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A linearized robust model predictive control applied to bioprocess

S.E. Benattia, S. Tebbani, D. Dumur

Abstract— This work deals with the problem of tra-
jectory tracking for a nonlinear system with unknown
but bounded model parameters uncertainties. First, this
work focuses on the design of classical robust nonlinear
model predictive control (RNMPC) law subject to model
parameters uncertainties implying solving min-max opti-
mization problem. Secondly, a new approach is proposed,
consisting in approaching the basic min-max problem into
a more tractable optimization problem based on the use
of linearization techniques, to ensure a good trade-off
between tracking accuracy and computation time. The
robust stability of the closed-loop system is addressed.
The developed strategy is applied in simulation to a
simplified macroscopic continuous photobioreactor model
and is compared to the RNMPC controller. Its efficiency
is illustrated through numerical results and robustness
against parameter uncertainties.

Index Terms— Robust MPC, Min-max optimization, Ro-
bust stability, Uncertain systems, Bioprocesses, Microalgae.

I. INTRODUCTION

The aim of this paper is to design a robust controller
that would be able to elaborate an adequate control
strategy in order to guarantee that the process will yield
the setpoint under model parameter uncertainties. This
requires the application of advanced optimal control
strategies to ensure the process efficiency, among them
predictive control is a good candidate. This work is
focused on Nonlinear Model Predictive Control (NMPC)
strategy [1]. The major advantage of the MPC law is
that it allows the current control input to be determined,
while taking into account the future system behavior
and constraints on the system. This is achieved by
optimizing the control profile over a finite time horizon,
but applying only the current control input. However, the
performances of the NMPC law usually decrease when
the true plant evolution deviates significantly from the
one predicted by the model. Robust variants of NMPC
(RNMPC) [2], [3] are able to take into account set
bounded disturbance, formulated as a nonlinear min-
max optimization problem which leads to important
calculation time and thus untractable online algorithms.
Therefore, the paper transforms the standard RNMPC
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into a more tractable optimization problem, approaching
the criterion using a model linearization technique (first
order Taylor series expansion) at each sampling time
along the nominal trajectory which is defined based on
the nominal parameter values and the optimal control se-
quence obtained at the previous iteration (called hereafter
Linearized Robust MPC, LRMPC). The main advantage
of LRMPC is to be computationally tractable in calculat-
ing the optimal control, reducing the computation load.
Stability properties of the robust model predictive control
strategy taking into account bounded uncertainties have
been analyzed in [4], [5], [6]. In this study, based on
work developped by [3], [5] and taking the objective
function as the Lyapunov candidate function, the robust
stability of the closed-loop system while applying the
LRMPC law is established under some assumptions.
The paper is organized as follows. In Section II, some
notations used through the paper are introduced. Section
Il presents the class of nonlinear systems that will
be considered and Section IV the robust predictive
control strategy, based on linearization techniques. Some
definitions and results in robust stability are presented,
followed by stability analysis of the proposed control
law. An application to the control of the biomass con-
centration in a continuous photobioreactor is presented
in Section V. Numerical results are provided in order to
demonstrate the effectiveness of the proposed strategy
in case of model mismatch. Finally, conclusion and
perspectives are stated in Section VI.

II. NOTATIONS

Matrix norm ||A|| is given by [|A|| = /G (A*A) with
6(A) the maximum eigenvalue of A. The notation A*
denotes the conjugate transpose of A. ||z||3 = z' Pz is
the Euclidean norm weighted by P. The notation A"
denotes the pseudo inverse of A. A function J(x) is said
to be locally lipschitz with respect to its argument x if
there exists a positive Lipschitz constant L; such that
[|(x1) —J(x2)|] < Ly||x1 —x2|| for all x; and x; in a given
region of x. A function ¢ is said to be positive definite
if ¢(s) >0 for all s >0. A function f: R — R is said
to be €™ function with n € Zx, if the first n derivatives
F O, ()., f™() all exist and are continuous with
respect to their argument. A function a: R>¢p — Rx>o
is a . -function (or of class %) if it is continuous,
positive definite, strictly increasing and o(0) = 0. A
function B: R>9g — R>¢ is a J#.-function if it is a ¢ -



function and also f(s) —> o0 as s —» 0. A function ¥:
R>0 X Z>9 —> R>q is of class #.Z if, for each fixed
t >0, y(.,t) is of class ', for each fixed s > 0, is
decreasing and y(s,t) — 0 as t — o.

III. PROBLEM STATEMENT

Consider a system described by an uncertain discrete-
time nonlinear model:

{ X1 = (X u,0),k >0, xo =%

Yk = Hoxg )

where x; € X C R is the state vector with X the compact
set of admissible states and X the initial state, y, € Y C
R™ is the measured output with Y the compact set of
admissible outputs, u; € U C R™ represents the control
input with U the compact set of admissible controls and
0 € R" is the vector of uncertain parameters that are
assumed to lie in the admissible region ® = [67,07].
The mapping f : R™ x R™ x R"6 — R"™, assumed of
class €2 with respect to all its arguments, represents the
nonlinear process dynamics. The measurement matrix is
given by H € R»*™_ X, Y and U contain the origin.

Exogenous inputs can act on system (1). They are
omitted to simplify notation (but are applied to the
system). The control input u is parametrized using
a piecewise-constant approximation (u(7) = u(t), T €
[t tk+1[) over a time interval [ty,t;41] 2 [kTy, (k+ 1)T5)]
considering a constant sampling time 7.

Let us define the discrete state trajectory g, at time 1
with initial state xp, and with ui’é the control sequence
from the initial time instant zy to the time instant 7;:

{ xk+l = g(t07tk+lv-f7 M;éu 9 = enom + 59) (2)
Y= Hxg

where 0,5, = (07 +07)/2 are the nominal parameters
and 86 are the parameters uncertainties. It can be easily
shown that:

f(xk;u/ﬂe)Eg(tkytk+17xkaulk76) (3)
IV. CONTROLLER DESIGN

In this paper, a new robust predictive control law is de-
signed such that the output signal y; tracks the reference
signal y; while ensuring good closed-loop behaviour and
tracking accuracy, despite the model uncertainties. The
predictive controller predicts the plant future evolution
over a finite receding horizon of length N,T;, using
a nonlinear dynamic model. At each time instant #,
the future control sequence is computed by minimizing
a quadratic cost function based on the future tracking
errors, while ensuring that all constraints are respected.
The first control in the optimal sequence is applied to the
system until the next time step, when the measurement
becomes available. The optimization problem is solved
again at the next sampling time according to the well-
known receding horizon principle.

A. Min-max optimization problem

Since the predictive controller is model-based, it is
very sensitive to model uncertainties, and more specifi-
cally to the model parameters values. In our case, we
will assume that the parameter vector 6 is uncertain
and belongs to the known compact set ®. In this case,
a robust predictive control strategy (RNMPC) implying
a min-max optimization problem [2] can be used and
defined as follows (at time index k):

wk+Np—1

. k+Np—1
Uy, =arg min max  Tg(xe,u, " ,60)
u'ﬁN”*leU 5009
)

where the cost function is defined as

k+N,—1 A k+N,—1,2 k4N, _k+Np 12
Og(xg,u " ,80)=||0w, " v+ "= "llw
(5
with
*
Up — Uk—1 Oy,
k+N,—1 ) )
6uk 4 = uk+j_uk+j71 = 6Mk+j the
Uj Ny—1 — Uk4N,—2 6 Uk+Np—1

control increments, zjk,l the control input applied at
time index k— 1,

Hg(ti, b 15Xk, Uk, 0)
~k+N, . k+j—1 .
ykil" = | Hg(tx,trs j,xk,ukﬂ ,0) | the predicted out-
kN
|Hg(t i, Xty ", 0) |
k4N, T T ©)
put, and y,_ " = [y,zﬂ,...,y,’cﬂvp]T the setpoint values.

©% is a compact set that contains the origin, defined
as follows: ®% = [—86,ux, 86pax] With 86,0 = (07 —
67)/2. U= [u!,u"] (lower and upper bounds). V >0 and

W > 0 are tuning diagonal weighting matrices.
k+Np—1
The optimal control sequence ftk " " is determined to

minimize the tracking error by considering all trajecto-
ries over all possible data scenarii.

B. Linearization techniques

Since the min-max optimization problem is time con-
suming, it will be transformed further by converting
the min-max optimization problem into an approximated
minimization one. From (2), the predicted state for
time 7, ;, starting from state at #, is linearized around
the reference trajectory given by the control sequence
ﬁ:JrNP?l (defined later) and for the nominal parameters.
A first order Taylor series (local) expansion of (2) for



Jj=1,N, is used:

et j—1
8t tis jy Xyt 7, 0) Agnom (tir ;) + Vog(tis ) 50+

k+j—1 _ —k+j-1
Vug(tierj) (e =)
(7
with
—k+j—1
gnom(thrj):g(tkvtk+j7xk7uk ! 791mm) (8)
Iglin,tis st ', 0)
Jo ks Uy ;
Vog(tiyj) = 30 )]
G it
k ,
6 = Guom
08ty tir jyxe,uy ', 6)
Vug(thrj) = 9 k+j—1 v (10)
uy WEHT gt
6 = Buom
The control sequence wused for the linearization
N1 *k+Np -2 . .
it U,_; , is defined as the optimal control

sequence of the optimization problem (4) obtained at
the previous sampling time (at time index k — 1). The
dynamics of sensitivity function with respect to 0, de-
fined in (9), can be computed for time f € [tt,fx4n,]| as
detailed in [7]. On the other side, in order to simplify
the calculation of the gradient V,g, finite differences are
used to approximate numerically the derivative V,g(fc; ;)
for each control u;, j € [k,k—|—Np —1]. From (6) and (7),
it comes:

KN, k4N, k+N,,
Vs *Gnom,k+1+Gek+159+ (11
k+Np—1 , k+N,—1 k+Np71
Gu,k (&, + 1Ty, Ou )

where
* *
Up—1 Ug—1
h Nyl _ . .
T S : 12)
* *
Up—1 U4 N,—2

Iy, € RN»*Np: unitary lower triangular matrix

p
(Gnom,]ljc-rl)T = [gnom(thrl)THT, --agnom(ther)THT]?
the vector containing the predicted output for the
norknigal case.
+Np\T
(Gorthr) = [Vog(tis1) "H',...,Vog(trsn,) "H'], the
vector of Jacobian matrices related to the parameters.
k+Np—1
G " )= Vg THT, L Vig(ten,—1) TH T,
the Jacobian matrices related to the control sequence.
Assuming that the uncertain parameters are uncorrelated,

the bounded parametric error 660 can be expressed by:
86 = Y380, with |[y]| <1 (13)

The initial objective function Ilg (5) is substituted by a
cost function using the equation (11). The result is given

by the following expression:

k+Np 1 k+N,,

k+Np—1 +Np—1

OR (xg,u, 7 ,00) ~ |[u, 7 v+ G nom k1

k4N I+, k-+Np—1 k+N, 1 _ktNp—1
—Vir1 G h60+G, T (T )l

2 (g, 7 50)
(14)

The new optimization problem is given by:

wk+Np—1 _

Uy, " " —arg min max H(xk,ulli+N1’ 1,56) (15)

k+Np—1 560
subject to 80 € ®°, x e X, uec U and (13).

C. Stability analysis

In this section, the robust stability of the closed-loop
system (1) with (13)-(15) is analysed by adapting the
results obtained in [6], [5], [3]. In the following, some
preliminary definitions are introduced.

1) Preliminaries: Consider a discrete-time nonlinear
system given by

Xpep1 = L, wi), £>0, xo =% (16)
where x; € 2 is the state of the system, wy € # is the
disturbance vector (s.t. % is a compact set that contains
the origin).

Definition 1: A set & C R" is a robust positively
invariant set for the system (16), if [(x;, wy) € ®, Vx; € O
and Vw, € 7.

Definition 2: The system (16) is robust stable if 3 a
A L-function B and a J# -function & s.t

el < B(IE k) +6(m), ViIwell < v([beelD) +71 (A7)

where y is a J# -function and 11 a modelled bound of
uncertainties.

Definition 3: A function V;: R" — R is called a
robust Lyapunov function if 3 JZ,-functions oy, 0, 03
and o, and a J# -function { s.t

o (| [xf]) < Vi(x) <
Vi(f(xw)) =

OC(HXH)HF( )
Vi(x) < —es(|lxl) + & (n)

with the uncertainties vector wy bounded as in (17).
Theorem 1: If system (16) admits a robust Lyapunov

function, then it is robustly stable.

Proof: see [3].

(18)

Assumption 1: The state of the plant x; is measured
at each sampling time.



2) Bound on prediction error: In this subsection, an
upper bound on the prediction error provided by the
linearization step is derived. Consider the real system
for time #;, |, starting from state x; at time #;:

Xk+1 :f(xkaukaenom“"(sex) (19)

where Opom is the nominal parameters vector and 06°
the real parameter values mismatch.

Using Taylor developments (around 6oy, and i), the
system dynamics can be rewritten as follows:

X1 = f (X, @, Bnom) + Vi f (dk, Onom) - (ux — i)
+V9f(ﬁka Onom).(S@S + ﬁ(‘uk - ’/_‘k|2) + 0(‘695|2)
(20

where 9(].|?) is the remainder term of the Taylor series
expansion limited to the first order.

Assumption 2: The error with respect to the first order
Taylor expansion, w,, defined as:

wp 2 0 (| — i |*) +0(|86°%) 2n
is assumed to be bounded as follows:
3n; € R, such that |wy| <my (22)

Consider the prediction model (Taylor series expansion)
for time #;, |, starting from state x; at time #;:

)ekJrl\k = fp(xku Uz, Onom + 69) £ f(xkvﬁky enom)"" (23)
Vuf(’/_‘ka enom)-(“k - ﬁk) +V9f(ﬁk’ enom)-59
with

|66| < |8 6max]| (24)

with f, the prediction model (given in this case by
function g linearized as in (7), and using relation (3),
with the fact that g = f when considering the evolution
between k and k+ 1) and 66 the predicted parameter
values mismatch.

Assumption 3: The uncertainty on 66 € @9, is such
that 3 1, € R™, a modelled bound of uncertainties, so
that

max(|66],|66°|) < (25)
Let us define n € R™ by:
n = max(M1,M2) (26)

From (20) and (23), the prediction error at time index
k+1 for u, = u*k is given by:

X1 — K1)k = Vof (dk, Bnom)- (60" — 66) +w),  (27)

Thanks to the triangle inequality and using the As-
sumption 3, we obtain:

1 = X1kl < [Vof (dk, Bnom) |- (|60°| +[56]) + |w)|
(28)

From f being €2, we have:
Jo € RT,Vx,Yu, V0, |Vof| <«
Thanks to Assumptions 2-3, (26) and (29), it comes

b1 = Bl <2ema+m < (2a+1)n = A(n)
(30)

(29)

where A is a J#,-function.

3) Upper and lower bounds on the optimal cost: In
the sequel, for manipulation purposes, the optimal cost
function (14) is rewritten as follows:
k+Np—1

Y W tn) + Tr(fe, )

t=k

€1y}

k+N,—1 *
O(x, i, ,686)

lI>

with

*
Bk = fo(& 1o ttr—1, Bhom +86), t =k+ kTN,
Bk = Xk
V(X u) = @) v + 3, wy;, t =k,k+N,—1
Tr (R nyk) = Ty, Wikin,, @ =u—i, y=Hi—y"
(32)
The stage cost y(x,u) is definite positive, while the
terminal cost is denoted by Ty(x) : R™ — R>.
Without any lack of generality, the weighting matrices V
and W are chosen in diagonal form V =vl and W =wl
to simplify mathematical developments hereafter.
Remark 1: The terminal stage Ty is a JZe-function.
Assumption 4. Let assume the existence of a terminal
set @, an admissible robust positively invariant set for
the system (19) which is controlled by the control law
ur = w(x;) € U s.t. the origin is in its interior. Let assume
that T is an associated robust Lyapunov function s.t. for
all x; € @ and for all §0 satisfying (25), we have that:

o (|xk|) < Ty (o) < Be () + (1)

Tf(f(xka”ka Bhom + 60)) - Tf(xk) < _V/(xkvuk) +X(71)
(33)

where o, f;, and ) are Z.-functions and ¢ is a ¢ -
function.

Lemma 1: Let us consider the system (19) and sup-
pose that the uncertainty on 6 is modelled by [§0] <
¥(|x])+n (y is a # —function). Let ® and Ty(x) satisfy
Assumption 4, then Vx € ® we have that

*
T(xi, i, 80) < T(xi) +Npx(n)
Proof. see Lemma 3 of section 5 in [3].
Assumption 5: The stage cost (non-negative) is such
that

(34)

y(x,u) = oy (|x]) (35)

where ay is a . -function.
From (31), (34) and Assumption 4, it comes:

oy (lel) < Tk, 4, 88) < By () + (1) +Np (1)
(36)
Thus, the optimal cost is bounded as given by (36).



4) Robust stability:

Theorem 2: Consider system (16) and suppose that
uncertainties are modelled by |wi| < y(|x¢|) + 1. Then,
the uncertain system controlled by the controller u; =
7(x;) is robust stable for any initial xo € Xy, (®). Xy, (P)
is the set of admissible states at time k + N,. Further-
more, the optimal cost is a robust Lyapunov function.

Proof. see [3].
*
Now, we consider IT(x;,u,86) as our candidate robust

Lyapunov function. Then, the optimal cost function at
time index k+ 1 is defined as follows:

k+Np
H(Xk+1,uk+1 ,59 Y W) + Tr By 1k1)
t=k+1
(37
. N . *
with xt\kJrl:fp(xtfl\k+17ut—176n0m+59) (38)
ey ter1 =Xk, 1 =k+2,k+Np+1

where X;;, | denotes the state obtained applying the input

sequence I +11 to the prediction model with the initial

k+Np .. .
condition Xy . ukil’ denotes an admissible solution of
the optimization problem at time index k+ 1. In the

proposed algorithm, it is based on the optimal solution
.. kN, kNl
at time index k: i " = [y Ugyn, 1]

Assumption 6: The parameters uncertainties are as-
sumed to be constant throughout the prediction horizon.

Assumption 7: The function f, is Lipschitz with re-
spect to x with Lipschitz constant L.

Proposition 1: Let us define the following residual at
time index [:

Sx()éi‘kﬂ—x,‘k, l—k+1 k+N —1 (39)
Then, with Assumption 7,
le(D)] <L 'A(m) (40)

It is easy to check the result by recurrence.

Proof. Using the result obtained in (30) and Assumption
7, we get that (reminding that ii; = L*tl for l € [k+1,k+
Np—1] and %y 1k 1 = Xkt1)

lex(k+ 1) = Fepipprr — Bl < AM)
lex(k+2)] < Lpel %y 1k — Sl < LecA(M)
lex(0)] <L 'A(n)

(4D
We assume that the proposition holds for /, let us prove
that it is also the case for / + 1 (from (41)):

e+ 1) <Lpla)| <LAAM) @2

Which completes the proof by recurrence.
Let define the difference AIT* as

* * *
AIT* & T (xgyy,i,860) — T (xg,u,56)
k+Np—1 )
= Y (W& h) — W( &)
t=k+1

(43)
1% o *
+ W (N, k15 Biern, ) — W (X, k)
+ T (X, +1k+1) — Tr(Bean, 1)
Assumption 8: The stage cost y is Lipschitz with

respect to x with Lipschitz constant Lyj,.
Using the Assumptions 7-8, and from (40) we have that

“ 12 A * ~ A
(W (E 15 8t) — W (&g )] < L |[Fo 1 — Kapiel

e (44)
S L‘I/XL;’xk IA(T')
and
k+Np—1 Np—2
| Z (W(xvt\k+1aﬁt)_W(xt\ka”t))‘ < Lys Z LJ LA()
t=k+1 j=0
(45)

Assumption 9: The terminal function Ty is Lipschitz
with respect to x with Lipschitz constant L.
Under Assumption 9, and from Proposition 1 we have

Ty (B 1) — T (fsny 1) | < Lix| €(k+Np)|

N,—1
<LiLy An)

(46)

If the Assumption 4 holds, it comes

T (Xpsnphr1) < — W(Ein, o1, dirn, )
+x(n)

Ty (X np1k1) —

47

Thanks to (47) and considering the fact that for any
, we have that

Ty (Xesny+1k+1) = T (B k) < = W&, e 15 e, )

+ () + L~ A()

(48)

By substituting the equations (45) and (48) in (43), and
using the Assumption S, we get that

k+Np—1
AIT* < ;1 (W g1, 1) = W (g ) — W (s )
1=k+
+2() + Ll A(m) < —oty(|x]) + 2 ()
(49)
with } a JZ.-function:
Np—2
x(n)=x(n)+ <foLf;’ + Ly ZO L )A(n) (50)

According to the results obtained in (36) (bounds on
the optimal cost) and (49) (evolution of the optimal



cost), the optimal cost (31) is a robust Lyapunov function
(according to Definition 3).

Finally, based on the Theorem 2, the system (19) con-
trolled by 7m(x) = L*tk is robustly stable in & for any
uncertainty 6 € ® and for the considered linearized
prediction model.

D. Calculation of the control sequence

The constrained optimization problem (13)-(15) is
solved by considering the Lagrangian dual problem of
the maximization subproblem (i.e. the maximization of
the error over all possible values of model parameters),
following a similar approach as in [8]. Introducing the
Lagrange multiplier A associated to the constraint on 60,
the problem (13)-(15) becomes equivalent to:

. . T 2 2
min min z Vz+||Az—b +A||Ep
B I (2 +AlIES ||

(51
k*‘er*] k+NP71
= Suk A= Gu.,k TN/”
. _ k+N, k+Np kb Np =1 gk tNp =1
with b= yk;{rle Gnom,k+l - Gu,k Sk )
+
C= Gy = 300
(52)

The modified weighting matrix W(A) is obtained from
W via:
W) =W+WCAI-C'WO)'c™w  (53)

where z is the solution of the following quadratic pro-
gramming optimization problem:

z2(A)=arg min 1" A+ Tz

<7<zt (54)
A =2(V+ATW(R)A)
win{ 722 (55)

The nonnegative scalar parameter A* € R™ solution of
(51), is computed from the following unidimensional
minimization problem:

HHZ(MII% +AE|? + [|Az(2) = bl 2,
(56)

min

A" =arg
A>|lcTwe

Finally, the problem has a unique global minimum z*
given by (54) for A = A* and the control input is derived
from:

kAN, —1 T

xT T *
Uy, = [t_1y- s Up_y] +Tsz(l) (57)

The solution of (51) is obtained by solving online a
bilevel optimization problem instead of solving min-max
problem (4-5): an unidimensional optimization problem
(56) in the upper level, and a quadratic programming
problem (54) in the lower level.

In the sequel, this predictive control law will be re-
ferred to as linearized robust model predictive controller
(LRMPC). The derived optimization problem is convex

leading to better convergence properties than the original
min-max problem.

V. APPLICATION TO A BIOPROCESS

In order to demonstrate the efficiency of the proposed
approach, we consider a continuous photobioreactor
(medium withdrawal flow rate equals its supply one,
leading to a constant effective volume), without any
additional biomass in the feed, and neglecting the effect
of gas exchanges. Thus, the dynamical nonlinear model
is represented in the state-space formalism [9]:

_ 1-Kp/Q

K I+Ky+1% /Ky X 7/DX X
X = S i 17KQ Q = =
X pm 7S+Ks — [J’ [+KS[+]2 Ki] Q ) X g 9 u D7

(Sin — S)D — pmmX
0=[pm K. B Ko Ky Ku] .y=X

(58)

where D represents the dilution rate (d_l, d: day), X

the biomass concentration (in um? L™!), Q the internal

quota (in umol um~3) and S the substrate concentration

(in umol L™1). I (in uE m™2 s7!) is the light intensity,

set constant and equal to its optimal value /,,, (see Table
I). The exogenous inputs are S;, and I.

TABLE I
MODEL PARAMETERS [10].

Parameter Value  Unit

[1: maximal specific growth rate 2 d!

pm: maximal specific uptake rate 9.3 umol pm—3 d~!
Kop: minimal cell quota 1.8 umol um=3

Kj: substrate half saturation constant 0.105  pmol L™

Kj: light saturation constant 150 UEm™2s7!
K;;: light inhibition constant 2000 uEm2s7!
Sin: inlet substrate concentration 100 pmol Lt

Loy = /K Kir: optimal light intensity 547 UEm2 57!

The main objective of the control is to regulate the
biomass concentration X to a reference value X"¢/.
Now, the efficiency of the proposed control strat-
egy is validated in simulation. The performances of
the above mentioned algorithms are compared in a
worst uncertain parameters case. The parameters values
of the system are chosen on the parameter subspace
border (8,e0 = [p,j[,K;,ﬁ*,Ké,K;,,KJ]) [11], where
the uncertain parameters subspace [0~ ,07] is given
by [0.86,0m,1.260,0m]. The maximal admissible dilution
rate D, equals 1.6d!. The optimization was run
on Microsoft PC (Intel(R) Core(TM) i7 — 3770, 3.40
GHz, 8GB Ram). Two predictive control laws will be
tested (Fig. 1): the RNMPC (4) and the proposed one
(LRMPC). The controllers tuning parameters are the
same for both strategies (7;,=20 min, N, =5 and V =
W=Iy,).
It can be noticed the anticipation behavior to a setpoint
change (Fig. 1), due to the prediction of the setpoint



2751

X(pum?.L™Y)

255 / - | setpoint
N 27 pramsssssssmanissisand s RNMPC (T = 20 min)

LRMPC (T_= 20 min)
— — — LRMPC (T_= 5 min)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
|
r
|
t
|

. . . . . . .
0.4 0.5 0.6 0.7 0.8 0.9 1
Time [d]

w

o
L=

0 0.1 0.2

Fig. 1. Biomass concentration, tracking error and dilution rate
evolution with time for LRMPC and RNMPC strategies.

trajectory future evolution over the moving horizon. On
the other side, the obtained results show that RNMPC
has better performances than the LRMPC controller
under parameter uncertainties. In the case of LRMPC,
the output is not able to track the specified setpoint
in the presence of parameters uncertainties, due to the
approximation of the model through linearization. When
reducing sampling time (see Fig. 1 for results with
T;= 10 min), the static error is reduced. The steady
state error could be further reduced by adding a PI
controller [12]. In addition, the LRMPC offers a very
significant computational load reduction comparing with
the RNMPC as shown in the Table II. In fact, this can
be explained by the fact that RNMPC is an optimization
problem of dimension N, x Ng while LRMPC is an
unidimensional optimization problem with a quadratic
programming problem. Consequently, when considering
a more complex model with a greater number of state
variables and parameters, the computation time increases
in the RNMPC strategy.

TABLE I
COMPARISON OF THE PROPOSED ALGORITHMS.

Computation time (s)

Perf. indices .
min mean max
Algo.
RNMPC 0.764 | 8.109 | 39.234
LRMPC 0.577 | 0.896 1.139

VI. CONCLUSIONS AND FUTURE WORK

In this paper we have presented a new robust MPC
with guaranteed robust stability. Considering a process
model with parameters that are within a given confidence

intervals, the robust MPC is designed in order to take
into account these parameters uncertainties. The min-
max problem is solved in two ways: first, the optimal
control sequence is determined so that the maximum
deviation for all trajectories overall possible data scenarii
is minimized. Secondly, a linearization of the predicted
trajectory is performed to turn the original optimization
problem into a more tractable one. Moreover, the stabil-
ity is analysed. Several simulations were performed in
order to compare the LRMPC strategy to the classical
RNMPC in the case of model parameters uncertainties.
The LRMPC ensures a good trade-off between com-
putational load and tracking trajectory accuracy. Future
research will focus on the impact of the convergence and
feasability of the optimization algorithm on the stability
and performance of the control law. In future work, an
interesting perspective in order to increase the quality
of the linearized model used for prediction, may be
considering a second order expansion rather than the first
order approximation of the nonlinear model. Handling
instructured uncertainties by the controller should be also
investigated.
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