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Abstract— The paper deals with the fuzzy control of a
photoautotrophic microalgae growth process in photobioreactors.
The non-linear mathematical model of the process is presented
and a fuzzy control algorithm is implemented in order to control
simultaneously the algal biomass concentration, the pH and the
average irradiance inside the photobioreactor. The results of the
fuzzy control are obtained in numerical simulation and
experimentally. The experiments were developed using the
photobioreactor designed in our laboratory, from “Dunarea de
Jos” University of Galati. The microalga Desmodesmus
Quadricauda supplied by the Biological Research Institute from
Cluj-Napoca, Romania, was used within the experiments.
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1. INTRODUCTION

Microalgae represent an interesting research domain in
order to obtain different products such as long chain
polyunsaturated fatty acids, pigments, poly-carbohydrates,
vitamins or other biologically active components. Many
applications in which microalgae are used were developed:
obtaining biofuels, CO, biomitigation [1], wastewater
treatment etc. Microalgae grow in photobioreactors (PBRs).
They need a carbon source, macro-nutrients (nitrogen,
phosphorus etc.) At the same time a light source is necessary.
Depending on the light source, the PBRs can be classified in
PBRs with artificial light (this type being approached in this
paper) and solar PBRs (using the natural light). The light can
be also considered as a substrate for microalgae.

The photoautotrophic growth process of microalgae is
complex, strong non-linear and affected by uncertainties
(hidden dynamics and variable parameters). It can be also
mentioned the multivariable character of this process. In this
respect, it is quite a challenge for the specialists in control to
increase the efficiency of these processes. This is the reason
why aspects regarding modeling and control issues are
frequently approached in the literature.

A series of mathematical models of the PBRs can be found
in [7], [14], [15], [16] and [17]. Usually they contain nonlinear
ordinary differential and algebraic equations for the liquid
phase and for describing the light driven biological
phenomena. The distribution of the light inside the reactor is
described through the radiative-transfer models [18]. At the
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same time, different control solutions can be found in [2] —
[9]. In the present paper a fuzzy control algorithm in order to
control the algal biomass concentration, the pH and the
average irradiance inside the PBR is implemented in
numerical simulation. Fuzzy control of the biomass
concentration is also implemented within experiments
provided in our laboratory.

The paper contains the following sections: the second
section presents the non-linear model of the microalgae
growth process; the third section describes the fuzzy control
scheme, the fourth section shows the results regarding the
PBR’s fuzzy control obtaining experimentally and in
numerical simulation. Finally the last section presents the
conclusions.

II. THE MATHEMATICAL MODEL OF MICROALGAE
PHOTOSYNTHETIC GROWTH PROCESS

The mathematical model of the microalgae growth process
in a photobioreactor is described in detail in [7], [8] and [10].
The intracellular mechanism that takes place at the microalgae
level is the following: a photoautotroph microorganism is
capable to assimilate inorganic carbon forms (i.e. CO,, HCO3)
and to convert it in substances necessary for their own cellular
metabolism. At the same time, it produces 0O, by the light-
induced water oxidation reaction. In addition to its substrate
role, CO, is used to lower the pH of the microalgae culture
because it is a weak acid. When dissolved CO, in water, a
series of chemical species is formed in the liquid medium (i.e.
CO3,59, HCO3, C037) through reactions such as hydration,
dehydration and protonation. The ions of HCO3 interfere with
the ions of NH; (nitrogen source) leading to the formation of a
multi-solute system (NH; — CO, — H,0) which consists in 9
chemical species: NH;, NHF, NH,CO0~, CO,, HCO3, CO3™,
H,0, OH™ and H™. Inorganic carbon and nitrogen sources are
consumed in the growth process with reaction rates governed
by the availability of light inside the PBR.

The mathematical model contains three main components,
as follows: 1. biological model, 2. radiative model and 3.
thermo-dynamic model.

The biological model is of 6™ order and it is characterized
by the state vector & = [X cryy Cric Coz Y592 y92,1T, where X

is the biomass concentration, ¢z — total inorganic nitrogen
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concentration, ¢y - total inorganic carbon concentration, cp; —
dissolved oxygen concentration, y$%2 — molar fraction of
carbon dioxide in the output gas and y9Z% represents the molar
fraction of oxygen in the output gas. The model equations are
the following:
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The notations used in eq. (1) — (6) are: D — the dilution
rate, 7, — photosynthetic growth rate, y5?,y2? — the molar
fraction of CO, and O,, respectively, in the inflow, Yy, — yield
coefficient of total inorganic nitrogen (7IN) conversion, 0, —
photosynthetic quotient, (K;,)o, — the overall volumetric mass-
transfer coefficient of the oxygen, M, — the C-mole mass, Do,
and Dy, — the molecular diffusivity of CO, and O,
respectively, P — total pressure, R — the universal gas constant,
T — temperature, Hcp, and Hyp, — Henry’s constant of CO, and
O, respectively, ¥, and V, — volumes of liquid and gas
respectively, G;, and G,,; — gas inflow and gas outflow.

All the molar fractions of the gas components at the inlet

are known and they are equal to: yigloz = Gi(;loz /Gin; yi?f =
0 N N co 0,.. N
G2 /G V2 = G2 [Gin, Where G2, Gp%si G,? are

suppling flows with CO,, O, and N,. G;, is the total gas flow
at the inlet and, therefore, the sum of all gases at the inlet. The
same relations can be also written for the gases at the outlet
and G,,; can be calculated on the basis of molar fractions of
N, in the gas at the inlet and the outlet, respectively:

N2
y.
Gour = mz Gin @)
Yout

The molar fractions of N, in the gas at the inlet and the
outlet can be determined as follows:

02—y (8)
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The radiative model gives the light attenuation along the
depth of the culture of microalgae which, being heterogeneous
in terms of the availability of light, is treated as a uniformly
distributed system. The radiative model, coupled with a
kinetic law of the biomass growth, provides the local
photosynthetic responses, M(G (z)), where G(z) is the local
irradiance. However, the microalgae culture is considered
homogeneous in terms of the components from the liquid
phase and, therefore, the photosynthetic responses are
integrated in order to obtain an average photosynthetic
response. In order to determine the light attenuation within the
microalgae culture, a radiative-transfer model dedicated to the
single-side rectangular reactors has been adopted. The local
irradiance, G (z), is given by:

1
G(z) =q,-exp (—%Ea-X-z) (10)

where a = \/(Ea)/(Ea + 2bE) is the coefficient of the linear
light dispersion. E, and Eg are the coefficients of mass
absorption and mass dispersion of the light, and b is the light
dispersion fraction by reflection (non-dimensional). The
variable g, represent the incident light flux. Returning to the
biological model, the volumetric growth rate of microalgae is
given by the eq. (11):

re = (g — )X =22 [ u(G(2))dz - fF(PH) - X — psX (11)

where L is the depth of the PBR, pu is a function of local
irradiance:

_ G®
T K+6(2) (12)

with G(z) given by (10), K; — semi-saturation constant, y, —
the maximum specific growth rate, ug — kinetic parameter
associated to the the breathing process (considered most of
the time constant). The average photosynthetic response, (),
calculated for the entire volume of PBR is determined by the
integration of the average photosynthetic responses along the
culture depth, z:

(o) == Jy n(6(2))dz (13)

The function f{pH) from (11) is:
f(pH) — PHmax—PH ex

PH=PHpin

PHmax—pH
p (1 PH—PHmin) (14)

The specific growth rate of microalgae is optimal when pH
is maintained in an optimal domain depending on chemical
species. In the case of the photoautotrophic processes pH is
controlled by adding CO, in PBR which means that the
specific growth rate of microalgae is a function of total
inorganic carbon (7IC), present in the culture medium. For the
mathematical description of this dependence, it was preferred
to use a term of Monod type which multiplies the relation
(14), cric/ (Kric + cric). Thus, if crye has very low values, the
pH will limit the microalgae growth rate.

The thermodynamic model: the multi-solute system
(NH; — CO, — H,0) is composed of 9 distinct chemical
species, as mentioned before: NH; (molecular), NHJ,
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NH,CO0~, CO, (molecular), HCO3, CO3~, H,0 (molecular),
OH™ and H*. It results 17 equations, as follows:

- 5 chemical equilibria:

_ y*QAncoy _ Ay+Qcoz- _ AnHf%oH™
1= y B = y By =———
Aco,Aw AnHcoz ANH; Aw
ANH3 @HCOZ ay+aoH—
K, = =K, =-1 (15)
ANH,C00~ Aw (2374

where a; = y;c; represens the activity of the component i, y; —
activity coefficient of the component i and ¢; — the
concentration of the component i. The activity constants K,
K,, K;, K, and K, can be found in [12] for different
temperatures.

- 2 mass-balance equations:
cric = Cco, + Chcoz * Ceoz~ + Cnmycoo-  (16)
CTIN = CNH; T Cnpf T ONHLC00™ (17)

- 1 electro-neutrality equation written for the main
chemical species in the culture medium:

CNHF + Cy+ T Cnat =
= cucoz + 2¢coz- + Enmycoo- + Con- +co- (18)

- 8 equations for the calculus of the activity coefficients
(one for each species except for the water) [12].

Finally, the precise calculus of the chemical species
concentrations allows to determine the pH:

pH = —lg(ay+) (19)

The numerical values of the model parameters are given in
[10]. The photobioreactor was modeled as a non-linear system
of 16™ order. In order to tune the control loops of PBR the
dynamics characterization was preferred in the neighborhood
of a nominal point of the system. The system linearization has
been achieved through the identification of each channel of the
non-linear system. It resulted a 14™ order model of the
linearized system presented in appendix 1. Further on, the
following 1/0 representation of PBR is considered (Fig. 1).

T orr )
PBR
D X
o » >
Gin CO:z pH
| S o y—
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N

Fig. 1. I/O representation of PBR

The input variables are: the dilution rate, D [I/h], the light
incident flux gy [pmol photon/m*/s] and the flow of CO, at the
inlet, G5O?. The output variables are: the algal biomass

concentration, the pH and the average irradiance inside the
PBR. It has to be mentioned the interactions between the input
and output variables. Practically, the three channels disturb
each other, creating difficulties in controlling the whole
process.

III. FUZzY CONTROL OF THE PHOTOBIOREACTOR

Three requirements are imposed to the microalgae growth
process:

1. the control of the algal biomass concentration to a desired
setpoint (through the dilution rate, D);

2. providing an average light flux in the photobioreactor
section, G,,,, which corresponds to an efficient regime,
from the point of view of the use of this energy resource in
the growth process of the algal biomass. The biomass
control to the desired setpoint for the average light flux,
G,m, is done by controlling the incident light flow, go;

3. setting a pH value for the culture medium to ensure the
maximum biomass growth rate under the given culture
conditions. This requirement is provided by the flow
control of CO, at the inlet, G5O2.

Fuzzy logic is based on the expertise of the specialist in
solving various problems, including control issues. In the
present control application FLCs of Mamdani type were used.
Fig. 2 presents the architecture of a Fuzzy Logic Controller
(FLC) [13]:
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Fig. 2. The architecture of a fuzzy control system

v

= E - - .
pH ™+ pH Ginco: pH
@ FLC2 e St
- .

7
= € .
Gzm Gzm o G
JO—» W T R — w0

Fig. 3. The control scheme of PBR

Generally, fuzzy control is applied successfully when the
process model is not known accurately, as is the case of the
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photosynthetic growth process of microalgae. As mentioned
before it contains model and parameters uncertainties and is
affected by a high level of noise. According to [13] fuzzy
control has the following advantages: fuzzy control is cheaper,
robust, customizable, emulates human deductive thinking,
reliable and efficient. In this respect, the following control
scheme has been implemented in Matlab - Simulink (Fig. 3).
In Fig. 3, the first FLC controls the algal biomass
concentration, the second FLC controls the pH and the third
FLC controls the average irradiance, G,,.

IV. RESULTS REGARDING FUZZY CONTROL OF PBR

A. Simulation results

Figs. 4 - 6 present the step responses of the three loops of
the microalgae growth process: the biomass control loop, the
pH control loop and the average irradiance control loop. Thus
a step succession has been applied to the setpoints, as follows:

X =0.85t00.95 [gl], pH™® =65t07 and G =
80 to 85 [umol photon/m”/s].

Biomass evolution
T T

127 T T

Biomass concentration [g/]

071 I I 1 I I 1
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
time [h]

Fig. 4. The biomass concentration evolution, X,y = 0.85 [¢/I] (red), blue —
the biomass concentration

PH evolution
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T

6.5 1

6 I I . I I
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Fig. 5. The pH evolution, pH,¢f = 7 (red), blue — the pH

Average irradiance evolution
T T T

70 I I L I I I I
1900 1950 2000 2050 2100 2150 2200 2250 2300
time [h]

Fig. 6. The average irradiance evolution, G,,, = 80 [umol photon/m?*/s] (red),
blue — the average irradiance

Fig. 7 presents the dilution rate which has a smooth
evolution comparing to the case when conventional PI
controllers are used [11]. Figs. 4 — 6 show that all the three
variables track accurately the setpoints. Figs. 8 — 10 present
the influences between channels.

Dilution rate evolution
T T T

0.015

001l ~ T

D[1/h]

0.005 - —

ol I I . I I I I |
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
time [h]

Fig. 7. The dilution rate evolution, D [h]

12 Biomass concentration evolution
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Fig. 8. The biomass concentration evolution, X, = 0.85 — 0.95 [g/1] (red),
blue — the biomass concentration
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Fig. 9. The pH evolution, pH,¢t = 6.5 = 7.0 (red), blue — the pH

% Average irradiance evolution
T T T

7ol | I . | |
1200 1400 1600 1800 2000 2200 2400
time [h]

Fig. 10. The average irradiance setpoint, G,,,, = 80 — 85 [umol photon/m%s]
(red), blue — the average irradiance
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Fig. 11. The dilution rate evolution, D [h']

The same step succession is considered at the following
moments: biomass step — ¢ = 1200 h, pH step — ¢ = 1700 h
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and G, step — ¢ = 2000 h. One can notice that the pH and
G,m steps influences significantly the biomass control loop
which is very slow. On the other hand, the biomass control
loop does influence the pH and G,,, loops but, as these loops
are much faster, the effect on them is practically insignificant.
Fig. 11 presents the dilution rate evolution.

B. Experimental results

The fuzzy control of algal biomass concentration has been
implemented in a plant designed and made entirely in our
laboratory, totally controlled by a computer through a dSpace
system.

Fig. 13. The PBR system used in the experiments
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Fig. 14. The biomass concentration evolution, X[g/l]; red — filtered biomass,
blue — real biomass, dotted line — the setpoint (step from 0.8 to 0.95 [g/1])

Biomass control
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Sample steps (T_=25)

Fig. 15. The dilution rate evolution, D [h']

PBR is of rectangular shape and of air-lift type, having a 5
liters useful volume. It operates in continuous regime and is
equipped with the following sensors: turbidity, carbon dioxide,
dissolved oxygen, pH and temperature. The PBR is stirred by
introducing nitrogen and the pH control is done with CO,
introduced inside the PBR. Both nitrogen and CO, are
introduced inside PBR wusing two peristaltic pumps. For
illumination a special panel which provides the light in the
spectrum 400 — 700 nm (it contains white and red LEDs) was
used. The experimental PBR is presented in the two figures,
12 and 13. The process control was implemented in Matlab-
Simulink and a friendly interface facilitates the operating of
the system.

It should be mentioned that in the experiment, only the
biomass concentration has been controlled by a fuzzy
controller. The biomass was measured with the turbidity
sensor being necessary a conversion relationship between
turbidity and biomass. For the rest of the two variables (pH
and average irradiance) conventional PI controllers were used.
Figs. 14 and 15 present the experimental results. As it can be
noticed in Fig. 14 the noise overlaid over the turbidity signal is
significant being necessary a powerful filtering.

V. CONCLUSIONS

The paper objective is focused on the fuzzy control of
photoautotrophic microalgae growth  process in
photobioreactors. The microalgae growth process was treated
as a multivariable one. It has as control inputs the dilution rate,
the flow of CO, and the influent light flux. The outputs are the
algal biomass concentration, the pH and the average irradiance
inside the PBR. The fuzzy control of the biomass has been
validated in numerical simulation and experimentally. Both
the simulation results and the experimental ones are promising
and show that the fuzzy control can be a viable alternative to
other types of control. Two research steps are followed in the
future: 1. to implement fuzzy control for the pH and average
irradiance loops on the experimental plant and 2. to implement
a multivariable fuzzy controller for the entire plant.
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Fig. 16. The linearized model of photoautotrophic microalgae growth process in PBR
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