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Abstract— In this paper we propose a robust
error feedback controller for nonlinear biopro-
cesses that allows us to track predetermined
constant and/or oscillatory profiles while at-
tenuating the disturbances and maintaining the
stability conditions of such bioprocesses. Var-
ious numerical case studies for an anaerobic
digestor model are conducted to test the ro-
bustness properties of the proposed controller.
It is found that the proposed controller yields
excellent responses in the face of parameter
uncertainties, load disturbances and set-point
changes.

Keywords— Robust control, Nonlinear pro-
cesses, Anaerobic digestion.

I INTRODUCTION

The severity of the non-linearities in bioprocesses influ-
ences the selection of control algorithms for their suc-
cessful regulation or trajectory tracking control. Con-
trol strategies based on a linearized model have shown
to yield unsatisfactory performances if the process is
subject to large disturbances or significant set-point
changes. In addition, the wide range of operating con-
ditions encountered in start-up, shut-down or trajec-
tory tracking of bioprocesses, also pose an important
challenge for the application of nonlinear control tech-
niques. In the last two decades, a number of nonlinear
control schemes, ranging from nonlinear control based
on differential geometric approach (Kravaris and Kan-
tor, 1990), nonlinear model predictive control (Pat-
wardhan et al., 1990) and generic model control (Lee
and Sullivan, 1988), have been developed to overcome
such problems with limited success since they largely
rely on the availability of a good process model, which
is not always easy to obtain. In the particular case
of bioprocesses, these are complex with poorly under-
stood bioreaction kinetics which usually lead to models
with uncertain and/or time varying parameters. These
cases are best handled with robust nonlinear control
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strategies in order to fully meet closed-loop objectives
such as tracking, regulation and disturbance attenua-
tion.

In this work, a robust nonlinear model-based control
technique is proposed to track predetermined trajec-
tories of nonlinear dynamic bioprocesses under the in-
fluence of uncertain parameters and load disturbances.
This robust regulator, is an error feedback controller
which relies on the existence of an internal model, ob-
tained by finding, if possible, an immersion of the ex-
osystem dynamics into an observable one, which allows
to generate all the possible steady state inputs for the
admissible values of the system parameters (Isidori,
1995). We illustrate the performance of the proposed
control scheme by applying it, via numerical simula-
tions, for the trajectory tracking and disturbance at-
tenuation in an anaerobic digestion (AD) process un-
der the most uncertain conditions. This paper is orga-
nized as follows: Section II gives an overview of the
theory behind the robust control scheme; a nonlinear
dynamical model for a typical AD process is presented
in Section IIT; and the error feedback controllers are
developed for three study cases: regulation control,
oscillatory disturbance rejection and trajectory track-
ing. Simulation results and discussion are presented
in Section V. Finally, we close the paper with some
concluding remarks.

II ROBUST REGULATION PROBLEM
FOR NONLINEAR SYSTEMS

Let us consider the following nonlinear system

z = f(x,u,w,A\), (1)
s (w), (2)

h(x,w,\), (3)

e

where x € R™, u € R™ are the state and input vari-
ables of the process, respectively; A € R® denotes a
parameter vector which may take values in a neigh-
borhood o C R® of the nominal ones; w € R? rep-
resents the state of an external signal generator -the
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exosystem-, which models the reference and distur-
bance signals affecting the process. Finally, the last
equation describes the tracking error e € R? which
in many cases is given as the difference between the
system output and the reference signal.

The FError Feedback Regulation Problem for the
aforementioned system is defined as the problem of
tracking the reference signals and/or rejecting the dis-
turbance signals, while maintaining the closed-loop
stability property under the influence of varying pa-
rameters in a neighborhood of the nominal values.
This problem may be solved by determining a certain
submanifold of the state space (x,w), where the track-
ing error is zero, which is rendered attractive and in-
variant by feedback. To be more precise, the nonlinear
robust requlation problem (NRRP) consists in finding,
if possible, a dynamic controller of the form

u

such that, for all admissible values A in a neighborhood
¢ of the nominal values, the following conditions hold

N1 Stability: The equilibrium point (x,z) = (0,0)
of the closed-loop system without disturbances
T = f($7’l9(3)707)\),
Z= (p(zvh($707A))7
is asymptotically stable.

N2 Regulation: For each initial condition (z (0),
2 (0), w (0)) in a neighborhood of the origin, the
solution of the closed-loop system

&= f(z,ﬁ(z),w,)\),

Z= CP(th(fywyA)),

w=s(w),
satisfies the condition lim;_, e (t) = 0.

An instrumental assumption in the solution of the
NRRP is:

Assumption 1 The equilibrium point w = 0 is stable
in the Lyapunov sense, and all the eigenvalues of S =

& . . . .
Hu lweo lte on the imaginary axis.

Isidori and Byrnes (1980) gave first a solution to the
problem NRRP, as stated in the following result:

Theorem 1 (Isidori, 1995) Assume (1) holds. Then,
the nonlinear Robust Regulation Problem is solvable if
and only if there exist mappings

71 (’LU, >‘)
ZTss = m(w, ), and uss =y (w,\) = ,
Y (w, A)
with w(0,\) = 0 and v(0,\) = 0, both defined in a
neighborhood of the origin, satisfying the equations

o (w, \)

ow

s(w)
0

f(m(w, A) sy (w, A) s w, A)
h (7 (w, ), w, \)

(4)
(%)
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for all (w,\), and such that for each i =1,...,m the
exosystem is immersed into a system

(=9, cer? (6)
v (w, ) = (¢) (7)

defined on a neighborhood Z° of the origin, in which
©(0) =0 and ¥ (0) = 0, and the two matrices

are such that the pair

(w6 o) (

is stabilizable for some choice of the matrix N, and
the pair

Ao
NCo

0
[

Ao —BoHo
( Co 0 )’ ( 0 , ) (10)
is detectable. Here,

Ay = of (:E,au,w,O)} ’
L x =0, w=0,u=0
By — of (:E,au,w,O)} ’
L u =0, w=0,u=0

Co = 78h (:g,w,O)] .

x r=0,w=0

Thus, the controller that solves the problem is

§ = A€+ Bo[u(t) — ¢ ()] — G1(Cok —e)
¢ = ¢()—G2(Co€ —e) (11)
u(t) = K&4+9(Q)

where K is chosen to render (Ag + BoK) as Hurwitz,
while G and Go must guarantee that

( )

is also Hurwitz. ©®

Remark 1 Equations (4) are known as the Francis-
Isidori-Byrnes equations (FIB) (Delli Priscoli et al.,
1997) which are used to find the subset Z on the Carte-
sian product R™ x RY, called the zero tracking er-
ror submanifold, where mapping xss = 7 (w,\) rep-
resents the steady state zero output submanifold and
uss = v (w,\) is the steady state input which makes
Tss tnvariant.

Ao — G1Co
—G2C)y

—BoH

o (12)

In most I/O linearization control approaches us is
usually calculated by using Lie brackets; however, in
the particular case of regulation, it is extremely dif-
ficult to find the steady state input since most typi-
cal state or error feedback controller designs (such as
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I/0 linearization) do not take into account unmod-
eled dynamics or time varying parameters. Instead,
one may find a differential equation (free of uncertain
parameters) that represents an immersion of the ex-
osystem into an observable system, which can gener-
ate, for some appropriate initial conditions, the exact
steady-state input for all the values of the parameter
in a suitable neighborhood. Since these initial con-
ditions are also unknown, the structure of the immer-
sion is used in the controller to asymptotically estimate
the required steady-state input allowing the controller
to incorporate the desirable robustness properties. In
this regard, Castillo Toledo et al. (2004) have shown
that by allowing the immersion to depend explicitly
on the exosystems states w, this calculation may be
alleviated for an extended class of functions, includ-
ing trigonometric ones, which constitute the so-called
generalized immersion. Moreover, Huang (2001) has
shown that if the steady state input is given by a poly-
nomial in w, then it is always possible to find a linear
immersion given by

¢
¥ (w, )
IIT THE PROCESS MODEL

The last two decades have witnessed an increasing
interest in the application of advanced control tech-
niques to the wastewater treatment field since the in-
volved bioprocesses require careful monitoring in order
to fulfill the requirements related to water quality and
ecological norms (Dochain and Vanrolleghem, 2001).
However, the optimal control of wastewater treatment
processes, such as anaerobic digestion (AD), faces im-
portant uncertainties arising from the intrinsic com-
plexity of the plant design.

AD is a multistep biological process in which com-
plex organic matter is degraded into a gas mixture of
CHy and COs. Tt reduces the inlet organic matter
by using acidogenic bacteria and methanogenic archae
to produce valuable energy (i.e., CHy) (Henze et al.,
1995). When AD is performed in continuous biofilm-
reactors, the acidogenic phase can be described by the
following two ordinary differential equations (Bernard
et al., 2001):

®(,CeR,
HC.

(13)

X (b—aD)X

(Sin —95)D —

(14)
uX

Y

where X, S and S;, are, respectively, the concentra-
tions of acidogenic bacteria, chemical oxygen demand
(COD), and inlet COD. a (0 < a < 1) denotes the
biomass fraction that is retained by the bioreactor
bed (i.e., & = 0 for the ideal fixed-bed reactor and
a = 1 for the ideal continuous stirred tank reactor), Y’
is the biomass yield coefficient for COD degradation
and D = D (t) > 0 denotes the dilution rate and it is
assumed to be bounded, i.e., D~ < D (t) < D*. The

S (15)
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specific growth rate is given by the nonlinear Monod
equation in which most parameters are badly or in-
adequately known (Dochain and Vanrolleghem, 2001;
Vanrolleghem and Dochain, 1998):

m= NmaxS/ (Ks + S) (16)

where pimax and Kg are the maximum specific growth
rate and the half saturation parameter associated with
S, respectively. It is well known that under normal op-
erating conditions, the biomass concentration remains
active and the sludge stability is preserved (i.e. X >0
for all ¢ > 0) which physically means that part of the
polluting agents entering the digester are consumed
by the bacterial culture (i.e. S;, —S > 0) (Alcaraz
Gonzalez et al., 2000). Hence, we can assume for
practical operation and control design purposes that
Sin — S is always positive definite.

IV CONTROLLER DESIGN

We now proceed with the design of the particular con-
trollers (11) for the anaerobic digestion (14). We be-
gin the design calculation of the linear matrices around

the nominal values (/’Zmax, K 55 &); thus, it is straight-

forward to show that

1 1
R -f+1) -1
Ao = u(wl)( “l1g o ). an
Co = (1 0),
1
By = (wz—w1)<_1>,
C sy K D)
0 = (w2 wl)ﬁmax wZ

while the derivation of the observable immersions de-
pends upon the particular exosystems. These are de-
veloped in the following subsections.

A Regulation control

In this section we consider the regulation of the COD
concentration, S, around a constant predetermined
set-point, S,, by manipulating the dilution rate, D,
with a constant disturbance, S;,. It is straightforward
to show that both reference and disturbance can be
described by a linear exosystem (w; = 0, we = 0,
w1 = S, and wy = Sy, ). In this case, the FIB Eqgs. (4)
are

T (w,A) = (u(m2(w)) —ay (w,A) m (w, )
0 = (w2—m(w))y(w,A)
 plma (W) 1 (w, )
Y
0 = m(w)—w

whose solution is given by

Y (wy —wi) mio
amyg + [Y (wz — wl) — aﬂ-lo] e—m(w1)t
1 p(w)m (w,2)
Y w2 — wl

my (w, A)

v (w, A)
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where 71 (w,\) = Xgs, my(wy) = S, =
wi, 7v(w,A\) := Dss and myo is the initial condition
for X when S = w;. One can find an exact immer-
sion free of uncertain parameters for v (w, \) similar
to (6) with ¢ € R* and ¢ (¢) = col (C1¢2, (23, ¢2(3);
however, it is clear that for sufficiently large times,
both mappings, X, and D, reach a steady state (i.e.
m (w, A) =Y (wg —wy) /a and v (w,A) = p(w1) /e)
and as a consequence, the resulting immersion is a lin-
ear system such as (13) of dimension one with ® = 0

and H = 1; i.e.
élzo ) ’Y(wv)‘)zgl

It can be easily verified that the necessary error feed-
back controller is a linear controller of dimension three
to regulate the COD concentration by manipulating
D. The controller’s practical implementation requires
the measurement of S only and the calculation of the
immersion and the nominal matrices Ag, By and Cy.

(18)

B Oscillatory disturbance rejection

Many processes experience periodic disturbances due
to natural cycle times of upstream processes or other
cyclical environmental influences such as diurnal tem-
perature fluctuations. In wastewater treatment plants,
for example, the feed flow composition can exhibit
strong diurnal variations (Buttler et al., 1995). For
this reason, in the AD process (14), we consider the
regulation of the COD concentration, S, around a
predetermined constant set-point, S,, under the in-
fluence of persistent periodic disturbances of the in-
let COD concentration which is represented by S;, =
Sin + Ag,, sin (%’rt + 9), where T is the time period
and Si,, Ag,, and 6 are unknown parameters. It is
straightforward to show that these disturbances can be
described by a linear exosystem w = s (w), S, = w;,

Sin = w, where s(w) = 22 (0 w3 wy —ws)

In this case, the error is e = S — S, = S — w; which
is obviously zero when S = w; =: m; (w). Then, by
using Eq. (4), we obtain both, the steady state input
and the steady state biomass:

m (w,A) = 10
e—n(wi)t 4 au(wi)mo jg e*:':;”i)g;ﬂdT
1 p(wy)m (w, A

v(w,A) = (wi)m ( )

Y Wo — W1

whereas one can find an exact immersion free of un-
certain parameters given by

é:SO(C) ) V(wvA):Clo

that can be used to devise a dimension seven nonlin-
ear controller to keep the COD concentration around
a given set point under the influence of persistent pe-
riodic disturbances. Here,

(19)

(o)

ol (a6 (-~ Fa+ ) o

20

) (Q%Cs - C42) , (*2%(4 - C4C5)> .

C Tracking control

Let us consider a constant disturbance and a given
reference which can be described by a linear dynamic
system called exosystem of the form w = Sw, where
w e R S, = w, and S;, = wy11. The dynamic
matrix § € RTDX(+1 hag the special form

~(31)

0 0
where ¢ € R™*" may be any matrix such that the pair
[¢, (10 0),..

ular case, the solution of the FIB equations yields

(20)

} is observable. In this partic-

J, nwndx
- (w, )\) _ T10€Y0 _
1 4 @7 ft (wr+1—w1)”_1u(w1)ef” Muj)r[ﬂd
Y Jo (wry1,0—w1,0)” T
iy + S (wy) m (w, A
'y(w,)\) _ 1 YI“L( ].) 1( ) (21)

Wyr41 — Wy

It is not to big a problem to find an exact immersion
free of uncertain parameters for this particular study
case but the result is a high dimensional immersion
which may demand significant computation effort and
time in the controller design. Instead, one can find a
simpler immersion by looking at equation (21) where
it is clear that as ¢ — oo, m (w, A) attains a ”pseudo”
steady-state which depends exclusively on the exosys-
tem dynamic behavior. Moreover, one can easily show
that for slow time varying references, vy (w,A) can
be satisfactorily approximated by a linear immersion,
which in this case of tracking an oscillatory reference
with period T, S, = S, 4+ Ag, sin (%”t + (;5), re-
sults in a dimension five immersion given by ¢ = ®¢,
v (w,\) = H¢, where

or (0 1 0
e=710 0 1 , H=(1 0 0). (22
0 -1 0

V RESULTS AND DISCUSSIONS

Several closed-loop simulation runs were performed to
asses the performance and robustness of the robust er-
ror feedback controller developed for the three study
cases. The nominal matrices Ay, By and Cy were cal-
culated by using the parameter values reported in (Al-
caraz Gonzélez et al., 2000) (for the sake of complete-
ness, these are listed in Table 1). In all study cases,
the proposed controllers had the form of equation (11),
where the feedback gain, K = ( 0.40 0.63 ), was cal-
culated such that (Ag + BoK) is Hurwitz, with eigen-
values (—8,—5.6), while the observer gains, G; and
G, were calculated using LQG techniques such that
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Table 1: Parameters nominal values and variation through simulation time

Parameter Nominal Value % of variation from nominal values (Interval of time)
0<t<20 [20,30) [30,40) [40,50) [50,60) [60,70) [70,80) [80,90) [90,100)
[max, 4" 1.25 —15% - — _ _ - _ _
K, kg-m™ 4.95 0% 20% — - — — — —
o, dimensionless 0.5 0% - 20% - - - - -
1/Y kg/kg 6.6 0% = — -25% — — - —
S, or Sy, kg-m™3 2.5 0% — — — -40% - — 40%
Sin OF Sin, kg-m™3 10 0% — - — — 30% — -
As,, *, kg-m™3 1 0% - - - - - 20% -
As, **, kg -m™3 0.5 0% — - - — - -50% -
* Only for the oscillatory disturbance rejection case
** Only for the oscillatory tracking control case
Regulation control: Figure 1 shows the closed-
16 @ PRt 4 loop response of the proposed controller using
oo R A immersion (18), with observer matrices G; =
§° Lo S —s g (250 —6.98 )T and Gy = —1.73. As seen, the pro-
a 8, - S T Sj" 2 2 posed controller was able to rapidly drive the COD to
8 ,' S = its set-point in the face of all the parameter variations
) 4\ r ! (the output error was kept around zero or identically
ot . . . . 0 equal to zero most of simulation run). One can also see
0 20 40 60 80 100

Figure 1: Regulation control:(a) Sustrate and biomass
concentrations. (b) Dilution rate.

matrix (12) was Hurwitz, depending on the particular
immersion.

In order to test the robustness properties of the
proposed controllers, high substrate concentration and
low biomass were imposed at the start-up of the sim-
ulation runs, whereas parametric variations were in-
duced during simulations as reported in Table 1. These
variations were relatively large (from 15 to 50% of the
nominal values) and describe actual operating con-
ditions in real AD plants. For instance, variations
in kinetic parameters ({max, Ks, Y ) may describe bio-
logical problems due to poisoning or biological stress
conditions. On the other hand, variations in a may
describe hydrodynamic malfunctions or cells death,
while variations in S;,, describes the usual fluctuations
and changes in influent concentrations. Finally, step
changes in substrate reference concentration were also
induced during the simulation experiments.

that the input variable, D, saturated at different times
without serious consequences on the controller perfor-
mance. It is worth noticing that as a result of immer-
sion (18), controller (11) had a proportional-integral
(PI)-like form with an error filter, where the immer-
sion state, (, described the integral action, while &
described the error filter.

Oscillatory  disturbance rejection: In
this case, we applied controller (11) and
used the nonlinear immersion (19) with ob-
server matrices Gp = (3.57 —8.99 )T and

Gy = (-313 —3.60 —271 —0.10 046 )",
with an oscillation period of 4d. Clearly, the proposed
controller handled quite well the persistent periodic
disturbance and attenuated the effect of varying

parameters to yield an oscillatory output profile
around the desired set-point with a rather small

magnitude. One can also see in Fig. 2 that the
controller generated oscillatory control actions that
respected the input constraints with rare excursions
to saturation.

Tracking control: Finally, Fig. 3 shows the
closed-loop response of the output and manipu-
lated input under the robust nonlinear controller
for the oscillatory tracking problem with oscillation
period T' = 2d, where a linear immersion (22)
was used to devise a controller (11) with observer

gains Gy = ((5.18 —11.25 )" and Gy = ( —5.77

—-2.21 2.03 )T. As can be seen, the oscillatory ref-
erence was perfectly tracked by the proposed robust
controller. As expected, the controller generated oscil-
latory control actions but these respected the imposed
constraints for most of the simulation run.
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Figure 2: Oscillatory disturbance rejection: (a) Sus-
trate and biomass concentrations. (b) Dilution rate.

VI CONCLUSIONS

A robust control scheme was proposed as a poten-
tial solution to nonlinear bioprocess regulation . It
is composed of an error feedback controller and a non-
linear estimator which allows us to track constant
and /or oscillatory profiles while attenuating the dis-
turbances and maintaining the stability conditions.
The performance of the robust regulator has been ex-
amined through numerical simulations under various
uncertainties and external disturbances. The proposed
structure has shown to maintain good stability and
robustness properties in the face of set-point changes,
parameter uncertainty and load disturbances.

. . . —
@ 'v';ﬁ v
2l |,F———!¥\-r.73
g ’Lq.".‘NII —_— P
) fm e mmm ik — = .
v SV, ' il -=-=3S, %
N 8r r Vo N 12 &
o} r S z
S |
o A 1
A
0 . . . . 0
0 20 40 60 80 100

D,(d™"

£,(d)

Figure 3: Tracking control: (a) Sustrate and biomass
concentrations. (b) Dilution rate.
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