = B5. H

A.2. Proof of Corollary 6

By the linearity of the Griinwald-Letnikov fractional-order
difference operator, the evolution of the error vector e(k) is
governed by the fractional-order system Z AiA%ek + 1) =
o BiAbi(u(k) — up(k)) + D5, GiASw(k). Hence, the result
readily follows by applying Theorem 5 with suitable change of
state and input coordinates. H

A.3. Proof of Theorem 7
For the closed-loop system (4) with (19) the tracking error

trajectory satisfies &(k + 1) = A,8(x) + B,(u(k) — uy(k)) + G,r(k)
where the norm of r(k) is bounded as

1 00
IrCOI < Y 1A Al Y I etk — j + 1)l

i=1 Jj=v+1
+§:M1Anzﬂfﬂ&k i+l
j=v+1
+ZI|A B, | Z|cb’|||ek—
Jj=v+1
+2NA$H§]#kaJu+m (A.19)
j=v+1

In contrast to the case considered in Corollary 6, where the
reference to track is a solution of the FOS (4), the term r(k)
it is not only function of the disturbance {w(k)}xy and the
previous error vectors {e(k)}xeny but also of the reference sig-
nals {x;(k)}xen and {u,(k)}xen. The same proof of Theorem 5
applies here, the only dlfference being the term y,, which is
to be replaced with Yot IAG AN Y e ek — § + DI +

i ||A 1B]| ZJ v+1|cb’|||ur(k — Il + Yw. Using the latter substi-
tution in (A.18) evaluated on the error space results in

- - K

lle(k)ll < Boo(lleoll, k) + Tt d (A.20)
with d in (20) where we used the bounds (18) and (3) and
the function ¢,(-) from (21). The proof is closed noticing that
[18(0)|| = le(0)|| and |le(k)|| < ||é(k)| and therefore (9) holds with
B = B and y(-) from Theorem 5. W

Appendix B. Generation of reference trajectories

In practical applications, the trajectories {x,(k)}rey and
{u,(k)}ken that are a solution of (7) are unknown, and need to be
computed. A possible approach consists of using model predictive
control (MPC) schemes. For instance, consider the case where
we wish to drive the first component of the state of the FOS
system (4) to a given desired trajectory pg(k) = —10sin(0.2k) +
3sin(0.5k), possibly not feasible for (7), while minimizing the use
of the input. Then, we can design a MPC scheme that minimizes
the stage cost L(k, x,u) = 10|x1(k) — pa(k)||*> + |lu(k)||*> where
x(k) = [x1(k), x2(k), ...]. Specifically, for a given a pair (k, x.) €
R>k, x R™ and an integer horizon length N > 0, the open-
loop optimization problem P(k, x.) consists of finding the optimal
control trajectory iy := {u¥(k), uf(k+1), ..., uf(k-+N — 1)} that
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solves

J*(k, xe) = minJ(k, xe, u;)
ur

st Re(i41)=A,X(k)+B, (i),
Xe(k) = xe,

i € ZicksN-1 (B.1)

with u, = {u.(k), u.(k + 1), ..., u,(k + N — 1)} and where the
performance index is defined as

k+N—-1

](k,Xe,ﬁr):=Zl(i,>'<e(i),ﬁr(i))+ms(7<e(k+N)) (B.2)

i=k

with I(k, x, u) = ¢, atan(L(i, x, u)/c;,) + Is(x), ms(x) = cx"Px, and
Ii(x) = cx' Qx for some constants ¢,, ¢ > 0, and the matrices
P and Q satisfy Assumption 4. It is worth noticing that for small
values of ¢; and high values of c;,, the effect of the function [; and
m, and the saturation c;, atan(-/c;,) is neglectable for contained
values of ||x.||. These terms are added to provide a formal guar-
antee of boundedness of the closed-loop trajectory, by following a
similar reasoning to that presented in Alessandretti, Aguiar, and
Jones (2017) for continuous-time systems. Indeed, for bounded
values of the state, arbitrarily small values c; and arbitrarily high
values of ¢}, the performance index is approximately given by

k+N—1

J(k, xe, ur) ~ Z le(i, X (1), tr(i)). (B.3)
i=k

Notice that, in the numerical example in Section 4, we used ¢, =

1-10°and ¢, = 1-107>.

In order to make explicit the dependence of the optimal solu-
tion to the parameters of the open-loop optimization problem, let
(i) and )'(Z”‘(i) denote the optimal input and state trajectories
ﬁf’k and ij’k computed by solving P(k, x.(k)) associated with the
predicted time i. Then, the state and input reference trajectories
x- and u, are computed as the output and input trajectories,
respectively, of the closed-loop (7) with

ur(k) = rempc(k, Xe(k)) == T (k) (B.4)

obtained by solving the open-loop optimization problem at
any time step and applying the first optimal input to the system.

B.1. Boundedness of the reference trajectories

In contrast with the work (Alessandretti et al., 2017), where
boundedness was obtained in continuous-time systems, in this
section we provide the proof for the adopted discrete-time set-
ting. Specifically, we show that the state and input reference sig-
nals associated with the closed-loop (B.4) with (B.1) are bounded.
For the sake of clarity, wherever clear from the context, we use
the compact notation, e.g., I(i, X:*(i), uk(i)) = I*k(i).

Consider the MPC value function

Vinec(k, Xe) := J(k, Xe, ;%) (B5)

and, for any i > k, we denote by the extended input trajectory the
concatenation of the optimal input trajectory ﬁ:"k with the linear
controller u,(k) = K,x.(i), that is

Sk ;
. ue (i) i=k ....,k+N—-1
uext.k i) = T ’ ’ ’ ’ B.6
@ K x2tk(@i), i>k+N, (B.6)
where x*k(i) denotes the associated state trajectory.

Value function evolution. Multiplying the first equality in (12)
by ¢ and using the definition (B.6), for any i > k+N the following
holds

m;?x[,k(i) — lixt,k(i) + m;?xt,k(i + 1) (B7)

Then, the MPC value function evolves as follows:

Vinpe(k + 1, Xe(k + 1)) < J(k + 1, xe(k + 1), u™"¥)
k+N
— Z lext,k(i) + mext,k(k +N+1)
i=k+1
+ Viupc(k, xe(k)) — Vipc(k, Xe(k))
= Vipe(k, xe(k)) — I°¥(k)
—m@¥k 4+ N) + m&*(k + N + 1)
+ Kk + N)
= Vipc(k, xe(k)) — I%¥(k)
+ ¢, atan(%“*(k + N)/c,)

— ¢, atan(I?k (k) /c;,)
< Vrc(k, %e(K)) — a(Ixe(K)]1) + 2c,e§ (B.8)

where the first inequality is a consequence of the from the sub-
optimality of u®¥, the last equality from (B.7), the last inequality
from the bounds

. v
llci, atan(le(i, x, u)/ci,)Il < Cle 5 (B.9)

and x] Qxe > a([Ix.l) with a(r) =: Amin(Q)r2.

Upper bound value function. Let ¥ and u®* be the state and
input trajectories associated with the system (B.1) in closed-loop
with u,(k) = Kyxe(k). Then, we can write m'(i) = X(@i) +
mE® (i + 1) that results in S5 N1 1 (1) + mE (k4 N) = m& (k) <
ac(|1xell), with ac(r) = Amax(P)r?. By the sub-optimality of uv,
and combining the latter equality with the bound (B.9) and the
definition (B.2), it follows that to

Virc(k, Xe) = J(k, xe, u™¥)

b4
<J(k, xe, u'") < ac(llxell)+NCIeE- (B.10)
Lower bound value function. From the definition (B.2) and the
fact that () is always non negative, we have

Vinnc (k, Xe(k)) = J(k, xe(k), ™) > a(llx ).

Shifted value function. Let us consider the shifted value function
W(k,x.) == Vmpc(k, x.) — Nci, Z. Then, using the bounds (B.10)
and (B.11), we can write a(|lx|]) — ¢, 5N < W(k, x.(k)) <
ac(|xe|l). Moreover, from (B.8), we obtain W(k + 1, x(k +
1) < Wk, xe(k)) — alllx(k)l) + 2¢,5 < Wk, xe(k)) —
ala{(W(k, x.(k))) + 2¢;, 7. At this point, following standard
arguments from input-to-state stability analysis for discrete time
systems (Jiang & Wang, 2001), it is possible to show that x. is
bounded, which implies that x, and u;, are bounded. Specifically,
let a4 be a class K function such that as(r) < a(a!(r)), Id —ay
belongs to class K., and p be a class-K, function such that
Id —p € K. Then, we obtain that

W(k) < max(Be(W(0), k), y(3(N, n)))

(B.11)

(B.12)

with p(r) = a;l(p*](r)) and a class-K£ function B.. More on
how to compute . can be found in Jiang and Wang (2001).

References

Ahn, H. S., & Chen, Y. Q. (2008). Necessary and sufficient stability condition of
fractional-order interval linear systems. Automatica, 44(11), 2985-2988.
Alessandretti, A., Aguiar, A. P., & Jones, C. N. (2017). An input-to-state-
stability approach to economic optimization in model predictive control. I[EEE
Transactions on Automatic Control, 62(12), 6081-6093.

Anastasio, T. J. (1994). The fractional-order dynamics of brainstem vestibulo-
oculomotor neurons. Biological Cybernetics, 72(1), 69-79.


http://refhub.elsevier.com/S0005-1098(19)30373-5/sb1
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb1
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb1
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb2
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb2
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb2
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb2
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb2
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb3
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb3
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb3

A. Alessandretti, S. Pequito, GJ. Pappas et al. / Automatica 115 (2020) 108512 9

Cao, H. Deng, Z, Li, X, Yang, ], & Qin, Y. (2010). Dynamic model-
ing of electrical characteristics of solid oxide fuel cells using frac-
tional derivatives. International Journal of Hydrocarbon Engineering, 35(4),
1749-1758.

Farges, C., Moze, M. & Sabatier, ]. (2010). Pseudo-state feedback stabi-
lization of commensurate fractional order systems. Automatica, 46(10),
1730-1734.

Guermah, S., Djennoune, S., & Bettayeb, M. (2010). A New Approach for Stabil-
ity Analysis of Linear Discrete-Time Fractional-Order Systems (pp. 151-162).
Dordrecht: Springer Netherlands.

Hilfer, R. (Ed.), (2000). Applications of fractional calculus in physics. In Applied
Mathematical Sciences. World Scientific.

Jiang, Z.-P., & Wang, Y. (2001). Input-to-state stability for discrete-time nonlinear
systems. Automatica.

Kaczorek, T. (2008). Practical stability of positive fractional discrete-time linear
systems. Bulletin of the Polish Academy of Sciences, Technical Sciences, 56(4).

Khalil, H. K. (2002). Nonlinear Systems. Prentice Hall PTR.

Li, Y., Chen, Y. Q.,, & Podlubny, I. (2009). Mittag-Leffler stability of fractional order
nonlinear dynamic systems. Automatica, 45(8), 1965-1969.

Magin, R. L. (2010). Fractional calculus models of complex dynamics in
biological tissues. Computers and Mathematics with Applications, 59(5),
1586-1593.

Magin, R., Ortigueira, M. D., Podlubny, I, & Trujillo, J. (2011). On the fractional
signals and systems. Signal Processing, 91(3), 350-371.

Magin, R. L, & Ovadia, M. (2008). Modeling the cardiac tissue electrode
interface using fractional calculus. Journal of Vibration and Control, 14(9-10),
1431-1442.

Matignon, D. (1996). Stability results for fractional differential equations with
applications to control processing. In Computational Engineering in Systems
Applications (pp. 963-968).

N'Doye, 1., Darouach, M., Zasadzinski, M., & Radhy, N. E. (2013). Robust stabi-
lization of uncertain descriptor fractional-order systems. Automatica, 49(6),
1907-1913.

Pereira, L. M. (2010). Fractal pharmacokinetics. Computational and Mathematical
Methods in Medicine, 11(2), 161-184.

Podlubny, 1. (1999). Fractional-order systems and PI*D*-controllers. IEEE
Transactions on Automatic Control, 44(1), 208-214.

Samko, S. G., Kilbas, A. A, & Marichev, O. I. (1993). Fractional integrals and
derivatives. In Theory and Applications, vol. 1993. Yverdon: Gordon and
Breach.

Sopasakis, P., & Sarimveis, H. (2017). Stabilising model predictive control for
discrete-time fractional-order systems. Automatica, 75, 24-31.

Sun, H. H., Abdelwahab, A. A., & Owaral, B. (1984). Linear approximation of
transfer function with a pole of fractional power. Montana The Magazine Of
Western History, AC-29(5), 1-4.

Andrea Alessandretti received his Ph.D. in Robotics,
Control and Intelligent Systems at the Ecole Polytech-
nique Fédérale de Lausanne (EPFL), Switzerland, and
Electrical and Computer Engineering at the Instituto
superior Técnico (IST) in Lisbon, Portugal, through the
IST-EPFL Joint Doctoral Initiative. He is currently Tech-
nical Leader of the Decision and Motion Control group
at Magneti Marelli S.p.A. in the Automated Driving
Technologies center. From 2016 to 2017, he was a
post-doctoral researcher in the Cyber-Physical Control
Systems and Robotics lab at the University of Porto,
Portugal. Before starting his doctoral studies, he was a research fellow for one
year at the Institute for Systems and Robotics in Lisbon, Portugal. He received
the Bachelor’s degree in Electrical and Computer Engineering and the Master’s
degree in Informatics and Telecommunication Engineering from the University
of Perugia, Italy, in years 2007 and 2010, respectively. During his master studies,
he carried out his master thesis at the University of California, Santa Barbara
(UCSB). His research interests include modeling, control, motion planning, and
decision processes for self-driving cars.

Sérgio Pequito is an assistant professor at the De-
partment of Industrial and Systems Engineering at the
Rensselaer Polytechnic Institute. From 2014 to 2017,
he was a postdoctoral researcher in General Robotics,
Automation, Sensing & Perception Laboratory (GRASP
lab) at University of Pennsylvania. He obtained his
Ph.D. in Electrical and Computer Engineering from
Carnegie Mellon University and Instituto Superior Tec-
nico, through the CMU-Portugal program, in 2014.
Previously, he received his B.Sc. and M.Sc. in Applied
Mathematics from the Instituto Superior Tecnico in
2007 and 2009, respectively. Pequito’s research consists of understanding the
global qualitative behavior of large-scale systems from their structural or
parametric descriptions and provide a rigorous framework for the design,
analysis, optimization and control of large scale (real-world) systems. Currently,
his interests span to neuroscience and biomedicine, where dynamical systems
and control theoretic tools can be leveraged to develop new analysis tools for
brain dynamics that, ultimately, will lead to new diagnostics and treatments
of neural disorders. In addition, these tools can be used toward effective
personalized medicine and improve brain-computer and brain-machine-brain
interfaces that will improve peoples life quality. Pequito was awarded the best
student paper finalist in the 48th IEEE Conference on Decision and Control
(2009). Also, Pequito received the ECE Outstanding Teaching Assistant Award
from the Electrical and Computer Engineering Department at Carnegie Mellon
University, and the Carnegie Mellon Graduate Teaching Award (University-wide)
honorable mention, both in 2012. Also, Pequito was a 2016 EECI European Ph.D.
Award on Control for Complex and Heterogeneous Systems finalist and received
the 2016 O. Hugo Schuck Award in the Theory Category.

George J. Pappas received the Ph.D. degree in electrical
engineering and computer sciences from the University
of California, Berkeley, CA, USA, in 1998. He is currently
the Joseph Moore Professor and Chair of the Depart-
ment of Electrical and Systems Engineering, University
of Pennsylvania, Philadelphia, PA, USA. He also holds a
secondary appointment with the Department of Com-
puter and Information Sciences and the Department of
Mechanical Engineering and Applied Mechanics. He is a
Member of the GRASP Lab and the PRECISE Center. He
had previously served as the Deputy Dean for Research
with the School of Engineering and Applied Science. His research interests
include control theory and, in particular, hybrid systems, embedded systems,
cyber-physical systems, and hierarchical and distributed control systems, with
applications to unmanned aerial vehicles, distributed robotics, green buildings,
and bimolecular networks. Dr. Pappas has received various awards, such as the
Antonio Ruberti Young Researcher Prize, the George S. Axelby Award, the Hugo
Schuck Best Paper Award, the George H. Heilmeier Award, the National Science
Foundation PECASE award and numerous best student papers awards at ACC,
CDC, and ICCPS.

A. Pedro Aguiar received the Licenciatura, M.S. and
Ph.D. in electrical and computer engineering from
the Instituto Superior Técnico (IST), University of Lis-
bon, Portugal in 1994, 1998 and 2002, respectively.
Currently, Dr. Aguiar holds an Associate Professor po-
sition with the Department of Electrical and Computer
Engineering (DEEC), Faculty of Engineering, Univer-
sity of Porto (FEUP). From 2002 to 2005, he was
a post-doctoral researcher at the Center for Control,
Dynamical-Systems, and Computation at the Univer-
sity of California, Santa Barbara (UCSB). From 2005
to 2012, he was a senior researcher with the Institute for Systems and
Robotics at IST (ISR/IST), and an invited assistant professor with the Department
of Electrical and Computer Engineering, IST. His research interests include
modeling, control, navigation, and guidance of autonomous robotic vehicles,
nonlinear control, switched and hybrid systems, tracking, path-following, per-
formance limitations, nonlinear observers, optimization, networked control, and
coordinated/cooperative control of multiple autonomous robotic vehicles.

]
3


http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb4
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb5
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb5
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb5
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb5
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb5
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb6
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb6
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb6
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb6
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb6
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb7
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb7
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb7
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb8
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb8
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb8
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb9
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb9
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb9
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb10
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb11
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb11
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb11
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb12
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb12
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb12
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb12
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb12
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb13
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb13
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb13
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb14
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb14
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb14
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb14
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb14
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb15
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb15
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb15
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb15
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb15
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb16
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb16
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb16
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb16
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb16
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb17
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb17
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb17
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb18
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb18
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb18
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb19
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb19
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb19
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb19
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb19
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb20
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb20
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb20
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb21
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb21
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb21
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb21
http://refhub.elsevier.com/S0005-1098(19)30373-5/sb21

	Finite-dimensional control of linear discrete-time fractional-order systems
	Introduction
	Control problem formulation
	Discrete-time fractional-order systems
	Control objectives

	Main contribution
	Numerical simulation
	Conclusions
	Appendix A
	Proof of Theorem 5
	Ultimate boundedness
	Convergence

	Proof of Corollary 6
	Proof of Theorem 7

	Appendix B. Generation of reference trajectories
	Boundedness of the reference trajectories

	References


