XIIT Simposio Brasileiro de Automacao Inteligente
Porto Alegre — RS, 12 — 4 de Outubro de 2017

Sepisin Bt ds Aufonaro el

FEASIBLE TARGET-TRACKING SLIDING MODE PREDICTIVE CONTROL

PEDRO AUGUSTO QUEIROZ DE AsSIS*, ROBERTO KAWAKAMI HARROP GALVAO*

* ITA - Instituto Tecnoldgico de Aerondutica
Divisdo de Engenharia Eletronica
Departamento de Sistemas e Controle

Praca Marechal Eduardo Gomes, 50, 12228-900, Vila das Acdcias, Sao José dos Campos, SP, Brasil

Emails: pedroaugusto.feis@gmail.com, kawakami@ita.br

Abstract— This paper presents a method for reference management within a sliding mode predictive control
(SMPC) formulation with terminal constraint. The feasible target-tracking (FTT) technique is employed to
introduce intermediate target values for the state and control in the optimization problem. For this purpose,
the terminal target set is parametrized with respect to these intermediate targets. The resulting control scheme,
termed FTT-SMPC, naturally handle set point modifications in the presence of state and control constraints.
The results show that the proposed FTT-SMPC formulation has larger feasibility region compared to traditional
SMPC.

Keywords— Model Predictive, Sliding Mode Control, Control of Constrained Systems, Reference Manage-
ment, Feasibility Region.

Resumo— Este trabalho apresenta um método para gerenciamento de referéncia em uma formulagao de con-
trole preditivo com modos deslizantes (Sliding Mode Predictive Control - SMPC) com restricdo terminal. A
técnica conhecida como Feasible Target-Tracking (FTT) é empregada para introduzir valores alvo intermediérios
de estado e controle no problema de otimizagdo. Para esse propésito, o conjunto terminal alvo é parametrizado
com respeito a esses valores intermedidrios. A abordagem de controle resultante, chamada de FTT-SMPC, per-
mite rastrear alteragoes na referéncia com tratamento sistemético de restrigdes sobre o estado e o controle. Os
resultados mostram que o FTT-SMPC proposto proporciona uma regiao de factibilidade maior quando compa-
rado ao SMPC tradicional.

Palavras-chave— Controle Preditivo, Controle com Modos Deslizantes, Controle de Sistemas com Restrigoes,
Gerenciamento de Referéncia, Regiao de Factibilidade

1 Introduction

In view of the robustness properties of slid-
ing mode control (SMC) and the capability of
handling constraints of model predictive control
(MPC), different combinations of these techniques
have been proposed in the literature. In Zhou
et al. (2000), MPC was used to guide and maintain
the state trajectory onto a pre-defined surface dur-
ing the reaching and sliding phases, respectively.
The resulting strategy was named sliding mode
predictive control (SMPC). In a subsequent paper,
Parte et al. (2002) employed an MPC formulation
to determine an optimal gain for the reaching con-
trol term. More recently, Rubagotti et al. (2011)
proposed a hierarchical control scheme composed
by a non-linear MPC and an SMC to improve the
robustness properties of the MPC controller. In
Xu and Li (2012), the SMC equivalent control
term was combined with a predictive control law,
resulting in a chattering-free control scheme. In
this approach, MPC was used during the reaching
phase, whereas the equivalent control directed the
state trajectory along the sliding surface. To re-
duce the online computational workload required
by SMPC formulations with control and/or state
constraints, multi-parametric programming can
be employed (Wang et al., 2013), thus allowing
the control of systems with fast dynamics (Assis
and Galvao, 2017).

As in traditional MPC formulations, the
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SMPC control law involves the solution of an opti-
mization problem at each sampling time. In MPC
schemes, recursive feasibility of the optimization
problem and closed-loop stability are usually guar-
anteed by means of a terminal constraint, i.e. by
imposing that the system state lies in an invari-
ant and admissible set at the end of the predic-
tion horizon (Maciejowski, 2002). Typically the
maximal admissible set (MAS) is used as termi-
nal target set (Limon et al., 2008). This approach
can also be adopted in SMPC schemes (Wang
et al., 2013). In particular, if the sliding dynam-
ics are stable in the terminal set, it can be shown
that the state trajectory will converge to the ori-
gin, provided that the initial condition is inside
the feasibility region of the optimization problem
in the state space.

Techniques to enlarge the feasibility region are
crucial for the implementation of controllers based
on MPC formulations. For this purpose, meth-
ods of reference management can be used to ar-
tificially reduce the distance between the current
state and the terminal set (Limon et al., 2008).
In this context, Almeida (2011) proposed the so-
called “feasible target-tracking” model predictive
control (FTT-MPC) approach for reference man-
agement with terminal constraint. The key idea
consists of parametrizing the terminal set with re-
spect to feasible steady-state vectors correspond-
ing to the plant state and input. These vectors



are then included as decision variables in the op-
timization problem. As a result, the control sys-
tem is capable of filtering changes in the reference
signal, in order to satisfy the constraints on the
system inputs and states (Almeida, 2011).

In this context, the present paper proposes
a method for reference management within an
SMPC formulation. As in Wang et al. (2013),
it is imposed that the system state lies into an
admissible stable set at the end of the prediction
horizon, where the sliding dynamics are defined
by the equivalent control term. Thereby, recur-
sive feasibility and closed-loop stability are guar-
anteed. The reference management is employed to
determine equilibrium points that serve as inter-
mediate targets for the control law, subject to the
state and control constraints. Moreover, terminal
constraints are handled by parametrizing the ter-
minal set with respect to such equilibrium points.
Thereby, as the equilibrium point changes, the ter-
minal set is also shifted by the controller. The
resulting control technique will be termed FTT-
SMPC as it can be seen as an adaptation of the
FTT-MPC scheme. It is shown that the proposed
approach results in a larger feasibility region com-
pared with traditional SMPC.

The remainder of this paper is organized as
follows. Section 2 describes the SMPC scheme
employed as the basis for the proposed method.
In particular, the determination of an admissible
invariant set with respect to the sliding dynamics
is discussed. In Section 3, the proposed formu-
lation to include reference management into the
SMPC optimization problem is presented. Sim-
ulation results are shown in Section 4 and final
remarks are given in Section 5.

2 Sliding mode predictive control
Consider the following state-space model:

z(k+1) = Az(k) + Bu(k) (1)
where x € R" and v € R denote the state and
control, respectively, and A € R"*" B ¢ R**!
are constant matrices with known elements.

The sliding surface is defined as S = {z(k) €
R™|s(xz(k)) = 0}, with

s(x(k)) = G (k) (2)
where G € R1X" is a design vector. For simplicity,
henceforth, s(z(k)) will be denoted by s(k).

A common SMC structure involves the sum of
the equivalent control u., with a reaching control
term (Garcia et al., 2005). The equivalent con-
trol can be obtained by imposing s(k + 1) = s(k)
(Furuta, 1990), i.e. the dynamics on & must be
invariant under the action of the equivalent con-
trol. Therefore, from (1) and (2), with u = ueg, it
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follows that

Ueq(k) = —(GB)"'G(A — I)a(k)  (3)
where I,, € R™*" is the identity matrix. The coef-
ficients of G must be chosen so that GB # 0 and
the sliding dynamics described by
z(k+1)=(A— B(GB)'G(A—IL))x(k) (4)
are stable. Herein, as in Zhou et al. (2000), a
predictive control term u,p. is employed during
the reaching mode. Therefore, the control applied
to the plant is
u(k) = teq(K) + tmpe(F) (5)
The predictive control term is obtained by mini-

mizing a cost function of the following form (Xu
and Li, 2012):

+ M2

mpc

N
T=3"8(k+ilk) (k+i—1k) (6)

where N is the prediction horizon, A > 0 is a
weight parameter and §(k + i|k) is the predicted
value of s(k + i) associated to the future control
sequence Umpe(k+1—1lk), 1 =1,2,...N.

From (1), (2), (3) and (5), it is possible to
write the predictions §(k+i|k) up to N steps ahead
as

[ 3(k + 1]k) 1
5(k +2|k) 1

3k + Nk) 1
—_— =~

IS iy
[GB 0 ... 0 Umpe (k| k)
GB GB ... 0 Umpe(k + 1]k)
|GB GB| |Gmpc(k + N —1lk)
F Unnpe
(7)
that is,

S =1ns(k) + FUppe (8)

The cost function (6) can be rewritten in terms of
S and Uy as

J= 5754 UL, Unpe (9)

Therefore, from (8) and (9), Up,pe is obtained from
the solution of the following optimal control prob-
lem at each sampling time k:

min 2515 FUnpetUpype (FT F+ M) O (1)

Umpe



XIIT Simposio Brasileiro de Automacao Inteligente

where A=A+ BL and 0,, =[00 --- 0]7. There-
fore, from (14) and (15), it follows that
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subject to
Unin < 0(k+i—1k) <tmag,i=1,2,...,N (11)
U(klk) = tmpe(k[k) + teq(k) (12)

Wk + 11— 1|k) = Umpe(k + 1 — 1]k)+
Gegk+i—1k),i=2,...,N (
Ueq(k) = La(k) (14
Ueq(k+i—1lk)=Lz(k+i—1]k),i=2,...,N (
#(k + 1k) = Az(k) + Ba(k|k) (
F(k+ik) = A2 (k+i—1|k)+ Ba(k+i—1]k),
1=2,...,N (
Tmin <T(k+ilk) <Tpmez,i=1,2,...,N —1 (18
#k+Nlk)es (
Z(k+ N|k) € Spras (

where L = —(GB)7'G(A — I,,) and Usmaz, Umin,
Tmaz and X, represent the upper and lower
bounds on the control and states, respectively. It
should be noted that the notation hat “~” is em-
ployed in (11)—(20) to indicate terms that depend
on the vector of optimization variables Umpc.

Snras is the maximal in-
variant set for the dynamics
x(k + 1) = (A + BL)x(k) subject to the
constraints

In xmam
“ley < |0 vkz0 ()
—L —Umin

Constraints (19) and (20) can be combined in the
form
#(k+Nlk)eS (22)

where S = SN Syras. Therefore, the terminal
set S can be viewed as the maximal admissible
subset of the sliding surface S. Hereafter, it is
supposed that S is represented in the form S =
{z e R"Agz < bg, Acgz = be}

In order to solve the optimization problem,
it is convenient to rewrite the constraints (11),
(18) and (22) in terms of U,py.. For this purpose,
predictions of the states can be written as follows
(Assis, 2016):

#(k + 1]k) a
2k + 2[k) A2
: =l . =R+
ik + N —1|k)| |AN-1
X Fe
B (0 0n  0On
AB B 0, On| .
.| Unpe (23)
AN-2p  AN-3p B 0,

Hy

99

Ueq (k)
Ueq(k + 1]k)

Gieq(k + N — 1]k)

Ueq
L 0,7 0,7
R
: . X
0,7 0,7 L
I

Moreover, by substituting (23) for X in (24), one
obtains

DEa(k) + TH,Uppe

Upy = (25)

where
= Ll 5 |0
] me[5]
From (12), (13) and (25), it follows that

U = Uppe + Ueg = (In + TH,) Uppe + T Fpae(

) (

where U = [a(k|k) 4(k+1|k) --- a(k+N—1|k)

In addition, the N-step ahead prediction of
can be written as

)y
~

[\)
N
=

8

j?(k + N‘k) = AN.Z‘(k) + E;cUmpc (27)

with E, = [AN"'B ANB ... B].
Therefore, the input, state and terminal con-
straints (11), (18) and (22), can be expressed as

(IN—i—I‘HI) [umax]N—I‘ng(k)
- (IN +FH1) . - [umm]N—i—I‘wa(k‘)
H:v Umpcg [xmam]N_me(k)
_H, ~ [@min] e+ Foz(k)
ASE, bs—AsANz(k)
(28)
AengUmp = beg - AegANx(k) (29)

where [o], represents the vertical stacking of N
copies of e.

3 Proposed feasible target-tracking
sliding mode predictive control

Let the plant dynamics be represented as

2p(k + 1) = Ay (k) + Buy(k)
yp(k) = Cp(k) )
where the subscripts p are used to distinguish (30)

from (1). More precisely, the notation z, u will
be employed to represent the deviation of z, u,

(30)
(31
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from the corresponding steady state values xy s,
Up.ss, that is, z(k) = z,(k) — zpss and u(k) =
up(k) — upss. Equation (31) defines an output
variable y, € R, with C' € R*™.

The control task consists of driving y, to
a reference r, ., while enforcing constraints on
the state x, and control u,, with (lower, upper)
bounds denoted by (Zp mins Tpmaz) a0d (Up min,
Up.magz ), respectively. This can be done by finding
values for z 55 and u, s such that (I, —A)zp ss =
Buy ss and Czp ss = rp 55 (Franklin et al., 1998),
and then using the formulation described in Sec-
tion 2 to drive x(k) to zero.

It is worth noting that the constraints (11)—
(20) will involve the values of x,, ¢s and u, s, and
the resulting SMPC optimization problem may
become infeasible for large changes in the refer-
ence rp, s5. In Almeida (2011), this problem was
handled by considering z, ss and u,ss as vari-
ables, which could be adjusted to make the op-
timization problem feasible. To introduce this ap-
proach in the SMPC formulation, the cost func-
tion (9) will be modified as

J =578 + AUL Uppet
(Cpss—Tpss) Qss(Cpss—rpss)  (32)
where Q,s = QZI, > 0, subject to the con-
straints (11)-(20) with Zmin = Tpmin —
Tmax = Tp,mazx — i'p,sa Umin = Up,min — ﬂp,ss and

Umaz = Up,maz —Up,ss- Furthermore, the following
constraints must be added:

Tp,ss,

w w
- w

Up,min S Up,ss S Up,max

A~~~ Y~~~
w w
(=2 I
NI N N N

Tp min S Tp,ss S Tp maz

Fpss = (In — A) ' By s 37

W~ »

where the hat notation indicates the vari-
ables involved in the optimization problem. If
the matrix (I, — A) is not invertible, a null space
parametrization can be adopted to parametrize
the values of , ss and uy, ss.

The total control u, applied to the plant at
each sampling time will be given by

iy (K[k) = e (kIR) + g, (K[E) + a4y 55 (38)

where * indicates the solution of the optimization
problem. Note that once @y ., is determined, }, .
is obtained from (37).

It is worth noting that, differently from the
scheme described in Section 2, t.q(k|k) is a vari-
able in the optimization problem, since it depends
on #, .. Thus, new prediction equations for X
and Ueq need to be derived, as shown in the fol-
lowing.

e Equivalent control u.,
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As in (24), it is possible to write the predic-
tions of the equivalent control up to N steps ahead
as

#(k|k)
L of ... o7 o I
of L ... of off| *kE+1E)
Ueq: n . . " n
T oot 7 or| |ZE+N-=1]k)
of of ... L 02 a0k + NJE)
T N
X’V‘

(39)

where the subscripts r are used to distinguish the
state predictions on (39) from (23).
It is worth noting that &(k|k) is now a term
that depends on the decision variable &, 5.
Briefly,

Ueq = FXr (40)

e State x

Substituting (37) for &, . in (33), it follows
that

B(kIR) = 2p(k) — (I — A)Bay,e (A1)
From (30), (33) and (37), it is possible to write

#(k+1|k)= Az, (k) + By, (k|k) — (I, — A) By o
(42)

Substituting (38) for 4,(klk) in (42), it follows
that
Z(k + 1|1k) = Azp(k) + B(tmpe(klk) + Geq (k|E))
+ (B = (In— A)"'B)iyss (43)
By a similar procedure, for 7 steps ahead, one ob-
tains
2(k+ilk) = Al (k) + AT B (Gmpe (k| k) +ieq (k)
+ A2 B(tmpe (b + 1)k) + tieg (K + 1k)) + ...+
B(Umpe(k 41— 1|k) + Geg(k + 1 — 1|k))+
(AT'B+A™?B+.. .+ B—(I—A)"'B)i, s (44)

From (44), the predictions of z up to N steps
ahead can be stacked in the following matrix form:

Xy =Fa, 2y () +Ha, (Ompet-Ueq ) + Has, iy 05 (45)

where
I, 0n, 0., ... 0,
A B 0, . 0
F, = A? H, — AB B ... 0,
AN ANIB AN2B . B
(46)
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(L, — A)'B
B-(I,— A)'B
AB+B—(In—A)_1B (47)

AN-IB+ ... +B-(I,-A)'B
Briefly,
Xr:Fwap(k)‘i‘er(Umpc+Ueq)+Hssrap7ss (48)

Thus, substituting (40) for U., in (48) and rear-
ranging the terms, the predictions can be written
as

Xy

i

= Fo, 2p(k) + Ho, Unpe + Hss, Upss (49)

where

Fmr = (I(N+1)7L - erf‘)iler
I:Iasr = (I(N+1)n - Hfrrf)_leT (5]‘)
ﬁss,,. — (I(N+1)n - erf‘)_les,,.

From (2), the N step ahead predictions of s
are given by

Finally, substituting (49) for X, in (53), it follows
that

S=SF,, 2y(k)+XHy, Uppe+SHos, o5 (54)
N~ N—— N——

£y i, His,

T r

In view of (37) and (54) and denoting W

. T
{Umpc ﬁp,ss] , the cost function (32) can be

rewritten as

o [HT H,, + \Iy HT H,, ]
Jk) = WT | Py oy Lo S T
O
HQP
22] (k)FL Hyo WIW +c  (55)

fap

where Y'=HT, Hy, +(C(I,—A) "' B)TQusC (I, —
A)TIB, U = 22T (k)FL H,,, — 207 QueC(I, —
A)7!B and c is a constant term.

Therefore, the optimization problem to be

solved at each sampling time is

min J(W) = WTH,W + f,,W
W

(56)
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subject to

Up min <Up(k+i—1]k) <up maz,i=1,2,..

Gp(k + 1 — 1|E) = mpe(k + i — 1)k)+
Giog(k +i—1k) + @pssi=1,2,...,N (58
fleg(k+i—1k)=L@(k+i—1]k),i=12,...,.N (59
klk) = xp(k) — &p,ss (60

(

(

(

LN (57)

SN
N

I
t(k+ilk)=2p(k+ilk)—ip s, i = 1,2,...,N (61
Fpss = (In — A) 7 Bl g6 62
ip(k + 1|k) = Az, (k) + By, (k|k) 63
Zp(k +ilk) = Azp(k + 1 — 1|k)

+ Bay(k+i—1]k),i=2,...,N (64)
By min <3 (k+1ik) <2 maz,1=1,2,..., N—=1 (65)

— — — — O

#(k+ N|k) €S (66)
PN € urns, (67)

As %, s and 1y s can change at each sampling
time, the associated terminal set Saras, would
need to be recalculated at each new sampling time,
which increases the computational workload and
may prevent the implementation of the SMPC
scheme. An alternative is to parametrize the ter-
minal set in terms of u,, 55 as in the original FTT-
MPC formulation. This can be done by defining
the following closed-loop dynamics:

{x(lﬂ—i— 1)] _ {A +TBL od {x(kz)} (68)

Up,ss On Up,ss

subject to the constraints

_ I, (In - A)ilB 1 [ Tp,mazx 1
I, —(I,— A)'B T min
L 1 Up, maz
—L -1 x(k) —Up mi
< p,min
0 (I~ A)'B [u} | 2pomas |
OZ; _(In - A)_lB —Tp,min
OZ 1 Up,maz
L OZ -1 i _—'Lllp’min_
Vk > 0.

It is worth noting that the resulting Sasas, is
also implicitly parametrized with respect to x s,
in view of the relation (62) between @, 55 and & 5.

Finally, it is convenient to write the system
constraints in terms of the vector of decision vari-

ables W as described below.
e State constraints

From (61) and (65), the state constraints are
given by

‘Tp,min S fi'(k + 1|k) + i'p,ss S xp,ma:c (70)
Ip min S j(k + 2|k) + i’p,ss S xp,ma.r (71)
Tp,min S i'(k + N — 1|k) + i‘p,ss S LTp max (72)
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Then, in view of (48), the state constraints can be
written as

[ aﬁ% afffsr + [N, — A)~'B ] W<
_OZHQ:T _Olesr - [In]N(In - A)_lB -
[ [@p,maz]N — O‘Fgcrxp(k) ] (73)
—[Tp,min]N + aFy, x,(k)
where
Onxn In Onxn AR Onxn
Oan Onxn In AR Oan
a=| . . o : (74)
Onxn Oan Onxn AR Onxn

e Input constraints

From (57) and (58), the input constraints can
be written as

[up,min]N S Umpc+Ueq+[ap7ss]N S [up,maz]N (75)
In view of (40), (49) and (75), it follows that
—Iy -TH,, —[1]y-TH,,, =

[Upmaz]N — fﬁibrxp(k)
|:_[up,minﬁ\f + I_‘Fmrxp(k)] (76)

|: IN +ngr [%]N +f‘ﬁ~ssr :| W <

e Terminal constraint

Finally, considering that Sasas,
{[z(k) up,SS]T € Rn+1|ASMAST[x(k‘) up,SS]T
bsyas, }> from (49) the constraints (66) and (67)
can be imposed as

IA

f{w Iszs T
ASMAST {6 " 5 T:| WSbSMAST

0% 1 ’
— ASMAST {ﬂFngp(k)] (77)

GB[H,, He W =—GBE, x,(k) (78)
where 3 = [01 01 ... 01 T,
—— —
N
4 Simulation example

This example involves the following model pre-
sented in Wang et al. (2013):

i) = |ty 3+ | w0

with constraints |z, 1| < 3, |zp,2| < 3and |u,| < 1.
Herein it is considered that the output vari-
able is given by y,(k) =z 1(k), i.e.

yp(k) = [1 0]z, (k) (80)

The reference is initially set to 7, ss = 0.
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The prediction horizon and the control weight
were set to N = 5 and A = 1074, respectively.
The sliding surface coefficients were chosen as G =
[5 1]7, which allocates the sliding pole at 0.5. In
the FTT-SMPC scheme the tracking weight was
set to QQss = 50.

The simulations were carried out in the
Matlab® 2011b software. The multi-parametric
programming toolbox 3.0 was employed for the
determination of the invariant sets Sasas, Samas,.,
and the regions of feasibility in the state space
(Herceg et al., 2013).

Figure 1 shows the sets of admissible states
for which the SMPC and FTT-SMPC optimiza-
tion problems are feasible, which are denoted by
P, and P, , respectively. As can be observed
P, C P,. This result is in agreement with
the reference management concept. Indeed, if
xp(k) € Smas, a feasible SMPC control sequence
is a feasible solution for the FTT-SMPC optimiza-
tion problem with 2, s = [0 0]7 and 1, 55 = 0.

Tp1

Figure 1: Comparison between the feasibility re-
gions of SMPC (P,) and FTT-SMPC (F,,.). Two
initial conditions that will be used in simulations
are also shown.

Figures 2 and 3 present the simulation re-
sults for the SMPC controller with initial condi-
tion 27(0)=[1 — 3]" € P,. Figure 2b presents the
state trajectory as well as the feasibility region
P,, the maximal admissible set Sps g, the sliding
surface S and the terminal set S. For the FTT-
SMPC controller, the results are shown in Figures

4 and 5.

Ty =Yy
Ty
--Constraint bounds!

0 5 10 15

Figure 2: SMPC results obtained with z1(0) =
[1 —3]T. (a) Time evolution of the states. (b)
State trajectory.
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(a) (b)

A —
"/

—o—TUeq
~e=Umpe

—e—Up —-Constraint bounds

5 10 15 0 5 10 15
Time (k) Time (k)

Figure 3: SMPC results obtained with xllj(())
[1 —3]T. (a) Equivalent (uc,) and predictive
(Umpe) control. (b) Total control u, = Ueq + Umpe-

(a) (b) S ——Trajectory
B e ]
lw
o= oo
5| %o |
e 123 R ——
Ty = Yy
~-Tp2
=o=Tpss,1
Lpss,
—-Constraint bounds 3 Py, < |
0 5 10 15 -3 0 z,(0) 3
Tp,1

Figure 4: FTT-SMPC results obtained with

2(0) = [1 —3]". (a) Time evolution of the states.

(b) State trajectory.

(b)

-1 / 1
——Tleq
....... Umpe
Upss ——Up —-Constraint bounds|
0 5 10 15 0 5 10 15
Time (k) Time (k)
Figure 5: FTT-SMPC results obtained with

2}(0) = [1 —3]". (a) Equivalent (uc,), predictive
(Umpe) and steady-state (up 5) control terms. (b)

Total control u, = Ueq + Umpe + Up ss-

As can be seen, both controllers were able to
drive the output y, = z,,1 to zero with proper en-
forcement of the system constraints. In this case,
the SMPC and FTT-SMPC controllers lead to
similar results, which shows consistency between
both formulations when x,(0) € P,.

If the initial condition is modified to z;’(0)
[3 — 3]T the SMPC optimization problem is no
longer feasible, as can be seen in Figure 1. In con-
trast, the FTT-SMPC can be employed, with the
results presented in Figures 6 and 7. Again, the
output y, = xp,1 was driven to the origin with
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proper satisfaction of the input and state con-
straints. These results illustrate the main contri-
bution of the present work, namely the possibility
of handling initial conditions farther from the ori-
gin by using the proposed FTT-SMPC approach,
compared to the original SMPC formulation.

O

——Trajectory

2,(0)

o
!
W

0 5 10 15 3 0

Figure 6: FTT-SMPC results obtained with
z}'(0) = [3 —3]". (a) Time evolution of the
states. (b) State trajectory.

=50
1 / |
|4 g
o Umpe
Upss ——Up —-Constraint bounds
0 5 10 15 0 5 10 15
Time (k) Time (k)
Figure 7. FTT-SMPC results obtained with

x1(0) = [3 =3]". (a) Equivalent (u,), predictive
(Umpe) and steady-state (uy, s5) control terms. (b)
Total control u, = Ueq + Umpe + Up,ss-

Finally, Figures 8 and 9 present the FTT-
SMPC results with a change in the reference from
Tpss = 0 to r,ss =2 at k =20. As can be ob-
served, the reference was tracked with constraint
satisfaction.

—=Zp1 = Yp
o Lpss,1

——Tp2
0 Tpss,2
~—Constraint bounds
0 5 10 15 20 25 30 35 40
Time (k)

Tpss
--Constraint bounds

0 5 10 15 20 25 30 35 40
Time (k)

Figure 8 FTT-SMPC results considering a
change in the reference at & = 20. (a) State
Tp1 = Yp. (b) State zp 0.



(b)

—TlUeq
U
Upss
0 5 10 15 20 25 30 35 40
Time (k)

[ S—"

——Uyp

- Constraint bounds

0 5 10 15 20 25 30 35 40
Time (k)

Figure 9: FTT-SMPC results considering a
change in the reference at k = 20. (a) Equiv-
alent (ueq), predictive (umpc) and steady-state
(upss) control terms. (b) Total control w, =
Uegq + Umpc + Up,ss-

5 Conclusions

This work combined the feasible target-tracking
technique with a sliding mode predictive control
formulation. As in FTT-MPC, the main idea is
to parametrize the terminal set with respect to
intermediate target values for the state and con-
trol, which are also included in the optimization
problem. As a result, the feasibility region is en-
larged with respect to the traditional SMPC and
changes in the set point are naturally handled by
the controller.

Future research could be concerned with the
experimental evaluation of the FTT-SMPC ap-
proach. Such evaluation may include a compar-
ison with the original FTT-MPC formulation.
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