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Abstract: A model predictive controller (MPC) is proposed, which is robustly stable for some classes of model
uncertainty and to unknown disturbances. It is considered as the case of open-loop stable systems, where
only the inputs and controlled outputs are measured. It is assumed that the controller will work in a scenario
where target tracking is also required. Here, it is extended to the nominal infinite horizon MPC with output
feedback. The method considers an extended cost function that can be made globally convergent for any
finite input horizon considered for the uncertain system. The method is based on the explicit inclusion of cost
contracting constraints in the control problem. The controller considers the output feedback case through a
non-minimal state-space model that is built using past output measurements and past input increments. The
application of the robust output feedback MPC is illustrated through the simulation of a low-order

multivariable system.

1 Introduction

The lack of guaranteed robust stability is still one of the
weaknesses of the available model predictive controller
(MPC) commercial packages that are based on linear
models [1]. A robust controller is supposed to provide
closed-loop stability for some classes of model uncertainty
or unknown disturbances. As many process systems are
non-linear, and usually operate in the vicinity of distinct
operating points, different linear models should be used
to represent the process across the operating region. The
design of the MPC controller is usually based on a
nominal linear model of the process and no explicit
consideration of model uncertainty or unmeasured
disturbances is included. So, even when a nominally stable
controller is used, stability is still an issue when the real
plant model may be significantly different from the
nominal model. This subject has been extensively treated in
the control literature for the case where the system is
represented by a minimal order state-space model where
the state is measured. Some of these works have addressed
robustness with respect to model uncertainty [2-6],
whereas other references have considered robustness with

respect to disturbances [7-9]. For the case of state
feedback, the existing solutions to the robust MPC
problem seem to be already in an acceptable stage for
practical implementation.

An interesting approach to the problem of robust control
was proposed by Badgwell [4] that developed a robust
MPC for the regulator operation of stable systems
assuming the multi-plant uncertainty. The method was
extended to the case of output tracking of systems with
unmeasured disturbances [10, 11], and to the output
tracking of systems with stable and integrating modes [6]
for the same sort of model uncertainty. Other recent MPC
formulation to solve the robust control problem is based on
the development of a control Lyapunov function, which is
independent of the control cost function. Mhaskar [12]
applied this approach to the case of model uncertainty and
control actuator fault.

All the developments listed above were also based on the
assumption that the system state is perfectly known at each
sampling instant of the MPC control cycle. In practice, the
state-space model is usually built based on experimental
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data, and the state of the model is not measured. To estimate
the model state that is used in the MPC control problem, it is
necessary to include a state observer. The separation principle
guarantees that a stable state feedback linear controller,
associated with an asymptotic stable observer, stabilises the
closed-loop system. However, in the constrained MPC, the
controller becomes non-linear when the constraints become
active, and the separation principle cannot be applied.

An alternative is to develop an MPC, which is based
on a state-space model where the state is always known.
Maciejowski [13] presented one of such models and Wang
and Young [14] discussed the advantages of the MPC
based on that model. One disadvantage of the model
presented by Maciejowski [13] is that, it is not of minimal
order and this property complicates the application of the
infinite horizon MPC (IHMPC) with robust stability
proposed by Odloak [11]. Thus, the main scope here is to
extend the methods of Odloak [11] and Badgwell [4] to
the case where the system is represented by a non-minimal
order model in which the state at the present time is
composed of the output and input measurements at the
present and past sampling instants. Here, it is extended
from the previous work [15] where an IHMPC with
output feedback was developed for the nominal system.
This controller can be characterised as an MPC with
output feedback and robust stability to the multi-model
uncertainty, as well as to unmeasured persistent
disturbances in the target tracking and regulatory
operations. The paper is organised as follows: in Section 2,
the non-minimal model utilised for the proposed MPC
strategy is presented; in Section 3, the nominal IHMPC
formulation is developed, together with a simulation
example; in Section 4, the nominal MPC is extended to
the multi-model robust case, and a simulation example is
presented to illustrate the controller performance. Finally,
in Section 5, the paper is concluded.

2 Non-minimal incremental state-
space model

The state-space model considered in this work is based on

the following ARX model
na nb
y(&) == " A yk—i)+ > Bulk— i) 1)
i=1 i=1

where y € R and u € R™. Several authors [14, 16] have
considered the model defined in (1) in a non-minimal
state-space form where the state is measured. The
incremental form in the input of this non-minimal model
can be written as follows

x(k+ 1) = Ax(k) + BAu(k)

() = Cxld) @

where
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B
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L, and I,,, are identity matrices of dimensions 7y x 7y and
nu X nu, respectively.

Furthermore, state x is given by

x(B) = [ x, (%)

o)er @

with

T
5O =0 yk=D" - ye—na+1) y—na)']

= R(na+1)ny

2B =[2uh—1)T Aur—2)T o Aulh—no+1)T]

c R(nbfl)nu
nx = (na+ )ny + (nb— 1)nu

The state partition defined in (3) is convenient in order to
separate the state components related to the system output
at past sampling steps, from the state components related
to the input at past sampling steps. Also, since the model
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is written in terms of the input increment (velocity model),
model (2) contains the modes of model (1) plus 7y
integrating modes that results from the incremental form of
the model. The incremental model is interesting as it
precludes the need to compute the system steady state in
order to prevent output offset. Here, we assume that the
system represented in (1) has only stable modes. Also, the
model defined in (2) has the following useful properties:

1. It is an incremental model in the input and state, and
consequently, there is no need to include integrating
disturbance models and target calculation in order to
estimate the steady state x, and #, of the system. For the
model defined in (2), if the steady state defined by set
point y°F is reachable, the state at this steady state is always

T
defined by Xyy = [y;g yzl; y;l;] y Xpue = [0 0
01" and Aw, = [0 0 O]T. So, this model is
adequate for output target tracking strategies.

2. The model defined in (2) is detectable and stabilisable.
These properties can be easily proven by verifying that

rank|:)\I _A] = nx and rank[ N — A4, B] = nx

C
VN € C/|N\| = 1. So, the proposed model can be used in
IHMPC control strategies, contrary to the conclusion of

Pannocchia and Rawlings [17] who considered a velocity
model that cannot be used in IHMPC.

3. Since #, is a vector of past measured outputs and x,, is a
vector of implemented inputs, the state x(%) is known at
any time step 4 So, a filter can be used to remove the
output measurement noise and there is no need to include
a state estimator in the MPC algorithm. Then, using the
model defined in (2), any stable MPC based on state
feedback can be easily transformed into a stable output

feedback MPC.

The main disadvantage of the model defined in (2) is that
matrix A is rank deficient, which complicates the application

of the IHMPC to this model. The rank of A can be easily
obtained if we observe that

. . )
|4 LA
- i=1

0 v

foranyj>1

and F =0 for j=nb—1. So, it is «clear that
rank(4) = rank(4,) = (na + 1)ny < nx.

To gain some insight into the application of the above
model to the IHMPC, one should keep in mind that, in
the MPC strategy, at any time step £, a sequence of control
moving along a control horizon 7 is computed by solving
an open-loop optimisation problem that minimises a cost
function subject to constraints. Let this control sequence be
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defined as follows

Awy = [ Aulkll)"  Aulk+ 114" Aull+m—1R)T

0o --F
For this control sequence, based on the above considerations

about matrix 4, the state prediction beyond time step £+ 7
where n = m + nb — 1 can be obtained as follows

x,(k+ n+ 1) = (4,),(k + nl#)
and
xp,k+n+j/k) =0

Now, assuming that matrix 4, is full rank, one can perform
the following eigenvalue—eigenvector Jordan decomposition

AV =V 4, )
where
s [Iny 0 } )
7 lo pF

is a block diagonal matrix (Jordan canonical form) that makes
explicit the different modes of the system. The 7y integrating
modes results from the incremental form of the model and it
is here assumed that F*' has eigenvalues strictly inside the
unit circle. The columns of ¥ are the eigenvectors of A,

3 Infinite horizon MPC for the
non-minimal state-space model
The control cost of the IHMPC for output tracking based on

the non-minimal incremental model defined in (2) can be
written as follows

Vip= > (Cxlk+j18) — y7) Q(Cx(k + j1&) — y'F)
j=0
m—1
+ D Aull+j18) RAu(k + j18) 6
j=0

where x(% + j|£) is the predicted state at time % + 7 computed
at the present time % and y°" is the output target that usually
does not correspond to the origin.

To deal with the infinite summation term of the cost
defined in (6), two approaches are usually adopted in the
MPC literature:

1. The dual paradigm is used [18, 19], where a finite number
(m) of constrained control moves is used to steer the state
into an admissible target set that is invariant under a state
feedback law, which in the case of the incremental model
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would take the form Au = Fx, and the input constraints are
satisfied. This means that in the invariant target set the input
constraints will not become active. In this case, the dual-
mode MPC provides the optimal solution to the problem
of minimising the cost defined in (6). However, this
condition may be too restrictive when the system is
expected to maximise economic objectives, which
correspond to operating conditions where one or more
inputs will lie on constraints. Input saturation may also
occur at steady state when a persistent disturbance forces
the input to saturate for enough time to reach steady state.
In these cases, the control law produced by the dual-mode
MPC is not guaranteed to be stabilising. This problem has
been dealt in the literature for the cases where it is
previously known whose inputs will saturate at the
predicted steady state [20, 21], but a general method has
not been found yet.

2. The null controller is used (Az = 0) after the » control
moves that are applied to the system [2, 10, 22]. In this
case, a suboptimal control law is obtained where all the
unstable modes of the system have to be zeroed at the end
of the control horizon, which corresponds to additional
constraints to the MPC problem that may become
infeasible and loose robustness when the system is subject
to persistent disturbances or the output reference target
is changed significantly. To overcome this problem,
Rodrigues and Odloak [10] proposed a modified cost
function that includes additional slack variables that enlarge
the feasible set of the MPC problem.

In this work, the approach where the null controller is used
to deal with the IHMPC is followed. The method will be
extended to the case of output feedback through the model
defined in (2). Considering the case of open-loop stable
systems, which is the most common case when the
controller is designed to track optimising targets, the m
control moves that are the degrees of freedom of MPC
have to cancel the ny integrating modes depicted in (5). To
make these integrating modes explicit, it is convenient to
define the following state transformation

xy:Vz

and consequently

z = (V)flxy

At this point, it is convenient to decompose the transformed
state as follows

xy — [ Vi Vst ] [ Zz:t:| (7)

and

: Vo
[:“]:[Viif}xy ®

It can be shown that for » = m + nd — 1, the transformed
state satisfies the following equation

|:zi(é+n+j):| _ <|:Iny 0 i|>j|:zi(k+n)i| ©)
2L+ n+ ) 0 F 2 (k+ n)
Now, the cost defined in (6) can be developed as follows

Vig= D (Cxll+ 1) - y)' QCxlke+ j1A) — ™)
=0

+ Z (nyy(k +n +./|k) - ySp)TQ(nyy(k
=

m—1

+n+ /18—y + Y Aulk+ j18) RAu(k+ jIR)
=0

(10)

Using (8) and (9), the infinite sum on the right-hand side of
(10) can be written as follows

> (G kA nlB) =y + OV (FY L &+ nlB)
=1
QC, V2 (k+ nlk) — yP + C,V(F*Y 2" (k + n|A)

Then, when adopting the null controller at time steps beyond
the control horizon, the integrating modes have to be zeroed
at time 7, which is the time where the last control move
Au(k+ m — 1/k) still affects the state of the model defined
in (2). This condition, in the output tracking case,
corresponds to including in the MPC control problem the
following constraint, which also guarantees that the control
cost will be bounded

C, V2 (k+ nl#) — yF =0 1)

Considering (11), the infinite sum term can be replaced by

2k + n|k)TQzSt(k + n|%k) where Q can be computed
through equation

FStTQ FSt _ Q — FStT VStT C;’r Qcy VStFSt

Finally, the control cost defined in (6) takes the following

form

n

Vig= Y (Cx(k+j18) — yP) QCx(k+jI8) — yT)

7=0
+ (e + n|TTE QT + k)

m—1
+ ) Al + 718 RAuk + /1&) (12)
J=0
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where
Vin = [0 V;;t]

To express the transformed state, which appears in (11) in
terms of the original state, one can use the following relations

(k4 n|k) = Vi, (k+ nlk) = [V

in“ty n

0 Jx(% + nl%)
= 71 x(k + nlk)
Then, (11) can be written as follows
CV' Vi d" x(B) + By Auy) — y® =0 (13)
where B,,, = [4"'B 4"2B ... B]

Then, the IHMPC for output tracking of open-loop stable
systems can be obtained from the solution of the following

problem

min V3, (14)
Auy, ?

subject to (13) and

Aut+jH)EU, j=1,...,m—1 (15)

where

AU < Aulk+j) < Au™™
— 1 H j
U= {Ault+) A < gk — 1) + ZAU(&-}- i) < u™
=0

1=

Theorem 1: In the output tracking of the undisturbed
system represented in (2), if the MPC defined through
problem (14) is feasible at time step % and y* is reachable,
then the controller will remain feasible at any subsequent
time step. Also, the system output will converge to the
target and the input increment will converge to zero.

Proof: Tt is easy to show that if at time 4 the optimal solution
to problem (14) is represented by Aw; = [Au*(%|%)T
A (k+ 1|1B)T Au(k+m—1RT"  and  the
corresponding optimal cost is represented by V7', then, at
time &+ 1, Ay = [Au*(k+ 11" A (b +m —
1|,%)TO]T is feasible and corresponds to the cost

Vg1 = Vie— 08—y Q&) — yF)
— Au(H|R) T RAu(k|2)

Then, 71, converges to zero and the output converges to the
target. [l

Remark 1: The THMPC with output feedback defined
through the solution of problem (14) is not robust to large
persistent disturbances and to large changes in the output
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target. This is so because in these cases, even if the target is
reachable, there may be a conflict between constraints (13)
and (15) that turns the control problem infeasible.

To make the IHMPC resulting from the solution to the
problem defined in (14) feasible, one can follow two
equivalent approaches. In the first approach an artificial
output target is introduced in the MPC problem as a new
decision variable [21]. The distance between the artificial
target and the real target is then penalised in the cost
function of the new MPC. When the incremental model is
used, the method proposed by Limon e al. [23] leads to
the following problem

. _ - . _ aspyT . _Asp
Jmig, Vou= Y (Cxlk+18) — i)' Q(Cx(k + j18) - §F)

j=0
+ (e + 0l T QT + k)
m—1
+ ) Al + 718 RAuk + /%)
j=0
+ 67~y QG —57) (16)

subject to (15) and
CV' Vin(A" x(k) + By Au)) — 5% =0

where 7 is the artificial target for the system output.

In the second approach [10], instead of the artificial target
a slack variable is introduced in the output predictions that
are used in the computation of the control cost. In this case
the control problem becomes

. / & . S T .
min Vi = ) (Celk4.718) = 5 = 8 QCxl&+/18)

7=0

— P — &)+ xlk+ nlD T QT xk+ nlk)
m—1

+ 3 Aul+ 718 RAul + 71) + 87 Q50
J=0

17)
subject to (15) and
C V' Vio(A" 5(8) + By Au)) —y* — 8= 0

where 8 is a slack variable that makes the above constraint

always feasible.
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Observe that the same control law is obtained by solving
either problem (16) or (17) with Q.. = Qs

Theorem 2: The IHMPC with output feedback that results
from the solution to the problem defined in (17) is robust to
track piecewise constant output targets. Also, as long as
the output target is reachable and Qs is large enough, the
control cost of problem (17) is converging to zero and the
output converges to the target.

Proof: Since the slack variable & is unbounded, problem
(17) is always feasible. To prove the convergence of 7, to
zero, one may follow the same steps as Theorem 1 in

Odloak [11]. O

Remark 2: The controller obtained from the solution to
problem (16) shares the same properties related to the
robustness to the tracking of piecewise constant targets as
the controller defined in (17). Also, as the two controllers
are always feasible, they are robust to the presence of any
persistence disturbance. These controllers can also be
considered robust even when the output target is
unreachable. In this case, the control cost cannot be
reduced to zero and the controller will only minimise the
distance between the steady state that can be reached and
the desired target.

Examp/e 1: To evaluate the performance of the infinite
horizon controller defined through the solution to problem
(17), we consider the ill-conditioned distillation column
presented by Skogestad er al [24]. In this system the
distillate composition yp and the bottom composition xp
are controlled by manipulating reflux L and boilup 7. The

transfer function model representing this system is the

following
w1 [0.878 —0.8647[ L(s)
xg(s) | ~ 75s+1]1.082 —1.096 || ¥(s)

For a sampling period A= 15, the model defined in (2)

&

., 0 |'\|\
o b
04 : \\\

takes the following form

yplk+1) 0.1813 0 0.8187 0
xg(k+1) 0 0.1813 0 0.8187
w® || 1 0 0 0
x (%) 0 1 0 0
© @) 01592 —0.1566
xg (%) 0.1961 —0.1987
k=1 0 0
| xg(k— 1) 0 0
[ AL(%)
: _AV(@}
For the simulations considered here, the following

parameters were considered

m=3; 0 = diag(1, 1);
R = diag(0.01,0.01); § =10’ x diag(1, 1)
20 —40 1
Unax = > Upmin = > Aumz.x =
B e I N

The system starts from the origin and the output target is
changed to y* = |:1j|, which is a reachable target. Fig. 1

shows that the system output converges quite easily to this
target, whereas Fig. 2 shows that the system inputs remain
inside their bounds. In this case, Fig. 3 shows that the
control cost converges asymptotically to zero. In Fig. 1, it is
also represented by the values of y* + 8, which is here
defined as the artificial set point for the system output. It is
clear that when the target is feasible, the artificial set point
tends to the target, which means that the slack variable
tends to zero. At time step 4= 100, the target is changed

to yT = [51} This target is not reachable because it

corresponds to the following input at steady state

—43.09
== [—42.62
defined above. Figs. 1-3 also shows the responses of the

j|, which does not satisfy the constraints

-

08} 3 - [y
R R— 04 |
o Z;Il 4‘{) GIID BID 1IDD 1‘20 1';0 16‘0 ial':} 200 4 EO Zh -'1‘0 610 80 1(‘)0 1%0 140 |é0 169 200
sampling steps sampling steps
Figure 1 Outputs for target tracking ( ) and artificial set points (—- — -—)
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Figure 2 Inputs of the distillation system for target tracking
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Figure 3 Control cost of the distillation system for output tracking

distillation system with the infinite horizon proposed here.
Fig. 1 shows that the output targets are not reached and there
is a permanent offset in the two outputs. Observe that the
artificial set points also do not tend to the targets, which
means that the slacks are not zeroed at steady state and the
control cost does not converge to zero as shown in Fig. 3.
Fig. 2 shows that input V saturates at its minimum bound
while input L remains inside its allowable range. These
results show that, when the output target is unreachable, the
proposed IHMPC remains feasible and leads the system to

the nearest point to the target in terms of the control cost.

In the second simulation experiment, the distillation
system starts from the origin and at time 42=10, a

persistent unmeasured disturbance corresponding to a step

in the system input du = is introduced into the

—20

system, while the output target remains at the origin.
Observe that with this disturbance and the input
constraints adopted in this problem, the origin is a target

that is still reachable since the new input steady state
-10
20
of the input definition set. Fig. 4 shows that the controller is
robust to this disturbance as the controlled outputs
converge to the origin and the inputs converge to the
expected steady state as shown in Fig. 5. It can also be
verified that the cost function also converges to zero. At

corresponds to u#, =

i|, which lies on the boundary

time step #=80, a new persistent step disturbance

10
-2
distillation system. With this new disturbance the origin

corresponding to Au = is introduced in the

becomes unreachable by the MPC controller as the input
-20

22 i|
that lies outside the definition set of the system input as
input ¥V is larger than its maximum value. However, the
proposed controller is robust to this disturbance as it
remains feasible and uses the available degrees of freedom
of the distillation system to minimise the distance between
the system outputs and the target that is the origin. Fig. 4
shows that for time steps larger than 100 both outputs
stabilise close to zero, but the target is not reached. This is
so because, as shown in Fig. 5, input V" remains saturated
as it cannot be increased any further. Consequently, in this
case, the control cost will converge to a value larger than zero.

steady state corresponding to the origin is ug = [

4 MPC for target tracking with
model uncertainty

A robust model predictive controller is a controller which
explicitly accounts for modelling errors in the control
design procedure. With the model structure presented in
(2), model uncertainty is related to uncertainty in matrices
A and B. The most common way to represent model
uncertainty in model predictive control is to consider a
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discrete set of models  ={6;, ..., 6y}, where each 6;
corresponds to a particular set of parameters that define the
model. We may consider that ) corresponds to several
operating points of the process system along its operating
region, and these models may be considered as a discrete
linear approximation of the true non-linear model. In this
case, the uncertain model representation is designated as
multi-plant uncertainty [4]. Some authors [3, 25, 26]
extended the multi-plant uncertainty by assuming that
these models constitute the vertices of a polytopic set that
characterises model uncertainty. In this case, all convex
combinations of the vertices of the polytope
(6= ZiLzl o;0;, Zle o; =1, o; > 0) are considered as
possible realisations of the true model. In the model
defined in (2), uncertainty lies in matrices 4 and B and the
multi-plant or polytopic uncertainty can be described

30 L L L L L
] 20 40 60 80 100 120

sampling steps

180

140 < |
| 160} J
20f t
' ok |} 4
00p 120l E J
i i
B0 i woF g E
saf , s uf
I { I
wf ! A F E
n It b i
20 I || I'I |
‘./_\ n 00 !
Ot s ob—i--... : .4 § =
2 : - - : . 20 : : : : .
0 20 40 60 80 100 120 20 40 &0 80 100 120
sampling steps sampling steps
08 14
12
1
08
S 06 \
04
02
m oo -
‘65 1;0 1;5 120 95 1(“0 1‘05 1;0 1;5 120
sampling steps sampling steps
Figure 4 Outputs ( ) and artificial set points (—- — -—) for persistent disturbances

through the set of models (4(6,), B(6,), p=1, ..., L.
Also, for each model 6, the Jordan decomposition (4) can
be written as follows

where

I, o
Ad(ep) = 0 FSt(OP)

For this model, one can also define a transformed state as
follows

and consequently

20 40 60 80 100 120
sampling steps

Figure 5 Inputs of the distillation system for persistent disturbances
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As in (7) one can decompose the transformed state as follows

=70 V“(Oj,)][i:f]

?

®
Il

and from (8)

R P
i | T ey 1T

Analogous to the nominal case, for the uncertain transformed
state, one has

aktn+)] ([L, 0 \[z&+n
2, (k+ 1+ ) ~\| 0 F6,) 2y (k+n) |
=1 ...,L

There are several methods to develop an MPC that is robust
to model uncertainty. Kothare e# a/. [3] propose the use of
linear matrix inequalities (LMIs) to find a Lyapunov
function x'Qx and a state feedback control law x = Kx
that minimises an upper bound for the cost functions
corresponding to each vertex of the polytopic set that
defines model uncertainty. The dual paradigm was used to
extend the above method by including in the state feedback
control law additional degrees of freedom [16, 21, 27]. The
resulting control law becomes u#= Kx+ v, where v is
calculated following a min—max approach in which the cost
of the worst model combination is minimised from the
present state until the invariant set under the feedback
control is reached. Badgwell [4] proposed to achieve robust
stability for the regulator case with multi-plant uncertainty
by including a contraction constraint for the cost functions
corresponding to the vertices of set ). The method was
extended to the output target tracking of stable systems
[10, 11] and integrating systems [6] by considering a
minimal state-space model in the velocity form. Here, the
approach will be applied to the non-minimal state-space
model presented in the introduction section of this work.

For the development that follows, it is assumed that the
true plant, which lies within the set () is designated as 6r,
and there is a most likely a nominal plant that also lies in

Q) and designated as 6.

For any model lying in ), the cost function considered in
(17) can be written as follows
Vs, i(Auy, 8,(6,), 6,)
=D (Coy, (410 =y = 8,(6,)" QCoxy, (ke +518)

=0

J

m—1
— P = 80, + Y Aulk+ I8 RAuk
=0
+ /) + 8,(6,)T $8,(6,) (18)

Following the same steps as in the nominal system presented
in the previous section, the tail of infinite sum on the right-
hand side of (18) becomes

(o)

2 (G (0,)z4, (b + nlk) =y — 5,(6,)

=1
+ GV (0, (F(6,)) =5 (k + nl4)"
QC, V(8,02 (k+ nlk) =y — 5,(6,)

+ GV (0,)(F(6,)) 24 (k+ nlk)

Then, in order to the infinite sum on the right-hand side of
(18) to be bounded, for all the models in (), it is necessary to
impose the following constraint

C V' (6,)z4, (k + nl#) = yF — 8,(6,) =0,
=1 ...,L (19)

Considering (19), the infinite sum term can be replaced by
zz;(k + n|k)TQ(0p) zs(,;(k + nlk)  where Q(HP) can be
computed through the following equation

(F(6,)" Q(6,)F*(8,) — Q6,) = (F*(6,) V()"
x G} QC,V*(0,)F*(6,)

Now, as for the nominal system, the transformed states that
depend on the particular model that is considered can be
represented in terms of the original state as follows

(k4 nl8) = V0, + mif) = [ 7,6 0 ute+ i)
= V710(8,)x(k + nl®)
zse;(k + n|k) = Viff(HP)xy(k + n|k)

The last equation can also be written as follows
2 (ke nll) = [0 75(6,) |k + nld)
or
2y (k4 nl) = V3,(0,)x(k + nl#)
Then, (19) can be written as follows

C, Vi(ep)ﬁin(ep)(ﬂ”(ep)x(k) + Boyo(6,)Au,) — yF
—8(6,)=0, p=1,...,L

where

B (6,) = | A8, B(6,) A6, B(6,)
B(6,)].
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Thus, with the above considerations, the control cost Also, observe that constraint (23) makes the control

defined in (18) can be written as follows problem defined in (22) a non-linear programming, which

can be solved by any available solver as the ones based on

Vs 1Ay, 8,(6,), 6,) the sequential quadratic programming algorithm. However,

’ it can be shown that constraint (23) and the control cost

_ i (Cxg (k+ /1) — y can be converted into LMIs, and so, the robust controller
= ? problem can be formulated as an LMI problem.

— T 18) — P
5,(6,)) Q(Cxef (& +718) =y — 8,(6,)) Theorem 3: Consider a stable system whose true model is
+ x(2 + nlR)" f/;(g]))TQ(@ )pz(@p)x( k+ n|k) unknown but it is known to lie within the set (), and the
desired output target is reachable. Then, the control law

nl T _ T obtained from the sequential solution to the problem
+ ZA”U{ +718)" RAu(k + j1&) + 8,2(0/9) Saé(op) defined in (21) is stable and drives the true system to the

7=0 reference value.
(20)
Proof Assume that at time £ we inject the optimal control
The IHMPC, which is robust to the multi-plant model action Az"(%|%) into the true system and we move to time
uncertainty, as well as to unmeasured persistent step 2+ 1. As (Adyq, 8351(01), ...y 8,51(607)) is a feasible
disturbances and target tracking, is obtained from the solution to the problem defined in (21) at £+ 1 and, in
solution to the following problem addition, for the undisturbed system one has §,,,(6r) =
5;(01), then, from (20) the value of the cost for the true
min V3 ,(Auy, §,(6x), Ox) (21) plant with this feasible solution is given by
A, 8,(67),..,8(6p)
Ay, & =V, (A, 8
subject to (15), (19) and Vpr1(Bitgsr, 91 (Br), Or) = V3, i(Aa, §(6p), Or)
, — (Cx(B) — y* — §;(6p)"
C,V(0,)73(0,)(A"(6,)x(R) + B,y (6,)A0) — y* x Q(Cx(#) — y* — 5;(6y))
—8(0)=0, p=1,...,L — Au*(£18) T RAW (B|2)
Vz;,k(Aub 8&(@))9 9}7) S Vf&)k(AiIé’ 8&(010)7 HP)’ P = 1) DR} L Therefore
(22)
Vi 1(Ausy 1, 83,1(07), 07) < V5 (Auj, 5;(6y), O7)
wherTe Az, = [Au*(lv|,%— 1)T e Ak — 20k 3,a+1\R %t 15 O 1\UT )5 VT 3By, 8(0r), Op
10]" and 8k(01’ ) is such that which means that the closed-loop corresponding to the true
o model is stable and for a time step % large enough
Cy VI(OP) Vin(OP)(A"(GP)x(k) + Baug(ep)AZ{k) converges to a stationary point in which
— T —8(6,)=0, p=1,..,L (23)

Cx(k) — y* = 8;(6r) (24)

Remark 3: Notice that the current state x(#) does not

. .. In addition, since x(%) corresponds to the measured state
depend on the model parameters, since it is composed of ’ (%) P

. P -
measured outputs and inputs. The cost, which is minimised (past values of inputs and outputs) and y™ is fixed, then

in the control problem, is based on the nominal model 6y,

while the constraints are written for each of the models & (6r) = 8;(6)) = - -- = &(6,)

that define set ). Equation (23) is necessary to the

computation of the pseudo slack 8,(6,), which is associated It can be shown [2] that if weight § is large enough, (24) will

to the optimal solution of problem (21) at the previous hold only if Cx(%) — y® = 0 and Au(|#) = 0. This shows

time step and to the current state x(%). that the sequence of optimal costs for the true plant is
decreasing and converges to zero although 73 ,(6;) is not

Remark 4: The MPC controller generated by the solution necessarily decreasing for 0; # 6r. =

to the problem defined in (21) is robust to persistent

unmeasured disturbances and to changes in the output Example 2: To evaluate the performance and stability of

target. This is so because the problem defined in (21) is the controller produced by the solution to the problem

always feasible as it is easy to show that at time step 4, the (21), the ill-conditioned distillation column presented in

following solution Au, = A, and 8,( 0/)) = Sk(HP) is feasible. Example 1 is considered again, but now the system may
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have two different models as represented below

SN 0.878 —0.864

W =75, 711,082 —1.09
1 [1319 —0.864

Go(s) = ———

2() 75;+1|:1.082 —1.096:|

The sampling period of the controller is Az = 15 and in this
case, the tuning parameters are the following

Q:diag(O.l 0.1), R:diag(l 1),
S=diag(1 1)x10° u,,=[10 10],
u_ :[—10 —10], Aumaxz[l 1],

min m=23

(25)

In the simulations performed here, model 2 is the nominal
model used in the cost function that is minimised by the
robust controller. The simulation starts with the plant
being also represented by model 2 and the output target
is changed from the origin to y* = [1 1]T, which is
reachable and corresponds to the input steady state
Uy = [0.454 —0.464]T. Fig. 6 shows that the output
targets are reached nicely, whereas Fig. 7 shows that the
inputs tend to their expected steady states. From Fig. 84,
we can see that during the initial simulation period (before
time step 50), the cost computed with model 2 that is the

05

0 50 100 150
sampling steps

Figure 6 Outputs for output tracking and model uncertainty

b &b b B e e o » B

[/
{

sampling steps

Figure 7 Inputs for output tracking and model uncertainty

www.ietdl.org

true plant model decreases asymptotically and reaches
zero as the desired target is feasible, while the cost
corresponding to model 1 does not decrease asymptotical
although it eventually reaches zero after the true system
has converged (see Fig. 94). At time step 50, the model
that represents the true plant is switched from model 2
to model 1, while the output target remains the same.
Corresponding to the required output target, the new
input steady state becomes u, = [8.455 7.434 ]T.
Figs. 6 and 7 show that from time step 50 until time
100, the proposed controller is robust to this disturbance
and the outputs converge to the target while the inputs
are led to the new steady state, although input L reaches
temporarily its maximum bound. We can also observe
from Fig. 94 that during this period of time the cost
computed with model 1 is decreasing and converges
again to zero as the target remains reachable, while
Fig. 8/ shows that the cost computed with model 2 is no
longer asymptotically decreasing. Finally, at time 100 the
output target is changed to y? =[—-1 0.1 ]T which for
model 1 (true plant) would correspond  to
u, = [ —43.09 —42.63 ]T that is unreachable because of
the input constraints. In this case, the proposed controller is
still able to stabilise the distillation column but the outputs
do not reach the targets and permanent offsets are
observed. This is so because input V saturates at the
minimum bound (—10), while input L remains inside its
definition range. Fig. 84 shows that the cost computed with

D4F
25, 50 100 150
sampling steps

A fesssssensrssiusstinnessasniissississsinns
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Figure 8 Cost function for model G,(s)

a When the true model is G,(s)
b When the true model is G4(s)
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Figure 9 Cost function for model G;(s)

a When the true model is G,(s)
b When the true model is G,(s)

model 2 is not decreasing, and Fig. 94 shows that the cost of
the true plant is decreasing but does not converge to zero.

To emphasise the advantage of the proposed robust
controller, which guarantees stability in the presence of
model uncertainty, over the nominal stable MPC where
stability is only assured when the model is perfect, the two
controllers are compared for the output tracking case

1.5

1

0.5

150720 40 60 80 100 120 140 160 180 200
sampling steps

i . A L . L
50 60 70 80 50 100 110 120 130 140 150
sampling steps

b

represented in Figs. 10 and 11. The true plant model is
represented by model 1 and the nominal controller is based
only on model 2, while the robust controller uses the two
models. The same tuning parameters defined in (25) are
used in the two controllers. It is clear that the robust
controller has a much better performance than the nominal
controller, mainly when the system is far from input
saturation. The nominal controller is almost unstable,
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Figure 10 Outputs with model uncertainty: robust ( ) and nominal (- - -)
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Figure 11 Inputs with model uncertainty: robust (

whereas the robust controller performs quite well. When the
system input reaches saturation, the responses of the two
controllers tend to be close to the open-loop response and
the same steady state is reached.

5 Conclusion

In this work, an IHMPC with output feedback that, for
open-loop stable systems, is robustly stable to persistent
disturbances and model uncertainty was presented. The
proposed controller is based on a non-minimal state-space
model in the velocity form in which the state is always
known, as the state is constituted by the output at the
present and past time steps and the input increments at
past time steps. The consequence is that the controller does
not need a state observer and robust stability can be
obtained by extending to the non-minimal model the
conventional approach of considering an infinite prediction
horizon and including constraints that force the control
cost to be bounded. The main difficulty of implementing
the IHMPC to the non-minimal incremental model that is
to guarantee that the cost function is bounded was solved
by forcing the zeroing of the integrating modes at a
suitable time instant beyond the control horizon. This idea
could be conveyed to the case where model uncertainty can
be approximated by a finite set of models. Although the
robust controller proposed here has not yet been extended
to unstable systems, the practical application of the
proposed strategy to a number of systems seems to be quite
promising as the computation cost is acceptable.
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