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Abstract—In this paper we consider the control of the methane of the digester and hence the methane gas flow rate will be
flow rate in biogas production using both a continuous stirred constrained by the safe operating conditions of the digeste
tank reactor and a fixed bed digester. The goal is to regulate |, 4qqition, in order to control a complex process like the AD

the methane flow rate in order to match an energy demand in itabl del qivi iori k led f th
spite of variations in the waste concentrations. For this purpose, a suitable model giving an a priori knowledage ot the process

a two step (acidogenesis-methanogenesis) nonlinear mass balancté needed first to design a control law.

model is considered. Due to the costs and complexity of the mea- Therefore we start here in Section Il with the brief deriati
surements an adaptive observer is designed for the acidogenesisof 3 model which provides a compromise between modelling
reaction rate. The stability of the observation part is proved and accuracy and model complexity with respect to a model-based

its implementation with the designed adaptive control law for the ler desi Th in Section Il desi linead
methane flow rate and the acetate concentration in the reactor controller design. en, in Section we design a lin L

are confirmed by simulations. controller for the methane gas flow rate, followed by the giesi
~ Index Terms—Anaerobic Digestion; Linearized Control; Adap- of a control law for the acetate concentration inside thetora
tive Observer; Nonlinear Models. as presented in Section IV. Moreover, since the full vector

of state variables is not measurable we build an observer-
. INTRODUCTION based estimator for the acidogenesis reaction rate and prov
The Anaerobic Digestion (AD) is a hopeful process for thigs stability in Section V. Finally, in Section VI we give the
production of biogas and thus supporting waste recovery afufl algorithm ensuring the digester’s safety while cofiing
protection of the environment. It comprises a transforamatf the methane flow rate. Before concluding the paper and giving
organic matter (proteins, fats and carbohydrates) inaglgev- some future work perspectives in Section VIII, we evaluhte t
eral chemical and physicochemical reactions in seriesoandproposed algorithm by simulations in Section VII where the
in parallel, mediated by anaerobic bacteria, into biogdse Tinfluent concentrations are fluctuating.
latter can be considered as a renewable energy source which
could be either cleaned and upgraded to natural gas standard II. MODEL DESCRIPTION
or directly used in gas engines to be converted into eléstric

. . ) ._In the literature we can find more th&0 dynamic models
and heat. One general idea of our research is the integratigny - Ap process, see e.g. [1] and [2] for an overview. Most of

O\f/gl':? gz'aa‘s\f)FI)?Dnts (BP.S) n ﬂ:e concetpt fOf va:u_al power plan{ﬁese models are complex and not suitable for control design
( )- COMPTISES a larger Set of E1ectric POWer SoUrchg ;e they focus on the modelling of all detailed aspects

with fluctuating single amounts of generated power (such g0 pigiogical process, such as for instance the anagrobi

wind turbines or photovoltaic plants) which are controléadl digestion model No.14DM1) [3] which contains32 differ-
coordinated in a way that the overall generated power mimig tial equations. However, all models have in common that

the chairagerlstlcsl oftoqe smgletlarg'e.pmt/ver plgr:t. {;‘Pr%me they consider the Volatile Fatty Acids (VFA) as limiting @t
integrate biogas plants in a most efficient way into S OYfediates which can inhibit the methanogenic bacteria by the

focus is on the control of the generated methane gas flow rate. mulation. Therefore, it has been reported in [5], [8], [

Itﬂ splice Of fluct:';]uatlng ?Imountts O.f ;ncommé:; dy\tlgstel mat?na;a% nd [9] that a two-step (acidogenesis and methanogenesis)
us turning the gas Tlow rate into an additional contro odel is sufficient for the AD analysis and control. These

input variable for th? overall coordination -process.of tierv two important steps are described by the following chemical
However, controlling the AD process in the biogas pla%actions

is a difficult task since it involves living organisms whickea ) o .

very sensitive to the operating conditions and may be itgibi 1) Acidogenesis with reaction raig = i, X

or washed out in the worst case leading to a definite stop r

of the digester. Furthermore, the power demand satisfactio fS1 = X+ ke 4 kaCO; @)
should not be at the expense of destabilizing the biologic AD 2) Methanogenesis with reaction ratg= 5 X5:
process. Therefore, a total fulfilment of any power demand

is not possible if this results in an unsafe operating mode ksS2 3 Xo + ksCOs + ksCHy (2)



where in the first step, acidogenic bactetg Y consume the  Considering the low solubility of the methane, its concen-
organic substrateS}) to generate VFA (mainly composed oftration in the liquid phase is neglected and its flow rate & th
acetate, propionate and butyrate) &@,. In the second step, gas phase is given by:
the produced VFA £) are consumed by the methanogenic
bacteria () for growth and production of'O, and methane. Qur = kgpa(52) X2 (12)
Under some specific assumptions about the readtband For further details of the model the reader is referred to [6]
temperature, Bernard et al. [6] proposed a suitable namlingsince our objective is the methane flow rate control, we éxplo

mass balance model, named tAéd/2 model, incorporating .
the electrochemical equilibria. The later has been chosenlfi€ cascaded structure of the model (3)-(9) by using only the

this work due to its ability of reflecting the reactor destaeduced model (3)-(6) and (12) for the design of the control
bilisation when the VFA accumulation occurs. It includés law.

state variables whose dynamics are given by the following
equations: 1. M ETHANE FLOW RATE CONTROL

Throughout this section, we suppose that we have no

igl = D(Sun = 51) — lam (S1)Xa ®)  control on the incoming waste concentratiafs,, and Sa;,,.
X1 = (m(S)-aD)X (4)  Therefore, we act only on the dilution rafe to control the
Sz = D(S2in — S2) + k2p1(S1) X1 — kap2(S2) X2 (5)  methane flow rate in spite of the inlet concentration changes
Xo = (p2(S2) —aD)Xs (6) To do so, we exploit the a priori knowledge of the system to
Z = D(Zin—2) (7) controlQ,, by applying a linearized control as the following:
C = D(Cin—C)—qe(§) + kap1(S1) X1 (8) dQ s "
+ksp2(S2) X2 9) dt M@y = Q) =0 (13)

where @3, is the desired methane flow rate andis a
design parameter which depends on the desired close loop

Herein, S; is the concentration of the organic matter to bBerformance. Now, using (12) the time derivative @f, is
digested,X; is the concentration of the acidogenic bacterisiven by:

responsible for the degradation of organic matter,is the

VFA concentration which is supposed to behave like pure dQum = k6du2(52)X2 +k6u2(52)@
acetate andX, is the methanogenic bacteria concentration. dt dt dt
Then, Z represents the alkalinity which is the sum of acetatBhus, substituting (6) in (14) and using (12) we get the
and bicarbonate concentrationS. is the inorganic carbon following relationship:

concentration in the digester (assumed to be the sum of 4 dio(S.

the dissolvedCO, and bicarbonate) ang. is the CO- gas gtM = ke Mz(t 2)X2 + Q@ (p2(S2) — aD) (15)
flow rate. S1;, and Ssy;, are the inlet substrate and VFA
concentrations, respectively, and is the dilution rate.k;
represent the yield coefficients given in Table | and Table I du2(S2) _ duz(S2) dSz (16)

at the end of the paper and € [0,1] reflects the digester dt dSy  dt

heterogeneitya = 0 for an ideal fixed bed reactor and= 1 which can be further expressed using (5), (11) and (12) as
for an ideal Continuous Stirred Tank Reactor (CSTR). Finall

(14)

Moreover, the dynamic ofi2(S2) can be derived as

a2
the acidogenic bacteria growth ratg(S;) depends on the d2(52) — pamen(hebrs 5352)2-
concentrationS; and is given by a Monod function: k2 (52”52*@)
S, : (D(S2m = 52) + kap1 (S1) X1 — %QZ\/])
Sh) = mar & . 7 10
p1(S1) = S Tk (10) (17)

We equivalently rewrite (17) as follows:
where 14, 1S the maximum bacterial growth rate atng;

. . . . dpz(S2) _ keokra—Sz  p2(Sa)

is the half saturation constant associated with the substra Mzd(t 2 = kfg;fjmaf ' uzsgz '

S1. However, the methanogenic bacteria growth raé€S,) . (D(Szm — S5) + kopr (S1) X, — %QM)

is modeled such that the methanogenic bacteria inhibitien d ° (18)

to the VFA accumulation is taken into account. It is modelelqow let 6 be a variable defined as:
by a Haldane function as the following:
g _ ke2kr2 — S5 u3(S2)

SQ (11) k[2,u2max S%

So + kso + % Hence, substituting (19) in (18) and using (12), the dynamic
of Qs given by (15) is equally given by:

where (o4, 1S the maximum bacterial growth rate without J

inhibition, k,» and k7, are the saturation and the inhibition 2% = Q. (D(Szm — Sa) + ko1 (S1) X1 — %QM)

constants, respectively, associated with the acetatecotnae + Qar(u2(S2) — aD)

tion Ss. (20)

(19)

H2 (52) = H2max



Using (13), this is equivalent to Now, using the first order Euler approximation, (5) can be
formulated in a discrete-time version with the samplingqzer

W = (D(S2m — S2) + ko1 (S1) X1 — %QM) + AT:
+ 5 (k2(S2) —aD) o SEHD= S(R) + AT (D(k)(Syin(k) ~ Sa(k)+
Thus, the dilution rate finally yields Fhapn (S1(k) X (k) = kBm(sz(k))Xz(@)G)
Using @5), (26) and (12) we obtain:
D= (ﬁ .
2in= 52— F - _ ks
(MY ()X + Q- 2) gy 5B AT I)) X () — 5 Qur(h)
(22) AT (S2in (k) — S2(k))

We can note that the control (22) does not require the . .(27)

: n (27) all variables are known except the reaction rate
measurement ofy;,, and that all variables are known excep (S1(k)) X1 (k) which is unknown and must be estimated
the reaction rateu; (S;)X; which is unknown and must be!'”! ! '

estimated. V. OBSERVER BASEDESTIMATOR FOR THEACIDOGENESIS

REACTION RATE

First, let's denote by” = [S1, X1, 5., Xo]( Trepresents

d v inhibits th h is ol the transpose operator) the state vector of the model §3)-(6
rector and consequently inhibits the methanogenesis.algiu |, o4 operation, the full vector of state variables is not

the metha.nogemcl bacteriagrowth ratg dgpends onsthe measurable and only few information about the system are
concentration and is of type Haldane which is a NON-MOoNOtoN . asiple. Moreover, the measurements of the bacteria con

IV. ACETATE CONCENTRATION CONTROL

The accumulation of VFA causesyd{ breakdown in the

function, i.e: centrations are expensive and thus not very desirable from
p2(0) = pg(o0) =0 an industrial perspective. In addition, the reaction raes
not completely known. Therefore we assume that for the
dus(S3) if 0< Sy < SM known inputs D and .Ss;,) and known yield coefficients the
52 e 23) only available online measurements &g and Q,; and we
M : oM will design an observer-based estimator for the acidogenes
(S2) = if Sy = S. .
H2(o2 125) 2 2 .
reaction rate:
dujéfz) <0 if Sy > SM r1 = 1 (S1) X1 (28)

. ) . . Now, before describing the observer-based estimator, we
M — . ’ ’
m;hsiéter_n Vdilffgrére]:]iztzgg;e;?;ésdigﬁnt?én?egghtgs g;/ptul;: ?F?member that the dilution rate which is the inverse of the
(for sake of brevity they will not be presented here, a dethil ydraulic ret_ent|on time must be boupd@dﬁ D < Diag) in
! - " rder to avoid the wash out of bacteria. Moreover, for bodnde
study of the possible equilibriums can be found in [4] an@1puts of the SystentSis,, Sasn) and zero or positive initial
[10D). .conditions of¢, the positiveness and boundedness of the state
Thus, to operate the process around a useful worki

e X riables have already been proven in [9] and [10]. Thus, we
equilibrium, Sy should not exceedsy?. Moreover, in real y P (9] [10]

. . obtain:

operation the digesters are vulnerable to a shock load when 1(0) =0
the treated waste materials are coming from different osigi
Thus, based on an a priori knowledge of the system the dpa(S1)

: . . = >0 for S1 >0 29
operator fixes a desired valug; for the S, concentration dS: b= (29)
which is a compromise between two issues: safety of the

pa(o0)  =my

digester and maximisation of the growth rate. Therefore, th

objective herein is to bring, towardsS; regardless of the  The design of the observer-based estimator for the acidoge-

input concentrations. nesis will now be considered in the following. From (5), (12)
In the following, we assume a discrete-time formulatios, i. and (28), we rewrite the dynamics of the acetate conceotrati

the variables are considered at discrete time steds’” with as

the sampling period\T. Mathematically speaking, we want Sy = D(Sain — So) + kot — @QJM (30)

that the erroe(k) = Sz (k) — S5 decreases exponentially from ke

time instantk to instantk + 1, i.e: from which the variabler; will be estimated using the

So(k +1) — S5 = B(Sa(k) — S) (24) following observer-based estimator:
with 0 < 8 < 1. By choosings = 0, we get: S2 = D(Sain — Sam) + kaf1 — [ Qarm + @ (S2m — 52)
71 = 0(Sam — S2)
So(k +1) = 82 (25) (31)



where Ss,,, and Q ., are the measurements 6§ and Q,,

respectively, subject to bounded noiseande,: 12
Som = S2 + €1
Qrvm = Qum + €2

where w and § are the parameters of the observer-bas¢
estimator. To tune these parameters we consider the dysan 105

(32) 1151

of the estimation errorsS = So — S, and 7 = rq — 71) -
given by: ? o1
A ~ n
SQ = —UJ§2 + k2?1 + (D — UJ)EQ + %261 (33) 95F
F7:1 = —552 + f’l — WeEg ol
Defining X7 = [S, 7], we rewrite (33) in matrix format as
follows: . 8or
X=AX+u (34) .
s . 0 10 20 30 40 50 60
Ss ] B { —w ko ] [ Sy } n { (D —w)es + %61 Time (days)
;71 -0 0 771 7'"1 - 562

Fig. 1. Inlet substrate concentratiof(,,).
As a consequence of (29) and the boundedness of bBoth

and the noise measurements the inputf the error system
(33) is bounded. Furthermore itis a classical result in pless
theory that the observer-based estimator (31) is stable ¢ 90 v v v v v
the estimation errors of the system (33) are bounded if t
matrix A is stable (see e.g. [9] for more details). Therefore
the parameters andé are designed in a way that the matriy
A remains stable. For a detailed methodology of how to tul
w and¢ the reader is referred to [9].
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VI. ADAPTIVE CONTROL FOR THEANAEROBIC DIGESTION
PROCESS

The main objective of this work is to control the methan
flow rate such that the biogas plant satisfies a requestedyene
demand. As discussed however, due to the reactor acidificat
risk the plant can only respond to the demand if its safety
not endangered. Thus, combining the control laws given |
(22) and (27) and the estimations delivered by the observ 50
based estimator (31) the full adaptive control algorithnhef
process is given by:

S2in (mmol/L)
3

[o2]
o
T

0 10 20 30 40 50 60
Time (days)

Fig. 2. Inlet volatile fatty acids concentratioS';,,).

(35)

Eq. (22) ifSa(k+1) < SM
Eq. (27) else

where the termy, (S1(k)) X1 (k) in both (22) and (27) is Regarding the design of the parameters of the observenbase
replaced by its estimate, generated by the observer-basedstimator, they were calculated such that the matrin (34)
estimator (31). has distinct eigenvalues-§, —6). Finally, according to the

VIl. SIMULATION RESULTS desired performance the parameleis set equal td).4.

In order to validate the proposed overall control algoritsn
described in Section VI with the help of suitable simulasion

In Fig. (6) we compare the methane flow rate for the
uncontrolled process and for the case where the designed

the used input concentrationsS(,,, Ss:in) applied in the overall control algorithm is applied. We can conclude that

simulations have been chosen to vary in a sufficiently widd€ System follows the reference in spite of the large input
range of expected operating conditions including the sho&Ranges while avoiding the VFA accumulation and the bateri

loading case, see Figs. (1) and (2). Moreover, we addd@shout, see the results depicted in Figs. (3, 4 and 5).

white noise of different amplitudes to the measurements ofSimilarly, the results shown in Fig. (7) underline that we
Ss and@,;. Concerning the reactor heterogeneity it is neithabtain a very good estimation of the acidogenesis reaction
a perfect CSTR nor a perfect fixed bed digester= 0.5). rate although we applied the noisy measurements.
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VIIl. CONCLUSION AND PERSPECTIVES algorithm in a way that also the measurement’s delays will

In order to integrate biogas plants in a virtual power plaf taken into account. Finally, we will also investigate ur o
and to satisfy a requested energy demand, we proposefttdre work how to control the quantity and quality of the
suitable control algorithm to control the methane flow rateiogas.
of the AD process of the biogas plant. The designed control
algorithm also preserves the safety of the digester by rnmgjor REFERENCES
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Fig. 7. Acidogenesis reaction rate estimation.

TABLE |
NOMENCLATURE

Acronyms  Definition

k1 yield coeff. for substrate degradation

ko yield coeff. for VFA production

ks yield coeff. for VFA consumption

ka yield coeff. for CO2 production

ks yield coeff. for CO5 production

ke yield coeff. for Ch4 production

Ulmax Maximum acidogenic bacteria growth rate

H2maz Maximum methanogenic bacteria growth rate

ks1 Half saturation constant associated wih

kso Half saturation constant associated wih

kro Inhibition constant associated witfh

TABLE Il
NOMENCLATURE-CONTINUATION

Acronyms  Units Values
k1 g.g~ T of acidogenic bacteria 42.14
ko mmole.g— ! of acidogenic bacteria 116.5
k3 mmole.g— ' of methanogenic bacteria 268
k4 mmole.g_1 454
ks mmole.g_1
ke mmole.g_1
Hlmazx day_l 1.2
H2max day_l 0.74
ks1 gl=1t 7.1
kso mmol.l~1 9.28
kro mmol.l~1 256
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