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ABSTRACT

Economic Model Predictive Controllers, consisting of an economic criterion as stage cost for the dynamic
regulation problem, have shown to improve the economic performance of the controlled plant. However,
throughout the operation of the plant, if the economic criterion changes - due to variations of prices,
costs, production demand, market fluctuations, reconciled data, disturbances, etc. - the optimal operation
point also changes. In industrial applications, a nonlinear description of the plant may not be available,
since identifying a nonlinear plant is a very difficult task. Thus, the models used for prediction are in
general linear. The nonlinear behavior of the plant makes that the controller designed using a linear
model (identified at certain operation point) may exhibit a poor closed-loop performance or even loss of
feasibility and stability when the plant is operated at a different operation point. A way to avoid this issue
is to consider a collection of linear models identified at each of the equilibrium points where the plant will
be operated. This is called a multi-model description of the plant. In this work, a multi-model economic
MPC is proposed, which takes into account the uncertainties that arise from the difference between
nonlinear and linear models, by means of a multi-model approach: a finite family of linear models is
considered (multi-model uncertainty), each of them operating appropriately in a certain region around
a given operation point. Recursive feasibility, convergence to the economic setpoint and stability are
ensured. The proposed controller is applied in two simulations for controlling an isothermal chemical
reactor with consecutive-competitive reactions, and a continuous flow stirred-tank reactor with parallel
reactions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The time-scale separation between the RTO and MPC layers that
this hierarchical control scheme produces has two main conse-

The main goal of advanced control strategies is to operate the
plants as close as possible to the economically optimal operation
point, while ensuring stability. In the process industries, this objec-
tive is achieved by means of a hierarchical control structure [28,11]:
an economic optimization level - usually referred as Real Time
Optimizer (RTO) - sends the economically optimal setpoints to an
MPC layer, which calculates the optimal control action to be sent to
the plant, in order to regulate it as close as possible to the setpoint,
taking into account a dynamic model of the plant, constraints, and
stability requirements [23,31].
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quences on the economic performance of the plant. The first one is
that the economic setpoint calculated by RTO may be inconsistent
or unreachable with respect to the dynamic layer [17]. A solution to
this issue is to add a new optimization level in between of RTO and
MPC, referred as the steady state target optimizer (SSTO). The SSTO
calculates the steady state to which the system has to be stabilized,
solving a linear or quadratic programming and taking into account
information from the RTO and the linear model used in the MPC
[29,34,21].

The second consequence is produced by the way the MPC con-
troller is designed. Usually the MPC control law is designed to
ensure asymptotic tracking of the setpoint, without taking into
account the issue of transient costs [5]. This way to operate, which
is practically optimal when the setpoint does not change with
respect to the dynamic of the system, may provide poor economic
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performance in those applications (usually characterized by fre-
quent changes in the economic criterion) for which the cost in the
transient is more significant than the cost at the steady state. Eco-
nomic MPC [30] is the solution proposed in the last few years to
overcome these drawbacks.

Different ways to approach this control problems have been pro-
posedin literature: Dynamic Real Time Optimizer (D-RTO)[9,17,33]
solves a dynamic economic optimization and delivers target tra-
jectories (instead of target steady state) to the MPC layer; the
one-layer MPC strategies integrate the RTO economic cost function
as a stationary part of the MPC cost function [1,35,2]; Economic
MPC considers the nonlinear economic cost of the RTO as the stage
cost of the dynamic regulation problem. This method has been
widely studied in the last few years, and Lyapunov stability has
been proved for different cases [9,16], resorting to strong duality
assumptions [10,12], and to dissipativity assumptions [5,3,15,24].

From a practical point of view, the economic criterion to be min-
imized may vary during the operation of a plant, for both: (i) market
fluctuations, which may cause changes in the cost function and
in the prices that parameterize this function, and (ii) variations in
disturbances estimation or constraints, due to data reconciliation
algorithms. Thus, EMPC formulations characterized by either time-
varying or parameter-varying stage costs seem to be more suitable
[6,7,12].

In general, in industrial applications, a nonlinear description of
the plant may not be available, since identifying a nonlinear plant
could be a very difficult task. On the other hand, the methods for
the identification of linear models are very easy to implement, and
are common practice in industries. For this reason, MPC controllers
are designed using a linear model, which may not represent the
behavior of the plant in all its operation points. For the case of
petrochemical processes, for instance, the plant to be controlled
is nonlinear, but has sparse operation points with different eco-
nomic behaviors. The nonlinear behavior of the plant makes that
the controller designed using a linear model (identified at certain
operation point) may exhibit a poor closed-loop performance or
even loss of feasibility and stability when the economically opti-
mal operation point is changed. A convenient form of representing
these plant-model uncertainties is by considering a finite family of
linear models identified at each of the equilibrium points where the
plant will be operated. This way, each operating point allows one to
obtain a linear model sufficiently accurate to describe the system,
and which operates appropriately in a certain region around such
equilibrium point. Furthermore, since not many operating points
are considered in the operation of this kind of systems, only few
linear models could be required to describe the complete opera-
tion of the plant. This approach, called multi-model description of
the plant, is a formulation of robust MPC which has shown to be of
interest from a theoretical point of view [8,14,13,22] as well as for
practical implementation [28].

In this work, the economic MPC for changing economic costs
presented in [12], has been extended to the case of a multi-model
representation of the plant and offset-free estimation. To this aim,
a finite family of linear models is obtained, which describes the
behavior of the plant to be controlled, in different operation points.
These points are economically optimal steady states for the plant
under a certain choice of the economic criterion. Following the
idea of [8], the models are required to share the same applied
control actions and a contractive constraint is imposed. However,
to the aim of reducing conservativeness, the models are required
to have only a few control actions (in the optimal control) equal
to each other, while the remaining controls in the sequence are
free degrees of freedom for each model. Recursive feasibility, sta-
bility and convergence to the optimal operation point are always
ensured, no matter which model of the family represents the true
plant.

The proposed controller is applied in two simulations for
controlling an isothermal chemical reactor with consecutive-
competitive reactions, and a continuous flow stirred-tank reactor
with parallel reactions. The results of such simulations show how
the multi-model approach ensures feasibility and stability when
the economically optimal operation point changes, as well as better
economic performance than nominal offset-free controllers.

The work is organized as follows. In Section 2 the problem is
stated. In Section 3 the proposed multi-model Economic MPC s pre-
sented. In this section, Lyapunov stability of the proposed controller
is proved, and its main properties are presented. Finally, illustrative
examples and conclusions of this study are provided in Sections 4
and 5.

2. Problem statement

Consider a system described by an nonlinear discrete time-
invariant model

X5 = f(xp, ) (1)

where x, € R" is the measured state of the plant to be controlled,
u € R™ is the current control vector, and x; is the successor state.
Function f(x, u) is assumed to be continuous and differentiable
at any equilibrium point. The solution of this system for a given
sequence of control inputs u and initial state x, is denoted as
Xp(j) = @(j;xp, u) where x, =@(0;xp, u). The state of the system and
the control input applied at sampling time k are denoted as xp(k)
and u(k) respectively. The system is subject to hard constraints on
state and control:

xp(k) € X, u(k) e U (2)

for all k> 0.

Assumption 1. X and ¥/ are convex and compact, and both sets
contain the origin in their interior.

The steady-state conditions of the plant (xs, us) are such that (1)
is fulfilled, i.e.

Xs = f(Xs, us) (3)

Consider now, a nonlinear function feco(x, 1, p) that is a measure
of the economic objectives of the plant. The parameter p describes
prices, costs or production goals, that might be varying during the
operation of the plant. This parameter has to be considered as an
input to the RTO layer, resulting from the economic scheduling and
planning, and may be time-varying due to market fluctuations or
data reconciliation. Thus, let us define the RTO problem as follows:

Definition 1. The optimal operation of the plant is given by the
steady state (xs, us), which satisfies

(s, Us) = argming yfeco(X, U, ) (4)
s.t. X e A, ueu
x=f(x,u)

Notice that the optimal operation point depends on the value of
p, that is (xs(p), us(p)). However, for the sake of clarity, in what
follows, we will use the notation (xs, us).

Assumption 2. The cost feco(x, U, p) is locally Lipschitz continuous
in (xs, us); that is there exists a constant I" >0 such that,

[feco(x, U, P) — feco(Xs, Us, P)| < T'I(x, u) — (xs, us)|

for all p and all (x, u) € X x U such that |x —xs| <¢ and |u —us| <&,
£>0.
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2.1. Multi-model description of the plant

In industrial application of MPC, in general, function f(x, u) may
not be available, may not be identified or may not be used by the
controller (for instance due to its complexity). For these reasons,
linear models are usually utilized for prediction. These models are
generally identified at a certain operation point of the plant. The
offset-free design of the MPC is a well-know solution to robustify
the controller and to reduce the gap between the model and the
plant [27,26,19,20]: a disturbance model is added to the predic-
tion model in order to estimate and cancel the difference between
predictions and measurements.

However, the linear model used for prediction represents the
behavior of the plant only around a certain operation point, i.e.
around the point at which the plant has been identified. If the opti-
mal operation of the plant changes, that is if p changes, the optimal
steady state solution to Problem (4) also changes. Hence the lin-
ear model used for prediction may not describe the behavior of the
plant in this new point anymore and the offset-free strategy may
fail to accomplish its task.

The main idea of the proposed work is to incorporate, in the MPC
design, a multi-model description of the plant, in order to cope
with model uncertainties. To this aim, a collection IT of L linear
models is supposed to be known [8,14]. These models are identified
at different (possible) operating points of the real plant, in such a
way that model uncertainties are represented.

Let us define the set of possible linear plants as I1={my, ..., 71},
where 7; corresponds to the particular plant (A;, B;), i € I;.;. Fol-
lowing the idea of the offset-free control, for each model 7; € IT,
i € I ., we propose the following augmented system for predic-
tions:

HEEHIHEN
= + u; (5)
| o L||d|l |o

where d; represents the disturbance corresponding to model ;.
Notice that, the equilibrium condition for the augmented system
(5) is such that

o
u;

X
[Ai—l, Bi}[ ]+d;’°=0 (6)

is satisfied.

Moreover, let us assume that, for any time k, there exists one
model in the family that best describes the plant at the current
operation point. This model will be denoted as 7= (A, Br) € T1. It
is assumed that it is not know which model of the family IT is 7.
The only known fact is that 77 € I1. On the other hand, let us define
as o € I, the nominal model, that is the model that is used to
design the controller.

Assumption 3. The pair (A;, B;) is controllable and each model r;
is subject to constraints (2).

Under Assumption 3, we define the sets of admissible equilib-
rium states and inputs of system (5) as

Zsi = (%, u;) € N(X x U) | X; = Aix; + Biu; + di} (7)
Xsi=1{x; € X|3u; € U such that (x;,u;) € Z;} (8)

where ) € [0, 1)is a constant arbitrarily close to 1, added in order to
avoid possible losses of controllability caused by active constraints.

Remark 1. The models 7; that compose the family IT are strictly
related to the parameter p of function feo(X, U, o). In fact, they are
identified at different operation points of the nonlinear plant (1),
which are the minimizers of Problem (4) for different values of p.

This implies that the values that p may assume, have to be known
a priori in order to generate the family of linear models IT.

2.2. Observer

The estimation of the state and the disturbance of each model
7; € IT are done by means of the following observers of the aug-
mented system:

Ki(k + 1) = ARi(k) + Biuy(k) + di(k) + LX(%(k) — xp(k) + di(k)) ~ (9)
dilk + 1) = di(k) + LERi(k) — xp(k) + di(k)) (10)

where %;(k) € R" is the observed state at time k, ai(k) € R" is the
estimated disturbance at time k, and xp(k) is the measured state of
the real plant at time k. Furthermore, LY and Lf’ are the observer
gains of the state and disturbance estimation respectively, and
they have to be chosen in such a way that each observer is stable
[27,26,19].

Remark 2. [Observability] Conditions for observability of model
(5)are givenin [27,19]. In these works, the augmented system is of
the form

x(k+1)] |A Ba| [x(k) B
FAtiE [ ] T[] an
k
Y =[c ] [;‘Ekﬂ (12)

where B; € R™"d js a state disturbance matrix, with d(k) € R",
andy(k) € RP beingthe output of the system. System (11)is observ-
able if and only if (C, A) is observable and

A-1I, By
rank =n+ny (13)
cC (G

This last condition is satisfied if and only if the dimension of the
disturbance is taken smaller than or equal to the dimension of the
measurements, that is if ny <p [19, Proposition 1].

In the present work, we are considering that the complete state
ofthe nonlinear plant (1) is measurable, with By =1, C=1,, C4=0pnxn,
p=n,ng=n,and A # 2I,. Hence, condition (13) is satisfied.

Remark 3. Note that the equilibrium condition of the observer
satisfies Eq. (6). In fact, at the equilibrium, the estimated disturb-
anced converges and, since we are assuming that observer is stable,
this implies that £ — x3° + a;’O = 0. Then,

[A-1 B] lXi ]+a§°=o (14)

foralli € Iy..

For the sake of clarity let us define the following extended vec-
tors of states and disturbances:

X d

XL dp
where z € RI", and w ¢ RI™,
3. Multi-model economic MPC formulation
In this section, the economic MPC formulation, based on a

multi-model approach, is proposed. As standard in economic MPC
literature [30,7], the economic cost function fe, is used as stage
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cost of the MPC controller. In particular, in the present work we
extend the formulation presented in [12] to take into account a
multi-model description of the plant. This particular formulation
is suitable for the case of changes in the economic criterion (i.e.
changes in p) since it always ensures feasibility thanks to a slightly
modified cost and a relaxed terminal constraint, that accounts for
any admissible steady state. Let us define the following economic
dynamic cost:

N-1
VR Ry iy 03 0) = D fecoXi(i) = Xi(N = 1) + X5, 1))
j=0
—u(N = 1)+ us, p) (16)

foralli € I;.;. The cost function of the proposed MPC is then given
by:
L
T2, 03 V) = Vi (Ruo, o, 03 o) + > _L(xi(N = 1), ui(N = 1))
i=1
(17)
where Z is the observed state at time k, x;(j) is the prediction
based on the model m; and it is such that x;(0) = %;. The cou-
ple (x;(N—1), u;(N—1)) represents the prediction, for each model
i e I, of (x;(j), u;(j)) for j=N—1; these predictions are forced, in
the optimization problem, to be an admissible equilibrium point,
that is (X;(N —1),u;(N — 1)) € Z;, i € Ij;;. This way, the termi-
nal state is let as an extra degree of freedom, in order to always
ensure feasibility. Moreover, note that, when x;(N — 1) converges
to X5, then the stage cost function V,‘f,?’"(&i, d;, p; u;) becomes equals
1
to the economic cost feco(X, U, P).
Function £(x;, u;) is the so-called offset cost function, and is
defined as follows:

Definition 2. Let ¢(x;, u;) be a positive definite convex function
such that the unique minimizer of

Ming, y)e z, (%, U;) (18)
is (xs, ug). O

Assumption 4. There exist positive constants y; such that

Uxi, up) — x5, Us) = Villxi — Xsll (19)
O

Letv={uy,u, ... u;} bethe set of control sequences to be calcu-
lated. This set is such that the first M elements of each sub-sequence
u;, with 1 <M <N, are forced to be equal for all models in IT. The
remaining N— M elements are free degrees of freedom for each
model. This means that at least the first element is unique for all
models in IT. Notice also that, if M=N, then the whole sequence is
unique for all models.

At time k, the optimization problem P{(Z, W, p, V) to be solved
is given by:

miny X§(2, p; V)
st x(0)=%, di(0)=d;,
X+ 1) = Aix;(G) + Biu(G) + d;i(j), j € To:n—1, 1€ Iq

ie H];L

dij+1)=di(), Jj € lo:n-1, iel

. ) . , (20)
x(G) € X, uw(j) e U, j € lgn-1, iely
ui(j) =um(), Jj € loom—1, 1#m, i,melyy
(x(N-1),u(N-1)) € Z;, ielpg
Vf]i(f‘i»ai’p:“i) < fo;,.(??i,aia o5 1), ielp

where the last constraint, is a robustness constraint [8], and

Vi, (R, d;, pr ) = Vﬁ,{"(?ia di, piuy) + L(x(N - 1), u(N - 1)) (21)
foralli € Iy

The parameter of problem (20), V, is a feasible solutions to prob-
lem (20), based on a solution to the same problem at time k— 1.
That is, defining as v(k — 1) the optimal solution to Problem (20)
at time k— 1, then

V(k) = {tiy (k), @a(k), ... ., @ (k)}

where (k) = (d(1; k= 1), u(2;k = 1), ..., ud(N - 1;k —
1), u?(N —1;k—1)} is a sequence made by shifting one step
ahead the optimal sequence u?(k —1) and adding in the tail the
admissible equilibrium input at time k — 1.

Note that, if M=N, then u;=u for all i € Iy.;. Therefore v={u,
u..,u},and v = {a, @..., o).

The optimal value of the decision variables will be denoted as
v0and u?. The control law, in the receding horizon fashion, is given
by «§(2, W, p, V) = u?(O; Z, W, p, V). Notice that this control action
is unique for all models in IT, since M must be at least equal to 1.

The feasible region of Problem (20), Xy, is the set of state of the
real plant, x,, for which a feasible solution to Problem (20) exists,
that is

Xy = {xp € X|3v such that for ie I;: x() € X,

ui(j) e U, j € To.n—1;(x;(N — 1), uy(N — 1))

€ Zgi Vi (R diy piw) < VG (Ri, di, i)

Remark 4. The idea of optimizing over a set of control sequences
with just M elements in common, with 1 <M <N, represents a
different solution than the one proposed in [8]. In this way, one
can choose the degrees of freedom of each model in the family,
reducing conservativeness. Indeed, the choice of M is a trade-off
between conservativeness and computational burden. In fact, with
this solution, the number of optimization variables of Problem (20)
is(M+L(N — M))m; so, the smallest the value of M, the less conserva-
tive the control problem, but the higher the number of optimization
variables.

Remark 5. The constraint (x;(N — 1), u;(N — 1)) € Z,; is equiv-
alent to imposing x;(N)=x;(N—1). In other words, the triplets
(xi(N—1), ui(N-1), di(N—1)) define admissible equilibrium
points, such that x;(N)=x;(N—1)=Ax;(N—-1)+Bju;(N—-1)+
di(N —1) € X ;. In this way, the terminal constraint necessary for
stability is relaxed, in such a way that the state at the end of the hori-
zon is forced to be just an equilibrium point, and not the optimal
steady state Xx;.

Remark 6. The last constraint of Problem (20) is the key point of
the proposed approach. In fact, it ensures that the obtained control
sequence produces a cost decreasing for all models m; € I1. This
way, a candidate Lyapunov function based on the cost given in Eq.
(21), can be proposed to prove asymptotic stability.

Remark 7. Note that the proposed controller, and hence the
resultant control law, are not based on a switching strategy. The
ingredients of Problem (20) do not change during the operation of
the plant, neither the models. The parameter p may by subject to
changes, since it describes prices, costs or production goals, that
might be varying during the operation of the plant. A change of
p means a change in the economic objective, and hence in the
economically optimal operation point, but does not determine a
change of any other ingredient of Problem (20).
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Remark 8. Note thatifthe variation of p is continuous and is small
enough to produce a small effect on the cost, then the proposed
controller is Input-to-State Stable with respect to this variation of

p[18].
3.1. Stability

The usual way to prove asymptotic stability of an MPC controller
is to use the optimal value of the cost function as a Lyapunov func-
tion. This approach, however, cannot be used in an economic MPC
framework [30,5], and in particular in the MPC algorithm proposed
in this work.

In this section we will make some assumptions, and definitions
will be given in order to derive a candidate Lyapunov function for
the proposed controller. First, let us define model 7, = (A, Br) € I1
as the linear model that (locally) represents the behavior of the
nonlinear plant at the operation point (xs, us).

Note that the steady state condition for model 7, is such that
Xs = ArXs + Brus + d%

Then, function (21), associated to model 7, is

N-1

VG, e, dr, pir) = feeo(xr() = Xe(N = 1)+ X5, r(G) = ur(N = 1)
j=0
+us, )+ L0x(N = 1), ur(N = 1)) (22)

The previous cost is not necessarily positive definite and then it
cannot be used as a candidate Lyapunov function. However, under
the assumption of dissipativity of the system with respect to the
economic cost function[10,30,5,12], a candidate Lyapunov function
can be derived.

Assumption 5. There exists a function A : X — R such that
miny, yfeco(X, U, p) + A(X) — MXT) > feco(Xs, Us, 0) (23)
st. XxeXuel (24)

with x* =A;x + B;u +d;. Moreover, defining the rotated cost function

F(x, 11, 0)2feco(X, U, p) + A(%) = A(X™) = fecolXs, s, ) (25)
there exists a K-functions o such that F(x, u, p) > ap(||x — xs||). O

Based on this assumption, let us define the following
rotated cost function F(x, u,p) = foco(x —X(N — 1) +xs, u — u(N —
1)+ us, p) + A(x) — A(XT) = feco(Xs, Us, p)

This function satisfies the following properties [12]:

Property 1.

1 Forall (x(N—1), u(N — 1)) =(xs, us), F(x, u, p) = F(x, u, p).

2 Forall (x, u)=(x(N—1), u(N—1)), F(x, u, p) = F(xs, us, p) =0

3 F(x, u, p) = ap(|x — x(N — 1)||) for certain a K-function ag. O
Define also, the rotated offset cost function £(x, u) as follows:

Definition 3. The rotated offset cost function is given by:

E(x, 1) = £(x, u) + A(x) — Axs) — £(xs, Us) (26)

where A(.) is the same as in (25). O

We can now define an auxiliary cost function for model r;:

=

-1
Vﬁr(f‘r’ dr, piur) = F(x: (), ur(G), p) + z(Xr(N -1),u(N-1))

T
o

(27)

Lemma 1. The difference between the cost functions
V,f,r()?r,dr,p;ur) and V,f,r()?r,dr,p;ur) is a constant § given by
8= (xr) — A(Xs) — Nfeco(xs, Us, p) — £ (X5, Us)

The proof to this Lemma can be found in A.1 section.

Based on these results, function (27) can be considered as a can-
didate Lyapunov function, in order to prove asymptotic stability of
the closed-loop system under the control law «§,(Z, W, p, V).

Consider the following assumption on the controller parame-
ters:

Assumption 6. The prediction horizon N is such that

rank(Coy;)=n, i€ Iy

where Coy; = [Af"1Bi. ..A;B;B;] is the N-controllability matrix of
system (A;, B;). Moreover, there exists a dead-beat control gain K;,
such that A; + BiK;, i € I;.;, has null eigenvalues.

Theorem 1. Consider that Assumptions 1-6 hold, and consider a
given parameter p for the economic cost feco(x, U, p). Assume that
there exists a k such that for k > k, a,-(k +1)= ai(k), that is the dis-
turbances d; have converged. Then, the closed-loop system converges
asymptotically to a steady point (xs, us) that satisfies (4), fulfilling the
constraints throughout the time.

Proof. The proof will be given separately for the two cases M=N
and 1 <M<N.

Case M=N

Consider the measurement at time k > k, xp(k), the observed
state X;(k) and the observed disturbances a,-(k), i € I ... Consider
also the solution to Problem (20), given by vO(k) = {u®(k), .. .,u®(k)},
where

u®(k) = (uO(0; k), u®(1; k), ..., u®(N — 1; k)}

Since M = N, from Problem (20), this sequence is feasible for all mod-
els m; € I1. This sequence of optimal control actions, provides L
optimal states sequences of the form

x)(k) = (x2(0; k), xX(15 k), ..., x)(N — 1; k), x)(N; k)}

where x9(0; k) = Xi(k),and x)(N; k) = x)(N — 1; k) (by the constraint
(xi(N=1),u;(N -1)) € Z;).

Since by assumption, a,-(1<+ 1)= ai(k), from equation (10) we
have that L?()‘q(k) —xp(k) + di(k)) = 0, and then, by stability of the
observer, &;(k) — xp(k) + di(k) = 0.

This implies that, at time k+1,

xi(k +1) = Aki(k) + Bu®(0; k) + di(k) = x(1; k)

di(k + 1) = dj(k)
foralli e Iy... In particular, we have that:

Re(k + 1) = ArRp(k) + B-u2(0; k) + dr(k) = X(1; k)

dr(k+1) = dr(k)

where 11 =(Ar, Br) € I1, is the model that best describes the behav-
ior of the plant at the current operation point.

In order to prove asymptotic stability, let us define the following
function on model 7 R ~

Jr(xe(k), dr(k), p;u(k)) = V,f,r()‘cr(k), dr(k), p;u(k)) — £(xO(N —
1; k), u%(N — 1; k))

The value of this function corresponding to ul(k) is
Je(K), dr(k), p).

Notice that function JO(&(k), dr(k), p) satisfies the following
properties:
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1 JO(R:(K), ar(k), p) > a(]1x-(k) — xs), where « is a K-function.
In fact,

JO(Re(K), dr(k), p) = F(x:(0; k), u’(0; k), p) = atp(|Ixr (k)
—X)(N = 1;k)1) = a(l1xr (k) — xs]1)
where the second to last inequality comes from Property 1 and
the last one from Lemma 2 in A.1.
2 JP(&:(k), dr(k), p) < B(Ixr(k) — xs]l), where B is a K-function.
In fact, since X is compact, JO(xs,d>, p)=0, and
JO(&,(k), dr(k), p) is continuous in X.(k) = xs, then there exists a

K-function 8 such that JO(%.(k), dr(k), p) < B(lIx-(k) — x5|)), for all
Xxr € Xy, [31].

Next, we want to prove that function JO(&:(k), Elr(k), p)
is non-increasing. To this aim, define the following fea-
sible solution to problem (20), at time k+1, a(k+1)=
{ul(1;k), ..., uO(N = 1; ), u®(N = 1; k) }

Notice that @(k + 1) is a sequence made by shifting one step
ahead the sequence u%(k) and adding in the tale the admissible
equilibrium input at time k.

Define also the associated state sequence of model

% = {x0(1;K), ..., XN k), XD(N; k) }

and recall that ®-(k + 1) = x%(1; k) and %-(N; k + 1) = x%(N; k), since
ar(k +1)= ar(k). The value of function J(., ., .) corresponding
to ti(k + 1) and X; is then J-(%-(k + 1), dr(k+1), p;a(k + 1)), with
d;(k+ 1) = d;(k). Notice that £(xO(N — 1;k+ 1), u®(N — 1;k+ 1)) =
E(xO(N; k), u®(N; k)) = E(xO(N — 1; k), u®(N — 1; k)).

Following standard arguments in MPC literature [31], compar-
ing this last cost with JO(&(k), ar(k), p), we obtain

AJr = JrRe(k+1), dr(k + 1), otk + 1)) — JO(R (k) dr(k), 0)
= Vg (Re(k+ 1), drll + 1), pi ik + 1))
— V8 (Re(k), dr(k), p; u(k)) = —F(x,(k), u®(0; k), p)

On the other hand, the value of the auxiliary cost, due
to the optimal solution at time k+1, ul(k+1), is Vlf,r()‘cr(k-i-

1), dr(k + 1), p;u®(k + 1)). Comparing it with V¢ (%:(k + 1), dr(k +
1), p; u(k + 1)), we obtain:

AVE (k+1) = V§ (Re(k+1), dr(k+1), p;u®(k + 1))
—VE (Relk +1), dr(k +1), p; ik +1))
= Vg (Re(k+1), dr(k +1), p;u®(k +1))+8
— Vg Re(k+1), dr(k + 1), p; ik +1)) -
= Vg Re(k+1), dr(k + 1), p;u®(k + 1))
—VE ek +1),dr(k+1), ik +1)) <0

where the last inequality comes from the last constraint of problem
(20). Hence, we can state that

AJ? = PRk + 1), dr(k + 1), p) = JO(Re(k), dr(K), p)
= PRk +1), dr(k + 1), p) = Jr(Re(k + 1), dr(k + 1),
iUk + 1))+ (Jr(Re(k+ 1), dr(k + 1), pr ik + 1))

~J2(R:(K), dr(k), p)) < —F(x;(k), u(0; k), p)

Then, from Property 1, there exists a K-function « such that:
PGk +1), dr(k + 1), p) = J2(Re(K), dr(K), p) < —a(I1x:(k)
—XP(N = 1;K)11) < —oy(11xr — Xs11) (28)

where the last inequality comes from a(|lx-(k) — X2(N — 1; k)||) >

alae(1X-(k) — xs511)) = oy (l1xr(k) — xs|), following Lemma 2 in A.1.
Then, we can conclude thatJ%(%;(k), dr(k), p)isaLyapunov func-

tion, and (xs, us) is an asymptotically stable equilibrium point for

the closed-loop system described by model 7. Therefore,
,}LH;OHXr(k) —Xs|l =0, kliH;OHU(k) —usl| =0

Then, since (A, B;) represents the model identified at (xs, us), we
can state that for k — oo

fxp(k), us) = Arxs + Brus + d7

Xs = ArXs + Brus + d?.cs
Then, fixp(k), us)=xs for k— oo, that is

klim lxp(k) — xs] = O

Case 1 <M<N
In this case, the optimal sequence at time k is such that

vO(k) = (ud(k), ud(k), ..., u(k)}

with u90:M-1;k)=u(0:M-1;k)=---=ud(0: M - 1;k) =
u%(0: M — 1;k). The optimal control sequence for model 7, is
given by

u(k) = (u°(0; k), u®(1; k), ..., uO(M — 1; k), u®(M; k). . .,
u’(N - 1;k)}

Following the same steps as for the case M =N, we can conclude
that

AJ? < ~F(xe(k), u°(0; k), p)

Notice that, from the positive definiteness of the rotated cost, stated
in Property 1, we can conclude that, for k — oo, then u®(0; k) —
u%(N — 1; k) — us, and R:(k) - x2(N — 1; k) — x,. Lyapunov stabil-
ity can be proved following exactly the same steps as in the proof
of case M=N.OO

3.2. Properties of the proposed controller

The proposed controller enjoys some interesting properties that
are hereafter highlighted.

1 Economic optimality
Since the controller is formulated as an Economic MPC [30],
that is considering an economic function as the stage cost of
the MPC controller, then it ensures that the evolution of the
closed-loop system will be economically optimal in the tran-
sient. Moreover, since it is assumed that there is always one of
the model in the set IT that represents (locally) the behavior of
the real plant and by Assumption 5, the controller also ensures
convergence to the economically optimal operation point of the
plant, that is the one that minimizes feco(x, U, ).
2 Guaranteed feasibility
Since the constraints of Problem (20) do not depend on the
optimal operation point (xs, us), the controller ensures feasibil-
ity under any change of the parameter p. Indeed, one of the
consequence of the effort to maintain feasibility is that, while
X(N—1) # xs, the proposed controller may be suboptimal, in the
sense that its performance may differ from the economic MPC
presented in [10,30]. It is shown in [12] that this suboptimality
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is due to the particular stage cost and to the terminal constraint
imposed to the control problem, and it can be considered as the
price one has to pay for ensuring feasibility under any change of
p.

3 Robustness under model uncertainties

In general, in industrial practice, the plants to be controlled are
nonlinear, but have sparse operation points with different eco-
nomic behaviors. A way to take into account all those different
behaviors is to consider a finite family of linear models (multi-
model description), which operate appropriately in a certain
region around a given operating point [8,14,13]. In this context,
each operating point defines a linear model sufficiently accu-
rate to describe the system. Therefore, the proposed controller
ensures stability, feasibility and economic optimality whenever
the linear model associated to the operation point is one in the
family of the multi-model description, although it is unknown
a priori which one. Since this model changes with the opera-
tion point, and then with p, the resulting control law ensures
robustness under changes of p.

Note that, as it will be shown in the illustrative examples, if
the linear prediction model is not “good enough”, that is, it is
obtained identifying at an operation point far from the current
one, the offset-free strategy by itself, that is, without robustness,
may not be able to control the plant. In this case, the multi-model
approach will help to get the task done.

4 Output feedback

Note that, if the state of the real plant x,(k) is not measurable
but a vector of measured output yp(k)=g(x(k)) is available, an
output feedback formulation of the proposed controller can be
easily implemented. This can be done by identifying the linear
models as in Eqgs. (11)-(12) and, provided that the observability
requirement given in (13) is fulfilled, by taking an observer of the
form

Ri(k+1) = ARi(k) + Biu;(k) + Bqd;(k) + LX(C&;(k)

+Cadi(k) — yp(k)) (29)

di(k + 1) = di(k) + LI(CR(k) + Cadi(k) — yp(K)) (30)
In this case, the equilibrium condition would be given by

Ai—1 B;| [& By,

1

~ 0
+ dr =
Ci 0 l,liOO Cd,i yp,oo

and all the results given here would still apply.

—

31)

4. Illustrative examples

4.1. Isothermal chemical reactor with consecutive-competitive
reactions

The proposed controller has been tested in simulation for
controlling an isothermal chemical reactor with consecutive-
competitive reactions [7,30]. The process considers two reactions
of the form

Po+B — Py

P1+B—>P2

The nonlinear model describing this process is given by:

X'l =U] — X1 —01X1X2 (32)
X.z = Uy — Xy — 01X1X2 — 02X2X3 (33)
X’3 = —X3 + 01X1X2 — 02X2X3 (34)

7

Table 1
Linearization points for Simulation I scenario.

Model X1 Xo X3 X4 up Uy el

m 49759 1.0097 3.5787 14454 10 74791 (7,1)

b1 53813 0.8583 34383 1.1804 10 6.6573 (10,2)

Tno 39044 15612 3.7523 3.7523 10 10 (10,-1)
X'4 = —X4 + 02X2X3 (35)

where X1, X2, X3, and x4 are the concentrations of Py, B, P; and P,. The
control inputs u; and u, are the inflow rates of Py and B. The values
of the parameters oy and o are set as 1 and 0.4, respectively.

The constraints on the states are given by 0<x; <10,i=1, 2, 3,
4, while the constraints on the inputs are 0 <u; <10, j=1, 2.

In the following simulations, three different controllers have
been compared: a nominal Economic MPC without robustness con-
sideration, formulated as in [12]; a nominal offset-free Economic
MPC, that is an EMPC formulated as the previous one, but consider-
ing a prediction model as in Eq. (5); and finally, an Economic MPC
with the multi-model approach proposed in the present work.

In all simulations, the system is assumed to start from the point
X0 =(2.2060, 1.2665, 1.8545, 0.9395), ug =(5, 5). The nonlinear sys-
tem (32)-(35) is taken as the real plant. The simulations have been
executed in the Matlab environment, and the optimizations have
been executed using the Matlab function fmincon.

4.1.1. Simulation I

In this first simulation, the economic objective is to maximize
the concentration of product P, that is x3, and to minimize the con-
trol action, plus a regularization cost. The economic cost function
reads:

feco(X, U, ) = =p1X3 + P2(ur + Up) + X = X513 + lu — sl (36)

where p=(p1, p2) are the prices on the cost function, Q=0.114 and
R=0.11,, where x; and u;s are the economically optimal steady state
and input given by the corresponding value of p.

The multi-model MPC has been applied by linearizing the plant
in 3 different operation points, each of them representing the point
that minimizes the economic cost function for a certain value of p.
These linearization points are shown in Table 1.

The linearized models have been discretized using the zero-
order hold method with a sampling time of 0.1 s.

Two changes of the economic cost have been considered,
based on the following prices: pl!1=(7, 1), pl21=(10, 2). The eco-
nomic optimal costs provided by these two prices are respectively:
fecox ull pl1hy = —7.5718 and feco(xL?!, ul?!, pl21) = —1.0680,
where (x£1 ], up ] )and (X£2], uLZ] )are the linearization points for mod-
els 1 and 7, given in Table 1.

The MPC controller has been setup with N=6. The offset cost
function has been taken as a weighted oco—norm, that is #(x,
U)=0o || X —Xs || 00, With a=200.

The results of this simulation are shown in Figs. 1 and 2. In
particular, the time evolution of the states and input of the real
plant when controlled by the multi-model EMPC with M=N are
plotted in black solid line, by the nominal EMPC with offset-free
in red dashed line, and by the nominal EMPC without offset-free
in blue dashed-dotted line. The optimal economic steady state is
plotted in black dotted line. The multi-model controller is always
capable to drive the plant to the optimal steady state that opti-
mizes the economic cost function, even when the optimal operation
point changes, always ensuring feasibility and stability. On the
other hand, the nominal EMPC without offset-free fails to stabilize
the system at the optimal steady state, while the nominal EMPC
with offset-free is able to drive the system towards the optimum
but cannot stabilize it. This shows the main advantage of using a
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Fig. 1. Time evolution of the states: economic optimal point in black dotted line, multi-model EMPC with M =N in black solid line, nominal EMPC with offset-free in red
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Simulation I. Transient economic performance.
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Table 3
Simulation II: linearization point for the nominal model.

W(p1) Y(p2) Model X1 X2 X3 X4 us U P
Nominal 300.16 614.75 Tno 2.2060 1.2665 1.8545 0.9395 5 5 -
Offset-free 191.32 54.32
Multi-model 148.39 0.79
Table 4
Simulation II. Transient economic performance.
multi-model approach: the offset-free by itself, even if it clearly W(p1) W(ps)
improves the performance of the nominal EMPC, appears to be Nominal 194.95 143.89
not enough robust in case of significant plant-model mismatches. Offset-free 146.77 8.42
The worse is the model, the less robust is the nominal EMPC with Multi-model 134.51 0.91

offset-free.
The economic performance has been assessed using the measure
of the transient cost, that is:

T
W(0) = D fecolx(k). u(k). p) ~ feco(Xs. s, ) (37)
k=0

where Tis the simulation time. A better performance is the one that
minimizes the transient cost. The results are shown in Table 2. As
it was expected, the multi-model approach shows better perfor-
mance than the other controllers.

4.1.2. Simulation II: average nominal model

In this second test, a different nominal model has been used. This
model has been obtained by linearizing the nonlinear system at the
steady state provided by maintaining the inputs at their average
value. This linearization point is shown in Table 3.

The results of this second simulations are shown in Figs. 3 and
4. Note that, also in this case, the multi-model controller is capable
to stabilize the system, while the nominal MPC fails in this task.

Again, the economic performance has been assessed using the
index (37). The results are shown in Table 4. Also in this case, the
multi-model approach shows better economic performance than
the other two controllers, even if the performance of the nomi-
nal MPC gets better with the new prediction model, which indeed
seems to be better than the previous one.

4.2, CSTR with parallel reactions

In this second example, we consider a continuous flow stirred-
tank reactor with parallel reactions [4,25].

The other two models, r1 and 7, are kept as in the previous R— Pq
simulation. The same simulation as in the previous section has
been run. The MPC controllers have been maintained with the same R P,
configuration.
8
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Fig. 3. Time evolution of the states: economic optimal point in black dotted line, multi-model EMPC with M =N in black solid line, nominal EMPC with offset-free in red
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where R is the reactant, P; is the desired product, and P, is the
waste product. The nonlinear model for this system is given by
(from dimensionless mass balance):

X1 =1-10%3e"1/%3 — 400x,e70-55/%3 _ x; (38)

Xy =10%x32e1/% _x, (39)

X3=1U—X3 (40)

where x; and x; are concentrations of R and Pq, while x3 is temper-
ature in the reactor. The control input u represents the heat flow
into the reactor.

The constraints on the states are given by 0 <x; <10,i=1, 2, 3,
while the constraints on the input are 0.049 < u < 0.449.

In the following simulations, two different controllers have been
compared: a nominal Economic MPC with offset-free, and an Eco-
nomic MPC with the multi-model approach proposed in the present
work.
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Table 5 Table 6

Linearization points for Example 2 scenario. Example 2. Transient economic performance.
Model X1 X2 X3 u 1] WY(p)
T 0.0832 0.0846 0.1491 0.1491 1 Multi-model EMPC 0.2164
F12) 0.9947 0 0.049 0.049 -1 Nominal offset-free EMPC 0.5222
Tno 0.0206 0.0762 0.2490 0.2490 -

In this simulation, the system is assumed to start from the point
X0 =(0.0206, 0.0762, 0.2490), ug=(0.2490). The nonlinear system
(38)-(40) is taken as the real plant. The simulations have been exe-
cuted in the Matlab environment, and the optimizations have been
executed using the Matlab function fmincon.

The economic objective is to maximize the concentration of
product Py, that is x5, plus a regularization cost. The economic cost
function reads:

feco(X, U, ) = —pxz + X = XsIF + llu — uslg (41)

where p is the price on the cost function, Q=0.1/3 and R=0.1, and
(xs, Us) are the economically optimal steady state and input given
by the corresponding value of p.

The multi-model MPC has been applied by linearizing the plant
in 3 different operation points: two of them representing the point
that minimizes the economic cost function for a certain value of p,
while the nominal one is taken as an average model. These lineari-
zation points are shown in Table 5.

The linearized models have been discretized using the zero-
order hold method with a sampling time of 0.1 s.

The economic cost has been setup considering: p=1. The
economic optimal steady state provided by this price is the linear-
ization point for models 1 given in Table 5.

Both MPC controllers have been setup with N=5. The offset
cost function has been taken as a weighted co—norm, that is £(x,
u)=0o(]|X —Xs || oo + | U — Us || 00 ), With & =100. The multi-model EMPC
has been desigined with M=1.

The results of this simulation are shown in Fig. 5. Note that,
the multi-model controller is able to drive the plant to the optimal
steady state, ensuring feasibility and stability. On the other hand,
the nominal offset-free EMPC cannot stabilize the plant, which

5. Conclusions

In this paper, an economic MPC based on multi-model descrip-
tion of the plant is proposed. A finite family of linear models has
been considered (multi-model uncertainty), which operates appro-
priately in a certain region around a given operation point. In this
way, each operation point defines a linear model, providing an
enough accurate description of the system.

It has been shown that feasibility and stability conditions are
preserved under changes in the economic cost function providing
a better robust performance thanks to the multi-model approach.
Moreover, the real plant converges to the optimal point that opti-
mizes the economic cost function.

The proposed controller has been tested on two chemical reac-
tors, showing better performance and robustness than standard
offset-free controllers.
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Appendix A.
A.1. Proofto Lemma 1
Proof. The proofto this lemma follows similar argumentasin[12,

Appendix A]. Considering the definition of F(x, u, p) and #(x, u), we
have:

N-1 N-1
V[f],(;(rv dr, piur) = F(x:(3), ur (7). p) +E(x (N =1),u;(N-1)) = Z [feco(xr() — xr(N — 1) + X5, ur(j) — ur(N — 1) — us, p) + A(x:(j))
j=0 Jj=0
N-1

—A(Xr (4 1)) = feco(xs, Us, )] + £(xr(N — 1), up(N — 1)) + A(xr(N — 1)) — A(xs) — €(Xs, Us) = Zfeco(xr(j) —-x(N-1)

j=0

+Xs, Ur() = ur(N = 1) + ts, p) + A(Xr) = A(Xr(N)) = Nf eco(Xs, s, p) + £(xr(N = 1), ur(N = 1)) + A(xr(N — 1)) = A(xs)

N-1

— (x5, us) = Zfeco(xr(j) —Xe(N = 1)+ x5, ur(j) — ur(N = 1) + us, ) + £(x:(N — 1), ur(N — 1)) + A(xr) — A(Xs)

Jj=0
N-1

~ NfecolXs, Us, p) = €5 Us) = D feco(Xe(i) = % (N = 1) 4 %5, ur(j) = ur(N = 1)+ tis, p) + £0xe(N = 1), up(N = 1))+

j=0

clearly exhibits an unstable behavior. Once again, this simulation
shows the benefit of using a multi-model approach.

The economic performance has been assessed using the measure
of the transient cost given by Eq. (37).

A better performance is the one that minimizes the transient
cost (V). The results are shown in Table 6. Once again, the multi-
model approach shows a lower transient cost as one would have
expected (since the nominal offset-free EMPC is not able to stabilize
the plant).

where  §=A(xr) — A(Xs) — Nfeco(xs, us, p)—L€(xs, us) and
Xr(N)=x;(N—1) due to fact that (x;(N—1), us(N—-1)) defines
an equilibrium point.

Hence,

VS, Br, dr, piur) = VE (R, dr, piur) 48

O
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A.2. Technical Lemmas

Lemma 2. Consider model (5) subject to constraints (2). Consider
that Assumptions 1-6 hold. Assume that there exists a k such that
for k >k, ar(k—i- 1)= ar(k), that is the disturbances d, have con-
verged. Let xs be the optimal steady state defined in Definition 1. For
all xr =%-(0) € X and X2(N — 1) € Xsr, define the function e(x;) =
xr —X2(N — 1). Then, there exists a K-function a. such that

lle(xr)Il > ce(lIXr — Xs) (42)

Proof. Notice that, due to convexity, e(x;) is a continuous function
[31]. Moreover, let us consider these two cases.

1 |le(xr) | =0 iff xr=x,. In fact, (i) if e(x;)=0, then x = x(N — 1),
and from Lemma 3, this implies that XO(N — 1) = xs; (ii) if x, =xs,
then by optimality xX?(N — 1) = x;, and then x; = X2(N — 1). Then,
lle(xr) || =0.

2 |le(xr) || >0 for all ||x- — xs || >0. In fact, for any x, # Xs, |le(x;)| # 0
and moreover || X; — Xs || >0. Then, |le(x;) || >0.

Then, since Xis compact, in virtue of [32, Ch. 5, Lemma 6, pag. 148],
there exists a K-function o, such that |e(x;) || > ce(lIXr — X5 11). O

Lemma 3. Consider system (5) subject to constraints (2). Consider
that Assumptions 1-6 hold, and consider a given parameter p for the
economic cost faco(x, U, p). Consider that, fork > k, dy(k + 1) = d,(k) =
d, that is the disturbances reach a stationary value d>° and the opti-
mal solution to Problem (20) is such that xO(N — 1; k) = x+(k), and
u%(N — 1; k) = u2(0; k). Then XO(N — 1; k) = x5, and ud(N — 1; k) = us.

Proof. Consider that (xO(N —1;k), u%(N —1;k)) is the opti-
mal solution to (20) at time k. Since by assumption u%(N —
1, k) =ud(0;k) and x:(k)=x%N —1;k), then from Property 1,
VR O(Re(K), dr(k), p) = EXAN — 1; k), ud(N — 1; k)

Moreover, since by assumption, ar(k) = d, from equation (10)
we have that L9(&(k) — xp(k) +df°) = 0, and then, by stability of the
observer, X-(k) — xp(k) + d* = 0.

This implies that, taking into account that (xX°(N — 1; k), u%(N —
1; k)) is a stationary point (the time dependence is removed for the
sake of clarity):

XN -1)=AxO(N - 1)+ Bud(N — 1)+ d>° =X (k+ 1)

de(k+1) = dy(k) = d®

This implies that, model 7z, € I1 converges to the stationary point
X(N-=-1)
v .
Assume now that, this stationary point is not the optimal one,
that is (X2(N — 1), u?(N — 1)) # (xs, us). Then, by convexity, there
exists a 8 € [0, 1] such that

(Rs, U1s) = BXIN — 1), u2(N — 1)) + (1 — B)(xs, us)

characterizes a stationary point, and moreover there exists a fea-
sible control sequence i, = {ii,(0), &i,(1), ..., i;(N — 1)} that drives
the state of model 7, from (xX2(N — 1), u%(N — 1)) to (s, ils). This
sequence is such that, the j-th element is given by ii-(j) = K- (%-(j) —
Xs)+ s, and %(+ 1) = ArX:(j) + Brilr(j) + di°, %:(0) = X?(N -1).
Then, the cost to drive the system from (x2(N — 1), u?(N — 1)) to
(Xs, 1is) is given by
-1

V[ir(XS(N -1),d, p;ty) = F(’?ro) —Xs + X, Ur(j) — Us + us, )
0

Jj=
+0(%s, s) < Yollxr(N — 1)° — K| + €(Xs, ils)

+0 = yo(1 = BIXAUN — 1) = x|l + £(Xs, Is) + 0

where o= A(x:(N—1)%) — A(xs)+£ (x5, us) and

1—|Ar + B K IV

=L(1 + |K
Yo (1+] r|)1*|Ar+BrKr|

Notice that, the last inequality and definitions come from Lemmas
3and4in[12].

Define now W(B) = yo(1 - B)IXXUN — 1) — x|l + £(Xs, @ls) + 0.
Using the same arguments as in [12, Lemma 5], it can be shown
that there exists a value of 8 € [0, 1) such that the value W(g)
is smaller than the value of this cost for §=1, which is W(1) =
E(x2N — 1), ud(N - 1)) = V5,°(&:(k), dr(k), p). This contradicts the
optimality of the solution to Problem (20) at time k, and the fact
that model m; has already converged to a stationary point. Then
it has to be that (x%(N — 1), u%(N — 1)) = (s, us). So the Lemma is
proved. OJ

References

[1] V. Adetola, M. Guay, Integration of real-time optimization and model
predictive control, J. Process Control 20 (2) (2010) 125-133.

[2] T. Alamo, A. Ferramosca, A.H. Gonzalez, D. Limon, D. Odloak, A gradient-based
strategy for integrating real time optimizer (RTO) with model predictive
control (MPC), in: Proceedings of the 4th IFAC Nonlinear Model Predictive
Control Conference - NMPC'12, Noordwijkerhout, NL, 2012, pp. 33-38.

[3] R. Amrit, J.B. Rawlings, D. Angeli, Economic optimization using model
predictive control with a terminal cost, Annu. Rev. Control 35 (2) (2011)
178-186.

[4] D. Angeli, R. Amrit, ].B. Rawlings, Enforcing convergence in nonlinear
economic mpc, in: 2011 50th IEEE Conference on Decision and Control and
European Control Conference, 2011, pp. 3387-3391.

[5] D. Angeli, R. Amrit, ].B. Rawlings, On average performance and stability of
economic model predictive control, IEEE Trans. Automat. Control 57 (7)
(2012) 1615-1626.

[6] D. Angeli, A. Casavola, F. Tedesco, Economic model predictive control with
parameter-varying cost and guaranteed average performance, in: 2015 54th
IEEE Conference on Decision and Control (CDC), 2015, pp. 4314-4319.

[7] D. Angeli, A. Casavola, F. Tedesco, Theoretical advances on economic model
predictive control with time-varying costs, in: Preprints of the 5th IFAC
Conference on Nonlinear Model Predictive Control, NMPC'15, 2015, pp.
272-277.

[8] T.A.Badgwell, Robust model predictive control of stable linear systems, Int. J.
Control 68 (4) (1997) 797-818.

[9] L.T. Biegler, Technology advances for dynamic real-time optimization, in:
Computer Aided Chemical Engineering — 10th International Symposium on
Process Systems Engineering, vol. 27, 2009, pp. 1-6.

[10] M. Diehl, R. Amrit, ].B. Rawlings, A Lyapunov function for economic optimizing
model predictive control, IEEE Trans. Automat. Control 6 (3) (2011) 703-707.

[11] S. Engell, Feedback control for optimal process operation, ]. Process Control 17
(3) (2007) 203-219.

[12] A. Ferramosca, D. Limon, E.F. Camacho, Economic MPC for a changing
economic criterion for linear systems, IEEE Trans. Automat. Control 59 (10)
(2014) 2657-2667.

[13] R. Findeisen, H. Chen, F. Allgéwer, Nonlinear predictive control for setpoint
families, in: Proc. of the American Control Conference, 2000.

[14] A.H. Gonzilez, ].L. Marchetti, D. Odloak, Robust model predictive control with
zone control, IET Control Theory Appl. 3 (2009) 121-135.

[15] L. Griine, Economic receding horizon control without terminal constraints,
Automatica 49 (3) (2013) 725-734.

[16] M. Heidarinejad, J. Liu, P.D. Christofides, Economic model predictive control of
nonlinear process systems using Lyapunov techniques, AIChE J. 58 (3) (2012)
855-870.

[17] J.V. Kadam, W. Marquardt, Integration of economical optimization and control
for intentionally transient process operation, in: R. Findeisen, F. Allgéwer, L.T.
Biegler (Eds.), International Workshop on Assessment and Future Direction of
Nonlinear Model Predictive Control, Springer, 2007, pp. 419-434.

[18] D. Limon, T. Alamo, D.M. Raimondo, D.M. de la Pefia, ].M. Bravo, A.
Ferramosca, E.F. Camacho, Input-to-state stability: an unifying framework for
robust model predictive control, in: L. Magni, D.M. Raimondo, F. Allgéwer
(Eds.), Nonlinear Model Predictive Control - Towards New Challenging
Applications, Springer, 2009, pp. 1-26.

[19] U. Maeder, F. Borrelli, M. Morari, Linear offset-free model predictive control,
Automatica 45 (10) (2009) 2214-2222.

[20] U. Maeder, M. Morari, Offset-free reference tracking with model predictive
control, Automatica 46 (9) (2010) 1469-1476.

[21] A.G. Marchetti, A. Ferramosca, A.H. Gonzdlez, Steady-state target optimization
designs for integrating real-timeoptimization and model predictive control, J.
Process Control 24 (1) (2014) 129-145.

[22] M.AF. Martins, D. Odloak, A robustly stabilizing model predictive control
strategy of stable and unstable processes, Automatica 67 (2016) 132-143.


http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0005
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0010
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0015
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0020
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0025
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0030
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0035
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0040
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0045
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0050
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0055
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0060
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0065
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0070
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0075
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0080
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0085
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0090
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0095
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0100
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0105
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0110

A. Ferramosca et al. / Journal of Process Control 54 (2017) 1-13 13

[23] D.Q. Mayne, J.B. Rawlings, C.V. Rao, P.O.M. Scokaert, Constrained model
predictive control: Stability and optimality, Automatica 36 (6) (2000)
789-814.

[24] M.A. Miiller, D. Angeli, F. Allgéwer, Economic model predictive control with
self-tuning terminal cost, Eur. J. Control 19 (5) (2013) 408-416.

[25] M.A. Miiller, D. Angeli, F. Allgéwer, Transient average constraints in economic
model predictive control, Automatica 50 (11) (2014) 2943-2950.

[26] G.Pannocchia, A. Bemporad, Combined design of disturbance model and
observer for offset-free model predictive control, IEEE Trans. Automat.
Control 52 (6) (2007) 1048-1053.

[27] G.Pannocchia, J.B. Rawlings, Disturbance models for offset-free
model-predictive control, AIChE J. 49 (2003) 426-437.

[28] S.J.Qin, T.A. Badgwell, A survey of industrial model predictive control
technology, Control Eng. Pract. 11 (7) (2003) 733-764.

[29] C.V.Rao, J.B. Rawlings, Steady states and constraints in model predictive
control, AIChE J. 45 (6) (1999) 1266-1278.

[30] J.B. Rawlings, D. Angeli, C.N. Bates, Fundamentals of economic model
predictive control, in: Proceedings of the 51st IEEE Conference on Decision
and Control (CDC), 2012, pp. 3851-3861.

[31] ]J.B. Rawlings, D.Q. Mayne, Model Predictive Control: Theory and Design, 1st
ed., Nob-Hill Publishing, 2009.

[32] M. Vidyasagar, Nonlinear Systems Theory, 2nd ed., Prentice-Hall, 1993.

[33] L. Wiirth, ].B. Rawlings, W. Marquardt, Economic dynamic real-time
optimization and nonlinear model predictive control on infinite horizons, in:
Proceedings of the International Symposium on Advanced Control of
Chemical Process, Istanbul, Turkey, 2009.

[34] C.M. Ying, B. Joseph, Performance and stability analysis of LP-MPC and
QP-MPC cascade control systems, AIChE J. 45 (7) (1999) 1521-1534.

[35] A.C.Zanin, M.T. de Gouva, D. Odloak, Integrating real time optimization into
the model predictive controller of the FCC system, Control Eng. Pract. 10 (8)
(2002) 819-831.


http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0115
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0120
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0125
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0130
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0135
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0140
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0145
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0150
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0155
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0160
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0165
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0170
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175
http://refhub.elsevier.com/S0959-1524(17)30040-9/sbref0175

	Offset-free multi-model economic model predictive control for changing economic criterion
	1 Introduction
	2 Problem statement
	2.1 Multi-model description of the plant
	2.2 Observer

	3 Multi-model economic MPC formulation
	3.1 Stability
	3.2 Properties of the proposed controller

	4 Illustrative examples
	4.1 Isothermal chemical reactor with consecutive-competitive reactions
	4.1.1 Simulation I
	4.1.2 Simulation II: average nominal model

	4.2 CSTR with parallel reactions

	5 Conclusions
	Acknowledgments
	A.1 Proof to Lemma 1
	A.2 Technical Lemmas
	References

	References


