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Abstract

This paper presents an optimal control strategy allowing the maximization of the total produc-
tion of a membrane filtration system over a finite time horizon. A simple mathematical model of
membrane fouling is used to capture the dynamic behavior of the process which consists in the at-
tachment of matter onto the membrane during the filtration period and the detachment of matter
during the cleaning period. The control variable is the sequence of filtration/relaxation cycles over
the time. Based on the Pontryaguin’s Maximum Principle, we establish an optimal control strategy
involving a singular arc and a switching curve.

Key-words. Optimal control, singular arc, membrane fouling, maximization of water production,
MBR, relaxation.

1 Introduction

Membrane filtration systems are widely used as physical separation techniques in different industrial
fields like water desalination, wastewater treatment, food, medicine and biotechnologies. The membrane
provides a selective barrier that separates substances when a driving force is applied across the mem-
brane.

The main disadvantages of these processes is the membrane fouling by the continuous accumulation of
the filtered impurities onto the membrane surface (filter cake) and pores. Different fouling mechanisms
are responsible of the flux decline at constant transmembrane pressure (TMP) or the increase of the
TMP at a constant flux. Hence, the operation of the membrane filtering process requires to perform
regularly cleaning actions like relaxation, aeration, backwashing and chemical cleaning to limit the mem-
brane fouling and maintain a good water production.

Usually, sequences of filtration and membrane cleaning are fixed according to the recommendations of
the membrane suppliers or chosen according to the operator’s experience. This leads to high operational
cost and to performances (quantities of water filtered over a given period of time) that can be far from
being optimal. For this reason, it is important to optimize the membrane filtration process functioning
in order to maximize system performances while minimizing energy costs.

A variety of control approaches have been proposed to manage filtration processes. In practice such
strategies are based on the application of a cleaning action (physical or chemical) when either the flux
decline through the membrane or the TMP increase crosses predefined threshold values ([4]). [10] devel-
oped a control system that monitors the TMP evolution over time and initiates a membrane backwash
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when the TMP exceeds a given setpoint. [6] use also the TMP as the monitoring variable but the control
action was the increase or decrease of membrane aeration. [11] use the permeate flux as the controlled
variable to optimize the membrane backwashing and prevent fouling. On the other hand, knowledge-
based controllers find application in the control of membrane filtration process. [9] have proposed an
advanced control system composed of a knowledge-based controller and two classical controller (on/off
and PID) to manage the aeration and backwash sequences. Finally, the permeabilty was used by [3] as
a monitoring variable in a knowledge-based control system to control membrane aeration flow.

To date, different available control systems are able to increase significantly the membrane filtration
process performances. However, more enhanced optimizing control strategies are needed to cope with
the dynamic operation of the purifying system and to limit membrane fouling. The majority of the
control strategies previously cited address energy consumption. In the present work, we are interested
in maximizing the water production of a membrane filtration system over a given time period 7T by
optimizing the ratio of filtration/relaxation time-periods within a given number of filtration/cleaning
sequence (the relaxation is a period during which there is no filtration: during this period, the material
attached onto the membrane can then naturally detach).

To describe the membrane filtration process, we consider a simple form of the model of [1]. In a
previous work, it was shown that this model is very generic in the sense that it is able to capture the
dynamics of a large number of models available in the literature and simple enough to be used for
optimizing and control purposes, cf. [5]. In the present work, it is assumed that the membrane fouling
is only due to the particle deposition onto the membrane surface.

2 Model description and preliminaries

Let m be the mass of the membrane deposit during the water filtration. One can assume that m is
growing according to a dynamics mm = f1(m). During a retro wash-out, the filtration is stopped and the
mass of We consider a control u that takes values 1 during filtration and 0 during retro wash-out. Then,
the controlled dynamics can be written as follows

m=ufi(m) — (1 —u)fa(m), m(0)=mo. (1)

Assuming that the water flow that passes through the membrane is given by a function g that depends
on m, the water that is treated by the membrane filtration during a time interval [0,77] is then

T
Jr(mo,u()) == / u(t)g(m(t))dt

Given an initial mass my > 0, the objective is to determine an optimal strategy u(-) that takes values 0
or 1 for maximizing Jr(mg,u(-)). Nevertheless, it is well known from the Theory of Optimal Control that
the existence of an optimal trajectory can be guaranteed when the control set is convex [7]. Therefore,
we shall consider for the mathematical analysis that the control u(-) can takes values in the interval
[0,1]. The question of practical applicability of a control that takes values different to 0 and 1 (by
approximation) will be the matter of a future work.

Assumption 2.1. The functions fi, fo and g are C' functions such that
i. film) >0 and g(m) >0 for any m >0
it. f2(0) =0 and fa(m) >0 form >0
15 f1 are g are decreasing
w. fo is increasing
One can straightforwardly check the following property

Lemma 2.1. Under Assumption 2.1, the domain {m > 0} is positively invariant whatever is the control



We shall use the Maximum Principle of Pontryagin (PMP) [8] in order to determine necessary con-
ditions on optimal trajectories. For this we introduce the Hamiltonian of the system

H(m, A\, u) = =Afa(m) +u(g(m) + A(fi(m) + f2(m))) (2)
to be maximized w.r.t. u at u* such that

« | 1 when ¢(m,\) >0
“ =10 when ¢(m,\) <0

where ¢ is the switching function

¢(m, A) := g(m) + A(f1(m) + fa(m))
The adjoint equation given by the PMP is then

A= =0nH(m, A u*) = Afs(m) —u*[¢'(m) + A(fi(m) + f5(m))] 3)
with the terminal condition A\(T") = 0.

Proposition 2.1. Under Assumption 2.1, the adjoint variable satisfies N(T) < 0 for any t € [0,T].
moreover, for any initial condition mq there exists t < T such that u(t) = 1 is optimal for t € [t,T].

Proof. At A\ = 0, one has ¢(m,0) = g(m) > 0 and then u* = 1 which implies to have A = —¢’(m) > 0.
If A(t) = 0 for some t < T then one has necessarily A(¢) > 0 for any ¢ > ¢ which is in contradiction with
A(T) = 0. Therefore t — A(t) is non-null and has constant sign on [0, 7[. As X has to reach 0 at time T
with A\(T) > 0, we conclude that A has to be negative on [0, 7.

At terminal time, one has ¢(m(T), A(T)) = ¢(m(T),0) = ( (T)) > 0. By continuity, the function
t — @(m(t), \(t)) is positive on a time interval [t,T] with # < T, thus the optimality of « = 1 on this
interval. O

3 Study of the singular arc

For convenience, we define the function

b(m) = g(m) (fi(m)f2(m) — fr(m)f5(m)) — g'(m) f2(m)(f1(m) + fa(m))
and consider the following hypothesis

Assumption 3.1. The function ¢ admits an unique positive root m and is such that ¥ (m)(m —m) >0
for m # m.

Under this condition, one can characterize m = m as the unique candidate singular arc, along with
the following properties of the optimal trajectories (see [2] for a thorough study of this notion).

Proposition 3.1. Under Assumptions 2.1 and 3.1, one has the following properties:
i. when mo < m, u =1 is optimal as long as m(t) < m,

1. when mo > m, either u =1 is optimal until t = T, either u = 0 is optimal until a time t < T with
m(t) > m. If m(t) > m then uw =1 is optimal on [t,T)

iii. if m(t) = m with t < T where

. nrodmo —1 ((_g(m)f2(m)
T:T—/ wzthm:gl<__ 4
A I I VAT e A “
then the singular arc m = m is optimal until T, with the constant control
— ) M (5)
fi(m) + fa(m)
If m(t) > m with t < T, then u =1 is optimal until T.



Proof. Let us write the derivative of the switching function (we drop the m dependency of functions fi,
f2 and g for simplicity):

¢

[9" + A1+ fo)] - [ufi — (L —w)fo] + [N fy —u (g + A(f1 + f2)] -(fr + f2)
= g Lot Afsfi = fif2)

= G g(fsf — fifa) + oS

fi+ fa

or equivalently
LY JBh AR
i+ f2 Ji+ fo

As a singular arc has to fulfill ¢ = 0 and (;5 = 0, equation (6) and Assumption 3.1 gives ¥ = 0. Then,
the single possibility for having a singular arc on a time interval [t1, 2] is to have m(t) = m for any
t € [t1,t2]. From equation (1), one then obtains the constant control given in (5) for having h = 0
at m = m. One can notice that under Assumption 2.1, one has ¥(0) = —g(0)f1(0)f3(0) < 0 (because
f2(0) = 0). Then, under Assumption 3.1, one has ¢¥(m) > 0 when m > m and ¥(m) < 0 when m < m.
From equation (6), the following properties are then satisfied

¢

(6)

e ¢ = 0withm < m = ¢ < 0. This implies that ¢ can change its sign only when decreasing.
Therefore only a switch u =1 to « = 0 can be optimal in the domain {m < m}.

e ¢ = 0withm > m = ¢ > 0. This implies that ¢ can change its sign only when increasing.
Therefore only a switch u =0 to u = 1 can be optimal in the domain {m > m}.

At m = m, u = 0 cannot be optimal. Otherwise, h < 0 and m enters the domain {m < m} with u = 0.
Then one has m < m and w = 0 for any future time (as a switch « = 0 to © = 1 cannot be optimal on
this domain), which contradicts Proposition 2.1.

If it is optimal to stay on the singular arc m = /m on a time interval of non-null length, then the
adjoint variable has to be constant A = X\ on this time interval, to guarantee ¢ = 0, which amounts to
have:

o gm)
Ji(m) + fa(m)
As the Hamiltonian is constant along any optimal trajectory, one has H = —\fy(m). Accordingly to

Propositions 2.1 and 3.1, an optimal trajectory has to leave the singular arc with u = 1 at a certain
switching time 7' < T until reaching terminal time 7. As the Hamiltonian at time T is given by
H = g(m(T)), this imposes the final state to be myr = m(T) as the solution of

g(ing) = —Afa (i) = m

This also imposes the switching time 7 that can be determined integrating backward the system

(7)

m= fi(m), m(T)=rmr

until m(T") = m, which amounts to write

_ T dm
T_T_/m fi(m)’ (®)

We show now when m(t) = m with ¢ < T then it is optimal to stay on the singular arc until 7' (and then
use u = 1 from T to T). If not, accordingly to the properties proved above, the only possibility to leave
the singular arc is to use the control © = 1 until 7', and thus to have m(T") > mp. As the dynamics is
m = f1(m) with such a control, the corresponding cost from time ¢ can be written as follows:

D) g(m)
() = /m 90 i,




to be compared with the cost of the singular arc strategy, which is

gmfom) [T g(m)
oo @0+ [ fme

With the expression(8), one can write

Tt(Tt)[hmT%/mM@ ff@) /:T ff(Tn) /n:T ff(?:z)'

Then, one can consider the costs difference

Jy(t) =

 gmfam) ) dm
- GW)fWM#Mm>ﬁW)

and determine the two first derivatives of the function ¢:
, _ ~_g(m) f2(m) ) 1
von = (otm) - 2L A
g'(m) —d'"(m) fi(m)
fi(m)

"(m) =
From this last expression, one has
d(m)=0 = §"(m) <0

and as ¢'(mg) = 0 (from equation (7)) we deduce that ¢’(m) < 0 for any m > my. Finally, as 6(mg) =0
we obtain §(m(T)) < 0.
O

This first result allows to give the optimal synthesis in the domain
D= {(t.m) € [0,7] x [0,m]}.
Proposition 3.2. IfT <0, then u = 1 is optimal at any (t,x) € D_. Otherwise, the strategy

ifm<m ortzf,i
ifm=mandt<T

u*(t,x) = i_t
is optimal at any (t,x) € D_.
Proposition 3.1 allows also to state that the domain
D, :={(t,m) € [0,T] x [m,+o00)}
is optimally invariant:

Corollary 3.1. From any (t,m) € Dy, the optimal trajectory stays in Dy for any future time.

4 Study of the switching curve

Accordingly to Proposition 3.1, there is a possibility to have a switch v = 0 to v = 1 for an optimal tra-
jectory in the domain D, . The following proposition gives existence and characterization of a switching
curve in the domain For convenience, we define the function

(m) f2(m)

=9 m 2> m.
R+ palmy ™



Proposition 4.1. Assume that Hypotheses 2.1 and 3.1 are fulfilled, and consider the curve
C= {(T(m),m) | > m and T(m) > o}

where )
. g () 4
T(m):T—/ I e
m fi(m)
If C is non empty, then it belongs to Dy and the strategy

1 if (t,m)is above C ort > T
u(t,m) =10 if m>m and (t,m)is below C

u ifm=mandt<T
is optimal for any (t,z) € Di. Furthermore, the curve C is tangent to the trajectory that leaves the
singular arc at (T,m) with the control u = 1.

Proof. We know from Proposition 2.1 that an optimal trajectory reaches the final time with the control
u = 1. If the terminal state is below mp (where my is defined in (7)), then the trajectory could not have
crossed m = m before T (by uniqueness of the solution of the dynamics 1 = fi(m) with the control
u = 1) and no switching is possible for such optimal trajectories i.e. the constant control v = 1 is
optimal.

We consider now terminal states mp = m(7T) > mr and integrate backward with « = 1. One has
H = g(mr) = g(m(t)) + A(¢) f1(m(t)) for t < T as long as the switching function

o(m, A) = g(m) + A(fi(m) + fa(m))

= g(m)+ (glmmy — g(m»]w
- W(y(mﬂ—v(m))

is positive. Notice that for mp = my, one has g(mr) = ¥(m) (g is decreasing), and that for any
mp > mrp, m = m is reached backward in time (f1(m) is strictly positive). Then for mp > mr, one has
¢ < 0 at m = m. By the mean value theorem, we conclude that a switch necessary occurs at a m > m
such that v(m) = g(mr), and accordingly to Proposition 3.1 this switch (u = 0 to w = 1) is unique along
optimal trajectories such that terminal state satisfies m(T) = mp > mr.

Compute the derivative of the function ~:

c_9f2tafs  gf(fi+f3) 4 (9)

fi+ fo (fi+f2)2  (fit+ f)?

Then, by Assumption 3.1 one has +'(m) < 0 for m > m. Therefore, v is invertible for m > m and m
is uniquely defined as m = v~ !(g(mz)), or reciprocally, for any m > m, mr is uniquely defined as a
function of m: mp(m) = g~ (y()) (as g is also a decreasing invertible function), with

'y — ()
mT(m) - g/(mT(m) > 0. (10)

Then, the corresponding switching time T'(1n) satisfies

= mr(m) - gm
T_T(m)_/m Frim)’ (11)

If T'(r) < 0 then no switch occurs at 7 i.e. the constant control u = 1 is optimal from 0 to 7'.
The derivative of T' with respect to m can be determined from expressions (11) and (10) as

_ N _ ' ()
Alm)  filmr(m))  futn) g/ (mr(m) fi(mer (i)

7 ! mip(m)

T'(m)

At 7 = m, one has T(m) = T and 4/(m) = 0 (from (9)), which gives T"(in) /fi(m). Thus, the curve

=1
C is tangent to the trajectory that leaves the singular arc with u = 1 at (T, m) O



5 Application

Consider the following functions that have validated on experimental data [1]

film) = b fa(m) =am, g(m)= 1

e+m’ e+m

where a, b and e are positive numbers. One can check that Assumption 2.1 is fulfilled. A straightforward
computation of the function v gives

w(m) = d (_ bam  ba >+ dam ( b —|—am)
e+m (e+m)2 e+m (e+m)2 e+m
B da(amz—b)
o (e+m)

and allows to check that Hypothesis 3.1 is fulfilled with

b

a

Figure 1 shows the general synthesis of the optimal control with a model where a =b=¢e =1 and for a
time horizon of 10 hours.

Figure 1: Synthesis for a = b=e =1 and T = 10 hours; in red, v = 1, in blue v = 0, the horizontal line
which separates them corresponds to @ while the curve connected to this line and which separates the
red and blue regions on the right of the figure is the “switching curve”

6 Conclusion

In this work, the application of the Pontryagin Maximum Principle for the synthesis of the optimal
control of a switched system showed interesting results for maximizing the treated volume of water in a
filtration system. The optimal synthesis exhibits bang-bang controls with a “most rapid approach” to a
singular arc and a switching curve before reaching the final time.

The main advantage of the optimal control approach proposed here is that it has been synthesized
for a very large class of models, essentially defined by qualitative properties of functions fi1, fo and g.

Perspectives of this work is to study the practical implementation of the optimal synthesis with real
process constraints, and then to compare the water production of the membrane filtration process with
the classical operating strategy proposed in the literature.
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