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Abstract

The problem of robust predictive control for multivariable ill-
conditioned systems is addressed in this work. A technique for de-
signing robust disturbance models is presented, which is based on an
off-line min-max optimization problem. It is shown that the most
common disturbance model — the output disturbance model — is not
robust to modeling errors when the process model is ill-conditioned.
On the other hand the input disturbance model shows robustness to
uncertainties, and the optimal disturbance model obtained with the
technique proposed is close to the input disturbance model. Applica-
tion to a well-known ill-conditioned distillation column is presented.
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1 Introduction

In the last two decades Model Predictive Control (MPC) has become one the most studied
and applied control techniques both in academia and in the process industries. MPC arose
from the pioneering industrial applications called Dynamic Matrix Control (DMC) [7] and
Identification and Command (IDCOM) [23]. There are number of features that rendered
MPC interesting:
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e ability of operating on multivariable systems

e ability of dealing with non-minimum phase processes without requiring factorization
in minimum and non-minimum phase, as required by other model based control
technique (e.g. IMC)

e direct handling of input and output process constraints, using Quadratic Program-
ming [§]

These control algorithms used finite impulse or step response models to predict the process
behavior. Using past input information, the future control action is evaluated by minimiz-
ing a quadratic objective function in which the error between the predicted output and the
reference signal appears together with a term related to the amplitude of the control ac-
tion. Only the first control action is implemented and this optimization is repeated at each
sampling time. In order to obtain offset-free control, the model is updated with feedback
information. Comparing the current measured process output and the current predicted
output, a constant bias term is added to the future model forecasts.

Despite its popularity, some of the assumptions on which the original formulation of
MPC were based, limit the controller performance [14].

First of all, the use of a finite step (or impulse) response model may require a huge
number of coefficients and does not allow to deal with open-loop unstable processes. Open-
loop unstable and integrating dynamics are likely to occur in the process industries. Lee
et al. [11] presented a state-space formulation of DMC that allowed to handle integrating
processes, still using finite step response models. The most “natural” way to describe
stable and unstable processes is, however, to use state-space models [16] or autoregressive
models like in the Generalized Predictive Control (GPC) [4] [5].

Shinskey [27] clearly pointed out that DMC is able to outperform PID controllers on
set-point changes but not on load changes introduced upstream of a dominant lag. Actually,
the most efficient way to reject disturbances is to include them into a feed-forward scheme,
and DMC can easily accomplish this end provided that the disturbance is measurable and
its dynamic has been identified. The problem of a bad rejection of slow disturbances in
DMC is strictly related to the addition of constant bias term based on feedback information.
Lundstrom et al. [12] proposed a solution to this problem by modeling the disturbance as a
double integrated white noise sequence. Under this assumption, therefore, the disturbance
is assumed to be a ramp with piece-wise constant slope. In the GPC framework, the
disturbance is modeled by the choice of the observer polynomial (usually called T(g~1)).
Clarke and Mohtadi [3] clarify the role of this polynomial for enhancing the robustness and
shaping the disturbance response. Typically, the polynomial 7" is chosen such that 1/T
is a low-pass filter. Yoon and Clarke [31] provide useful consideration for the choice of T’
based on frequency analysis and they show how the disturbance polynomial can increase
the robustness to plant-model mismatch. Prada et al. [19] present a comparative study of
DMC and GPC, emphasizing the role of the polynomial T'. Details for the multivariable
extension of GPC can be found in [6] [13]. However, all the tuning considerations reported
in the cited papers are given for SISO systems and they do not deal with ill-conditioned
processes, which is the objective of this paper.
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In the process industries (and in particular in chemical applications) ill-conditioned
processes are rather frequent. A great effort of facing this problem has been carried out
in the classical feedback framework [29], [1] [9], [24], [10], and in Internal Model Control
theory [15], [2], [26]. Ill-conditioned processes arise when two (or more) manipulated inputs
have almost the same effect to controlled variables. A tight control of processes with large
interactions, like the ill-conditioned ones, requires an inversion of the process model. How-
ever, because of the ill-conditioning, this inversion becomes sensitive to input uncertainties
and plant-model mismatch [29]. In the industrial implementations of MPC, this problem
is faced in several ways [20]:

e In DMC, the input move suppression factor are adjusted to improve the conditioning
of the matrix to be inverted.

e In SMC-IDCOM by Setpoint Inc, the user defines a priority ranking of controlled
variables. When a high-condition number is detected, the controller drops low priority
variables until a well-conditioned sub-process remains.

e In RMPCT (Robust Model Predictive Control Technology by Honeywell), the Singu-
lar Value Thresholding (SVT) method is used in which a singular value decomposition
of the process model is carried out. Singular values below a threshold magnitude are
discarded, and a process with a much lower ill-conditioning is reassembled and used
for control.

Semino and Pannocchia [25], [17], propose to modify the nominal model in order to de-
crease the controller ill-conditioning. Application of “modified” DMC to a simulated binary
distillation column can be found in [18].

In this paper, the problem of robust control of multivariable ill-conditioned processes
is addressed in the general framework of MPC. The state-space formulation is chosen, and
different disturbance models are selected and compared.

This paper is organized as follows. In Section 2 the MPC algorithm is summarized,
which uses infinite horizon and state estimation. In Section 3 the choice of the disturbance
model is addressed, by presenting tools useful for comparing different disturbance models.
In Section 4 a case study, taken from the literature, is presented, in which the role of the
disturbance model is emphasized by several simulations. Finally, in Section 5 we summarize
the main results of this work.

2 MPC algorithm

2.1 Plant description

We assume that the plant is described by the following time-invariant, linear and discrete
equations (the subscript p denotes “plant”):

Tht1 = Apl‘k + Bpuk + DpJ
Yk = Cprp + Bpd (1)
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where z € R, u € R™, y € RP. d represents the plant disturbance vector while D, and P,
are the dynamic matrices of the disturbance itself.

2.2 Model description and state estimation

The model used by the MPC controller is the following:

Tpy1 = ApTp + Brug + Didy
dgy1 = dg
Yk = Cimx + Pndy (2)
where, in general, the dynamic matrices A,,, B, and C,, can be different from the cor-
responding plant matrices. Here, the integrated disturbance vector di € R" is added in
order to obtain offset-free control in the presence of plant-model mismatch and/or unmod-

eled disturbances. The choice of the disturbance model matrices D,,, and P, is a key-issue

of this paper and, therefore, it is carefully discussed in the next section.

The augmented state [m% dZ]T is estimated from the plant measurements y; by us-

ing the Linear Quadratic filtering theory. In this framework, the state is described as a
stochastic variables and the model equations can be written as:

Tp+1 = A + Bpug + Dpdi + wi;
dk+1 = dk + wg
Y = Conxr + Prdi + v (3)

where wy, wg and v, are zero-mean uncorrelated random sequences that satisfy:
W'~ (0,Qa)  w!~(0,Qa) v~ (0,Ry)
Thus, the model equations for the prediction become:
Fraje = Amij + Bmtk + Dindigi

dy s = diji
O = Crn@gpt + P (4)

Given the current measurement yi, the filtering equations are:

T = Trjp—1 + La(Yk — Trjp—1)
dijk = digjp—1 + La(yx — Grjp—1) (5)

where L, and Ly are the gain matrices of the steady-state Kalman filter. Several algorithms
are available to compute this steady-state filter.
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2.3 Regulator

The MPC control law used requires steady-state targets for the state and the input vectors.
In the general case of different number of inputs and outputs, an optimization problem can
be posed and solved with the respect of input and state constraints [21]. If we consider the
unconstrained square case, a simpler solution exists.

The target calculation is based on the assumption that the disturbance estimate remains
constant in the future, i.e. ds = ci]dk. Therefore, we can write:

Tyk = AmTjk + Bt + Dindyp
y=Cnzgi + PmCZk|k (6)
from which
g = Gy g — Gt (P + Ga)dygy,
Ty = (I = Am) " [Bmsji, + Dindyyr] (7)

where:

Gu=Cn(I — Ay) 'B,, Gqg=Cn(I—Ap) Dy

are the model steady-state gains of the input u and of the input disturbance estimate d.
The regulator objective function is defined over an infinite horizon [22] and is given by:

L\D»—l

oo
= Z 5 — DT QWrtjie — ) + (Wit — sp)” R(upgs — ugii)
7=0

(s — Whpj—1)T S (wkj — uprj1)}  (8)

where 7 is the set-point reference vector, m = {ug, ug41, ,Ugt2,...} is the input sequence.
@, R and S are positive definite tuning matrices; usually, either R or S is zero. Eqn. 8
can be rewritten into the standard Linear-Quadratic formulation by augmenting the state
vector:

Tk — T
Tj < |: ktilk Slk:| y  Uj < Uk4j — Us\kv
Uk+5—-1 — us|k:

ctQCc o Jo
Q<—[ 0 S:|, R— R+ S, M—[_S]

where z;, and ug), are the state and the input target, as previously defined. Hence, the
objective function becomes:

1 o0
=5 Z TQ:Uj + u;‘-FRuj + 2x]TMuj) (9)
7=0

Then the regulation problem is defined in terms of finding the optimal sequence m, by
solving:
min ¢ () (10)

™
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subject to the model Eqn. 3 and, in general, subject to constraints on the input and the
output. Only the first element of the optimal sequence 7* is injected into the plant and
this optimization is repeated at each sampling time.

The unconstrained problem was formulated and solved by Kalman, and the solution is
the well-known linear feedback control law:

U = Ka:(i‘k\k — $s\k) + Ku(uk_l — u5|k) + Ug|k (11)

where K, and K, are the gain matrices of LQ regulator. Several numerical subroutines
are available for solving this problem as well.

3 Choice of the disturbance model

3.1 Observability limitations

Using the Hautus lemma [30], we can obtained a number a conditions that have to be
satisfied in order for the augmented system to be observable.

Lemma 3.1 (Hautus observability) For a linear system defined by the matrices A €
R™ "™ B e R™™ (C € RP*", the Hautus observability matriz is:

=M

The following properties are equivalent:
e (A,C) is an observable pair
e rankH =n vaeC
e rankH =n VA(A)

In order to update the augmented state with (5) and therefore, to compute the Kalman
gain matrices L, and L4, the augmented system has to be observable. The augmented
system matrices are:

1 Am Dm ~_Bm 2
A:[O 1] B_[O}, C=[Cn Pyl

Applying the Hautus lemma, we obtain that (/Nl, C ) is observable if and only if the following
condition is satisfied

A — A, —Dp, 3 y
rank 0 (A—=1)I,,| =rankH =n-+ny VA(A) (12)
Crm, P,

Since A is block diagonal its eigenvalues are the union of the eigenvalues of A,, and of I,, J
(i.e. 1), the following theorem can be stated:
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Theorem 3.1 The augmented system ([l, C’) 1s observable if and only if the original system

is observable and:
I—-A,, —B,

rank [ o P,

:| =n-+ng (13)
From the previous theorem we also obtain a limitation on the dimension of the distur-
bance vector d, which is defined by the following lemma.

Lemma 3.2 Given a observable system with n states and p independent output, the max-
imum number of integrated disturbances that can be added without loosing observability is
given by:

ng <p (14)

Since each integrated disturbance is responsible for the removal of the offset in one of
the outputs, and since we want to remove offset in all the output, we choose:

ng=p (15)

3.2 Closed-loop system evolution

In this paragraph we write the evolution of the closed-loop system by using the equations
presented for the plant, the state estimator and the regulator. Again, we remark the
assumptions over which this calculation is based:

e The system is square.
e Input and state constraints are not active.

Combining Egs. 1, 5 and 4 we can write a relation between the plant and the model
state. Thereafter, using Eqs. 11 and 7, we obtain an expression of the control action as a
function of the plant and the model state. Finally, we obtain:

T Tt

Pl I el VRN Y (16)
dy |k dp—1)k—1
Uk—1 Uk—2

where the matrices A, = and © are reported in Appendix A.1. Let z; be the augmented
state:
L
Tilk
di|k
Uk—1

Zk =

The closed-loop system evolution can be described by:

Zhp1 = Az + Z7 + Od
yr =Dz + Ppd (17)
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where
I'= [Cp 00 0]

The set-point reference § and the plant disturbance d appear in Eqn. 17 as exogenous
terms.

Eqn. 17 is the base of further analyses and, therefore, a number of comment are appro-
priate:

e The initial state zy depends on the initial plant and model state and the last input. If
we assume that the plant and the model states are at the origin, the initial augmented
state is zero.

e Using z-transforms, Eqn. 17 can be used to evaluate the transfer functions from the
the exogenous terms (i.e. the set-point reference and the disturbance) to the plant
output usually referred to as “Complementary Sensitivity Function” and “Sensitivity
Function”. With minor changes, analogue transfer functions from the exogenous
terms to the manipulated input can be computed.

e Writing an appropriate Lyapunov equation, we can use Eqn. 17 in order to evaluate
to plant objective function for any given plant and model.

The latter approach is used in the next paragraph for comparing and selecting different
disturbance models.

3.3 Performance evaluation

By augmenting the state with the exogenous terms, Eqn. 17 can be written as:

Zpy1 = Wz (18)
where
F o T
Tl A= O
5 = | B v=10 I 0
k-1 00 I
y
L d |
The initial augmented state is:
_ o -

&0 + Ly [Cpwo + Pyd — (Crndio + Prdo)]

—do + La[Cpo + Pyd — (Coirg + Prndo)] (19)

[an)}

SR
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The plant objective function is the measure of the controller performance and is given
by Eqn. 8 in which the output estimate 3 are replaced by the real plant output y. The
objective function can be written in terms of augmented state Z as:

o

~T A~
j Q%

I
o
HO

Z

{Q+97Qu+ (@)TQu2+ - } 2 (20)

where Q is reported in Appendix A.2. The term within brackets can be evaluated as
solution of the following Lyapunov equation:

S=Q+v'Sv (21)

Finally, the objective function becomes:
& = 705z (22)

A number of comments are appropriate:

e Given a plant and a model, and specified the set-point reference and the plant dis-
turbance, Eqn. 22 can be used to evaluate the closed-loop performance, without
requiring simulations.

e A number of tuning knobs (regulator and estimator penalty matrices, disturbance
model matrices) can be adjusted in order to minimize the objective function. Let x
be the chosen set of tuning parameters. We can pose an optimization problem as
shown below:

min (23)
X
Since the purpose of this paper is to understand the implications of the disturbance
model, we regard regulator and estimator penalty matrices as fixed and we only
change the matrices D, and P,, in order to minimize the objective function.

e In general the plant matrices are not exactly known. The true plant lies in a
(bounded) region around the nominal plant (i.e. the model). Hence, Eqn. 22 can be
used to find the worst case of performance within the plant region, by maximizing
the objective function:

max P (24)

AP7BP7CP

e Combining the minimization and maximization, Eqn. 22 can be used to find the
tuning parameters that guarantee the best performance in the worst case of plant-
model mismatch:

min max & (25)
X Ap,Bp,Cp
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3.4 Disturbance model matrices

The disturbance model is defined by the matrices D,,, and P,, that appear in Eqn. 4. Among
all the infinite combinations of these matrices, two of them have a particular physical
interpretation:

1. Qutput disturbance model, obtained by setting D,,, = 0 and F,,, = I. With this choice
the difference between the predicted and the actual plant output is assumed to be
caused by an output step disturbance, which remains constant in the future. This is
the choice of all industrial implementations of MPC [20].

2. Input disturbance model, obtained by setting D,, = B,, and P,, = 0. With this
choice the difference between the predicted and the actual plant output is assumed
to be caused by an input step disturbance, which remains constant in the future.

Despite its large use, the output disturbance model is rather unrealistic in the process in-
dustry. In fact, disturbances always enter upstream of the dominant process time constant
and, in many cases, at the same point as the manipulated variables [27]. For ill-conditioned
processes, moreover, input uncertainties act like disturbances entering at the input, and
this is the reason why DMC (and similar MPC controllers) are sensitive to input uncer-
tainties [12]. On the other hand, the input disturbance model is able to reject quickly
disturbances with slow dynamics (sometimes called “ramp-like”). Moreover, the input
disturbance model renders the MPC controller not sensitive to input uncertainty and,
therefore, it increases the controller robustness for ill-conditioned processes.

In general, we can choose a disturbance model that has both D,, and P,, by solving an
optimization problem like Eqn. 25. In order to simplify the problem, we can assume the
following disturbance model:

D = BnQp:  Pn=1IQp (26)
where Qp = diaglw?’,...,wh] and Qp = diaglw!,...,w]], in which w? and w!" are coef-

ficients in [0, 1]. Since we consider square systems only, Qp and Qp are diagonal matrices
of the same dimension (equal to the number of inputs or outputs). Thus, the optimal
disturbance model can be found by solving the following:
min max P (27)
Qp,Qp Ap,Bp,Chp
It is important to point out that the result of this optimization depends on the exogenous
signals, i.e. the set-point reference and the plant disturbance. For different plant distur-
bances, for example, different optimal tuning parameters are obtained. In the case study,
we provide a further clarification of this point.

4 Case study

4.1 Plant and model description

The case analyzed here is a well-known binary distillation column [28] with the modifi-
cations applied by Lundstrém et al. [12] in order to include a measurement delay. The
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nominal model is:

(28)

0.878 0.014 _ 0.878

|:yD:| _ 6—98 14718 1+72s 1+71s |:Lt:|
1.082 —0.014 _ 1.082 \V

B 1+T139L(5) ( T+7mas 1+T15) b

where yp and zp are the top and the bottom logarithmic compositions, respectively, L; and

V4 are the reflux rate and the boil-up rate, respectively. The characteristic time constants

are 71 = 194min and 79 = 15min and the delay time is § = 1min. gr(s) expresses the liquid
flow dynamic:

1
1+ 61 /nps)nr
where 07, = 2.46min and ny should be equal to the number of trays. As Lundstréom et al.
[12], we choose np = 5 in order to avoid a model of unnecessary high order. Choosing a
sampling time of 1min, a state-space realization of this model has been found. The system
has 12 states, 2 inputs and 2 outputs. This column is a typical example of multivariable
ill-conditioned system.

gr(s) = ( (29)

Independent input uncertainty is considered for robustness analysis, in which the mag-
nitude of the uncertainty is bounded:

AVb actual 0 L+ 52 AV}, computed

0.2 < 61,65, <0.2 (30)

4.2 Disturbance models and tuning

Output and input disturbance models, as described in Section 3.4, are used and compared.
We denote MPC; the controller based on the output disturbance model and MPCsy the
controller based on the input disturbance model. Moreover, when an optimal disturbance
model is found by solving Eqn. 27, we denote MPCj3 the controller based on this disturbance
model. For this example, the optimization problem of Eqn. 27 becomes:

min  max® (31)
WP oD WP P 31,02

s.t.
D D P P
Oéwl yWo s W1, Wo S 1

—0.2< 61,0, <0.2

For all controllers, same tuning parameters have been chosen:
Q=50I; R=0;, S=1
For all estimators, the following covariance matrices have been chosen:

,=10"%, Q;=1; R,=10"°r
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4.3 Set-point change

A set-point change in the output unfavorable direction is considered in this section (ob-
tained via Singular Value Decomposition, SVD):

~ [-0.78094
Y= 1 0.62460

In Figure 1 the value of the objective function wvs the input uncertainties §; and Jo is
reported for MPC; (based on the output disturbance model). The corresponding plot for
MPCy (based on the input disturbance model) is reported in Figure 2. From Figures 1 and 2
it appears that the robustness of MPC; is poor when the input uncertainties have opposite
sign. On the other hand, the input disturbance model guarantees a robust performance
over the entire input uncertainty region. Moreover, for this set-point change, the solution
of the optimization in Eqn. 31 is:

. 01963 0 1. . [0 0
QD‘[ 0 1.0000]’ QP_[O o]

Hence, the optimal disturbance model for this set-point change is “almost” equal to the
input disturbance model. In Figure 3 a comparative simulation of MPC;, MPCs and MPCg
(based on the optimal disturbance model) is reported for the uncertain case with:

5 =0.2; &y =—02

From Figure 3 it is clear that, despite the input uncertainty, MPCs guarantees a good per-
formance because the input disturbance model quickly corrects the plant-model mismatch.
MPCy, instead, provides a sluggish and slow set-point change because the output distur-
bance model does not properly correct the input uncertainty. Moreover, the responses of
MPCy and MPCs are almost identical.

4.4 Rejection of an output disturbance

The rejection of an output disturbance is considered in this section. Again, we consider
a disturbance in the unfavorable direction of the plant, because this is the most difficult
direction to reject:
J— [—0.78094]
0.62460

In Figure 4 the value of the objective function vs the input uncertainties §; and d9 is re-
ported for MPCy, while the corresponding plot for MPCy is reported in Figure 5. From
Figures 4 and 5 it appears that MPC; rejects the disturbance better than MPCy in nominal
conditions and when the input uncertainties have the same sign. However, when the input
uncertainties have opposite sign, the output disturbance model is not able to correct prop-
erly this plant-model mismatch and the performance rapidly degrades. On the other hand,
MPCs is able to face the input uncertainties and it guarantees a more robust performance
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Figure 1: Objective function vs uncertainty for MPC; for the set-point change
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Figure 2: Objective function vs uncertainty for MPCsy for the set-point change
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Figure 3: Comparative set-point change in the uncertain case
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in the uncertain plant region. Moreover, for this disturbance rejection, the solution of the
optimization in Eqn. 31 is:

qr _ [0-8312 0 1. i _ 0.0421 0
D= 0 0.0005 |’ P 0 0.9599

In Figure 6 a comparative simulation of MPC;, MPCy and MPCjs is reported for the
uncertain case with:

5 =—02; 5y =02

From 6 it appears that MPC; does not reject quickly the output disturbance when input
uncertainty is present, while MPCs is faster even though the plant disturbance acts at the
output. Finally, MPCs guarantees a performance that is slightly better than MPC,.

4.5 Rejection of an input disturbance

In this section the rejection of an input disturbance in the favorable direction is considered:

- ~0.70655
d=10 [ 0.70766 }

In Figure 7 the value of the objective function vs the input uncertainty d; and do is reported
for MPCy, while the corresponding plot for MPCs is reported in Figure 8. From Figures 7
and 8 it appears that the performance of MPC; is poor even in nominal conditions. When
input uncertainty is present, the disturbance rejection performance is even worse. MPCs,
instead, guarantees a good performance, which is almost insensitive to the plant-model
mismatch. Moreover, for this disturbance rejection, the solution of Eqn. 31 is:

. _ [1.0000 0 1 e _ 0.0014 0
D= 0 1.0000|° P 0 0.0013

In Figure 9 a comparative simulation of MPC;, MPCy and MPCjs is reported for the
uncertain case with:
51 = —0.2; 52 =0.2

Figures 9 clearly shows the the MPC; is not adequate to reject disturbance with slow
dynamics. This behavior is amplified by the plant ill-conditioning in the presence of input
uncertainty. On the other hand, MPC, guarantees a robust performance that is almost
equal to the performance of MPCg based on the optimal disturbance model.

5 Conclusions

In this paper the problem of robust predictive control of multivariable ill-conditioned pro-
cesses has been addressed by analyzing the implications of the choice of the disturbance
model. A state-space realization of the closed-loop system has been obtained, which per-
mits to evaluate the performance of the MPC controller. This tools has been used to
analyze the robustness of different disturbance models in a bounded region where the
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Figure 4: Objective function vs uncertainty for MPC; for the output disturbance rejection

Figure 5: Objective function vs uncertainty for MPCy for the output disturbance rejection
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Figure 8: Objective function vs uncertainty for MPCsy for the input disturbance rejection
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Figure 9: Comparative input disturbance rejection in the uncertain case
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plant could lay, for any given set-point change or disturbance rejection. Moreover, a min-
max optimization can be posed in order to find the disturbance model that guarantees the
best performance in the worst case of plant-model mismatch. In particular, the output
disturbance model and the input disturbance model have been compared for the control of
a well-known ill-conditioned distillation column. For different cases of set-point change or
disturbance rejection the optimal disturbance model has been found.

Industrial implementations of Model Predictive Control (like DMC) use an output dis-
turbance model to correct the model prediction in the presence of plant-model mismatch.
However, for ill-conditioned systems, the output disturbance model is not robust to input
uncertainty and does not guarantee a good performance. Moreover, the output distur-
bance model is too slow when rejecting disturbances with slow dynamics (“ramp-like”
disturbances). This problem becomes more dramatic when input uncertainty is present.
It is important to point out that when there is input uncertainty the output disturbance
model is not able to reject properly even an output disturbance for which it is optimally
designed.

The input disturbance model, on the other hand, is able to overcome both the problems
of robustness for ill-conditioned processes and the rejection of slow-dynamics disturbances.
The increment in robustness clearly appears by comparing the objective function over the
plant-model mismatch region. Moreover, in many cases the optimal disturbance model and
the input disturbance model guarantee almost the same robust performance.

The output disturbance model shows a better performance than the input disturbance
model only in the rejection of a “pure” output disturbance, which is unlike to occur in the
process industries [27]. However, when input uncertainty is considered the weak robustness
of the output disturbance model appears and the performance rapidly degrades.

References

[1] A. Brambilla and L. D’Elia. Multivariable controller for distillation columns in the
presence of strong directionality and model errors. Ind. Eng. Chem. Res., 31:536-543,
1992.

[2] J-W. Chang and C.-C. Yu. Failure conditions for inverse-based multivariable con-
trollers: Internal Model Control structure. Chem. Eng. Sci., 47:2047-2056, 1992.

[3] D. W. Clarke and C. Mohtadi. Properties of generalized predictive control. Automat-
1ca, 25:859-875, 1989.

[4] D. W. Clarke, C. Mohtadi, and P. S. Tuffs. Generalized predictive control - Part I.
the basic algorithm. Automatica, 23:137-148, 1987.

[5] D. W. Clarke, C. Mohtadi, and P. S. Tuffs. Generalized predictive control - Part II.
extensions and intrepretations. Automatica, 23:149-160, 1987.

[6] D. J. Cloud and B. Kouvaritakis. Characteristic decomposition and the multivariable
generalization of predictive self-tuning control. IEE Proc.—D, 135:161-181, 1988.



TWMCC Technical Report 2001-02 21

7]

C. R. Cutler and B. L. Ramaker. Dynamic matrix control — a computer algorithm. In
AIChE 86th National Meeting, Houston, TX, 1979.

C. E. Garcia and A. M. Morshedi. Quadratic programming solution of dynamic matrix
control (QDMC). Chem. Eng. Commun., 46:73-87, 1986.

M. Hovd and S. Skogestad. Simple frequency-dependent tools for control system
analysis, structure selection and design. Automatica, 28:989-996, 1992.

C.-W. Koung and J. F. MacGregor. Identification for robust multivariable control:
the design of experiments. Automatica, 30:1541-1554, 1994.

J. H. Lee, M. Morari, and C. E. Garcia. State-space interpretation of model predictive
control. Automatica, 30:707-717, 1994.

P. Lundstrém, J. H. Lee, M. Morari, and S. Skogestad. Limitations of dynamic matrix
control. Comput. Chem. Eng., 19:409-421, 1995.

C. Mohtadi, S. L. Shah, and D. G. Fisher. Frequency response characteristic of MIMO
GPC. Int. J. Control, 55:877-900, 1992.

M. Morari and J. H. Lee. Model predictive control: The good, the bad and the
ugly. In Fourth International Conference on Chemical Process Control, pages 419—
444. Elsiever, 1991.

M. Morari and E. Zafiriou. Robust Process Control. Prentice Hall, 1989.

K. R. Muske and J. B. Rawlings. Model predictive control with linear models. AIChE
J., 39:262-287, 1993.

G. Pannocchia and D. Semino. Optimal modified models for robust predictive con-
trollers. In 14th IFAC World Congress, volume N-7, pages 157-162, Beijing, China,
1999.

G. Pannocchia and D. Semino. Use of different kinds of linear models in predictive
control of distillation columns. In Proceedings of IFAC AdChem, Pisa, Italy, 2000.

C. Prada, J. Serrano, P. Vega, and M. A. Piera. A comparative study of DMC and
GPC controllers. In D. W. Clarke, editor, Model-Based Predictive Control, pages
38-52. Oxford, 1994.

S. J. Qin and T. A. Badgwell. An overview of industrial model predictive control
technology. In Jeffrey C. Kantor, Carlos E. Garcia, and Brice Carnahan, editors, Fifth
International Conference on Chemical Process Control, AIChE Symposium Series 316,
93, pages 232-256. AIChE, 1997.

C. V. Rao and J. B. Rawlings. Steady states and constraints in model predictive
control. AIChE J., 45:1266-1278, 1999.



TWMCC Technical Report 2001-02 22

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A
Al

J. B. Rawlings. Tutorial: Model predictive control technology. In American Control
Conference, pages 662—676, San Diego, CA (USA), 1999.

J. Richalet, J. Rault, J. L. Testud, and J. Papon. Model predictive heuristic control:
Applications to industrial processes. Automatica, 14:413-1554, 1978.

C. Scali, A. Brambilla, and M. Morari. Controller design for a multiproduct distillation
unit in the presence of uncertainty. ichem, 104, 1993.

D. Semino and G. Pannocchia. Robust multivariable inverse-based controllers: Theory
and application. Ind. Eng. Chem. Res., 38:2375-2382, 1999.

D. Semino, C. Scali, and A. Brambilla. Design of double filter IMC controllers for
ill-conditioned distillation columns. Comput. Chem. Eng., 17:1041-1046, 1993.

F. G. Shinskey. Feedback controllers for the Process Industries. McGraw-Hill, Inc,
1994.

S. Skogestad and M. Morari. Control configuration selection for distilations columns.
AIChE J., 33:1620-1635, 1987.

S. Skogestad and M. Morari. Implication of large RGA-elements on control perfor-
mance. Ind. Eng. Chem. Res., 26:2323-2330, 1987.

E. D. Sontag. Mathematical Control Theory. Springer, second edition, 1998.

T-W Yoon and D. W. Clarke. Observer design in receding-horizon predictive control.
Int. J. Control, 61:171-191, 1995.

Matrices

Matrices of Eqn. 16
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