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HIGHLIGHTS

e A temperature control system coded in C++ was implemented via Arduino.

e Based on simple tests, operators were able to adjust the controller parameters.
¢ Implemented controller acted successfully on the temperature variable.

e High ethanol conversion rate and high final product concentration were obtained.

Abstract: In alcoholic fermentations, variables’ control has a direct influence on growth and productivity. In
particular, temperature is fundamental for increasing ethanol production and essential to avoid its toxicity.
However, these processes are non-linear and complex, in a way that PID controllers may perform
unsatisfactorily. In these cases, an alternative is to use modern controllers such as those based on fuzzy
logic. Thus, the objective of this study was to implement and test a control system with fuzzy inference for
the input values, to act on the temperature variable of an aerated stirred tank bioreactor for the production of
ethanol. The temperature controller coded in C++ was implemented via Arduino. By analyzing the sensors’
measured data and through logical interpretation, the controller provides guidance to change the power of
an electric heating element, which promotes temperature change until it converges to the desired set point.
Based on simple tests, operators were able to adjust the controller parameters and obtain excellent
performance for the process, applying £0.2 °C of the setpoint, which represented an oscillation of around
0.6%. As for alcoholic fermentation, a substrate-to-product conversion factor of 0.42 + 0.02 ethanol-Gsubstrate "
was obtained, with a volumetric productivity of 5.275 gethano.L™.h" and a fermentation efficiency of 82.47%.
From these results, it can be seen that this study showed a good ethanol conversion rate and the temperature
control caused by the control system with fuzzy inference for the input values provided the right conditions to
improve the fermentation process.
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INTRODUCTION

Biofuel ethanol is produced by the fermentation of starch or other plant-based sugars. In Brazil, ethanol
production started in the 1970s, following government interventions related to the global oil crisis. Brazil is
now the world’s second largest producer of ethanol, after the United States of America, with high productivity
related to abundant natural resources and very large areas of available arable land [1,2]. It has been
estimated that bioethanol from yeast fermentation, which transforms sugars into ethanol, accounts for 80%
of the global production of renewable fuels [3].

Industrial bioethanol production is based on use of the yeast Saccharomyces cerevisiae [4], a unicellular
fungus that is ellipsoidal in shape, measuring around 5 ym in width and 6-8 um in length, with a highly
complex and rigid cell wall. This microorganism had its genome sequenced for the first time in 1996 [5,6],
became a widely recognized eukaryotic system with great economic and scientific relevance [7-9]. The many
advantages of this yeast include adaptability in fermentation processes (allowing high ethanol productivity),
tolerance of low pH and high concentrations of sugar and ethanol, and resistance to inhibitors present in
biomass hydrolysates [10-12].

Research concerning the cultivation of Saccharomyces cerevisiae has sought to determine the best
operating ranges of process variables for achieving efficient cell growth. Careful control of these variables is
essential for high levels of productivity, quality, and yield, among other factors [13,14]. Temperature is one
of the most important variables affecting the growth and survival of microorganisms [15,16]. In industrial
alcoholic fermentations employing Saccharomyces cerevisiae, precise temperature control is essential for
maximizing ethanol production, since it directly influences the efficiency of the process and the yield and
quality of the product. Notably, higher temperatures can increase both the risk of bacterial contamination and
the sensitivity of yeast cells to ethanol toxicity [17,18]. To optimize productivity, it is necessary to control
process variables within narrow ranges that are close to optimal operating conditions [19].

The PID (Proportional-Integral-Derivative) feedback control system is one of the types most widely used
in industry, enabling the appropriate adjustment of parameters to obtain the best performance in both servo
and regulatory problems. In PID control, the control output value is a linear combination of the error signal,
its integral, and its derivative [7,20]. However, when the processes are not linear, or the plant is highly
complex, as in cultivations using Saccharomyces cerevisiae, the performance of PID controllers may be
unsatisfactory [21]. Consequently, despite Brazil having well-defined processes and being a major global
producer, industrial fermentation processes still suffer from non-ideal regulation associated with temperature
control. The climatic conditions of the country further increase the technical challenges associated with
maintaining an appropriate temperature range during fermentation processes in distilleries. On hot days,
especially in the summer months, the fermentation temperature can exceed 38 °C, necessitating the use of
cooling equipment, which may have limitations and lead to increased energy costs in the attempt to maintain
the temperature within the optimal operating range. In this situation, classical PID control algorithm cannot
achieve an expected or desirable temperature control performance, resulting in greater product toxicity, lower
ethanol production, and higher formation of secondary products such as glycerol and vinasse, consequently
negatively impacting the sustainability of the industrial ethanol production process [17,18].

One solution is to use newer controllers, such as those based on computational intelligence. For
example, automated control may be achieved using fuzzy logic, an extension of Boolean logic, introduced by
Dr. Lofti Zadeh in the 1960s. This logic allows expression of the concept of partial truth, with determination
of values between the limits of “completely true” and “completely false”. Essentially, linguistic control is based
on specialist knowledge, translated into an automated strategy [22,23]. The use of a fuzzy controller allows
adaptation of the gain of the controller, compensating the nonlinearities of the system.

The work by Cesmat and Mcandrew [24], illustrates the use of a PID controller to adjust the variables of
a bioreactor, requiring determination of the proportional, integral, and derivative gains. The authors
highlighted the need for effective tuning to perform specific adjustments of the PID parameters, which can be
achieved by trial and error or by means of a process model. However, for some plants, the use of models to
obtain this information can be complex, while trial and error can be dangerous and expensive. In the case of
the PSO-PID system reported by Yerolla, P and Besta [19], a transfer function model was developed by
linearization at the steady-state operating point, enabling optimization of the parameters of the PSO-PID
controller. However, depending on the plant and process, obtaining the transfer function may be problematic.
As reported by Puviyarasi and coauthors [21], unsatisfactory results are likely to be obtained when PID control
is applied to nonlinear processes or highly complex plants. Lawrynczuk [25], proposed the use of neural
networks in nonlinear model-based predictive control to improve bioreactor temperature management.
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However, this approach requires online quadratic programming for each sample. In contrast, fuzzy-logic
controllers are simpler and can handle complex nonlinear connections with imprecise, incomplete, and noisy
inputs. Fonseca and coauthors [26], employed fuzzy-Pl and fuzzy-PID controllers to regulate the temperature
of a fermenter. However, this type of controller requires the error and error variation values to be obtained by
tuning, using the Ziegler-Nichols method, which may present challenges for some plants and processes.
There is still a scarcity of studies concerning the use of fuzzy logic as an alternative way to optimize
temperature regulation in bioreactors.

Besides, from the integration (with the bioprocess) point of view, development of more affordable and
accessible equipment opens up new perspectives. In particular, one hardware that has shown the potential
to create solutions across various fields is Arduino. Arduino microcontroller can be described as a device
made up of two components: a board that is the hardware responsible for executing functions and its
programmable part in descriptive code via a computer. These Arduino boards have the following advantages
over other platforms, and consequently end up becoming the choice for a variety of uses: the price, these
boards are relatively inexpensive compared to other platforms; in addition, these modules are available pre-
assembled and if manual assembly is required, it is not highly complex. As for the programmable sector, any
operating system can be used and the software used to program it is open source. In these microcontrollers
it is possible to carry out all the fuzzy programming [27].

Therefore, the aim of the present investigation was to develop and test a control system taking advantage
of fuzzy logic applied to the temperature variable of an aerated stirred-tank type bioreactor. The system was
implemented in the Development and Automation of Bioprocesses |l Laboratory (LaDABio IlI) of DEQ-
UFSCar, with the production of ethanol by S. cerevisiae chosen as a case study to evaluate the performance
of a control system with fuzzy inference for the input values. Arduino was used for the integration with the
bioprocess. In this case, the microcontroller receives temperature readings from the bioreactor and a
heating/cooling tank (thermal tank), and the control system, by carrying out integration, can adjust the control
action to the dynamic changes in the bioprocess. This feature gives the controller the flexibility to adapt to
changes inherent to different phases of biotechnological processes.

THEORY AND SOFTWARE

The SUPERSYS HCDC system used in this research was developed at the Development and
Automation of Bioprocesses Laboratory (LaDABio) of the Department of Chemical Engineering, at the
Federal University of Sao Carlos. This computational system has been applied to different cultures, including
those employing Saccharomyces cerevisiae, Pichia pastoris, Bacillus megaterium and Escherichia coli [28—
30]. The temperature control prototype was added to SUPERSYS, with fuzzy logic coded using the
ATmega328P microcontroller [31-33].

Fuzzy logic

Fuzzy logic is based on the theory of fuzzy sets. Different to classical logic, which always provides
dichotomous values (0 or 1), fuzzy logic allows for approximate reasoning, where the degree of truth of a
premise can vary from “0” to “1”, so it can be partially true or partially false [23,34,35]. Therefore, fuzzy logic
considers that all things have degrees of relevance, enabling modeling of the sense of words, decision-
making, or common sense of humans, interpreted as a process of composition of fuzzy (nebulous)
relationships [34,35].

As reported by Zuffo [36], Guillaume and Charnomordic [37], one of the pioneering works concerning the
application of fuzzy logic was that of Mamdani and Assilian [38]. Fuzzy has been used for process control of
equipment such as washing machines, televisions, and cameras, among others. However, as noted by Zuffo
[36], the idea of using fuzzy logic was initially rejected by mathematicians, engineers, and statisticians, who
believed that probability theory was able to rigorously describe uncertainties, so traditional mathematics was
able to solve problems involving such uncertainties. Nonetheless, problems involving nonlinear or highly
complex systems, where traditional mathematics provides unsatisfactory results, may be solved using fuzzy
logic, due to its interpretability, adaptability, and manipulation capabilities. Consequently, fuzzy logic has
been increasingly applied in a variety of areas [39—42].

Typical fuzzy reasoning can be characterized as occurring in three main stages, namely fuzzification,
inference, and defuzzification. The fuzzification step is responsible for associating a membership function to
each input value (linguistic term), enabling determination of the degree of truth of the proposition, shown by
a value that can vary between 0 and 1. Membership functions may be triangular, trapezoidal, Gaussian, or
singleton. In the inference step, a process specialist develops fuzzy rules, in the form of linguistic sentences,
which relate the input and output sets. In the defuzzification step, the result is transformed into crisp values,
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with the output set being inferred by interpretation of the rules to obtain a numerical value. Finally, the fuzzy
control is tested to check its response in relation to the real process. If the response generated by the fuzzy
controller is considered unsatisfactory, changes may be made in the number of rules, the types of
membership functions, or other features [43—46].

MATERIAL AND METHODS

Bioreactor configuration

The cultures were performed using the experimental setup shown in Figure 1, consisting of a custom-
built 2 L stirred-tank bioreactor (1) equipped with a Rushton-type impeller (2), operated at a stirring speed of
200 rpm and controlled with SUPERSYS_HCDC software (3). The temperature was measured using two
thermometers (type DS18B20) (4), one located inside the bioreactor and the other in the thermal tank (5) that
was coupled to an electric pump (6) (127 V, 60 Hz, 34 W, EMICOL) for circulation of water through the thermal
jacket (7). The system also included a thermostatic water bath (8). The temperature was regulated by a
control system with fuzzy inference for the input values implemented using an Arduino UNO microcontroller
(9), which adjusted the power of an electric heating element (10) inside the thermal tank, as well as the
opening/closing of a solenoid valve (11) to regulate the flow of cooling fluid from the thermostatic bath.
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Figure 1. Schematic illustration of the bioreactor installation: bioreactor (1), impeller (2), SUPERSYS_HCDC (3), digital
thermometers (4), thermal tank (5), electric pump (6), cooling jacket (7), thermostatic bath (8), microcontroller (9), electric
heating element (10), cooling fluid valve (11).

The biological process temperature was regulated by the exchange of heat between the culture and the
water circulating through the bioreactor jacket. The water in the thermal tank was heated by an electric
resistance element, with power applied under fuzzy programming control using the microcontroller. The
control system adjusted the temperature by means of its rules and real-time reading of the temperatures of
the thermal tank and the bioreactor (the biological process). When the temperature was identified to be above
the desired setpoint, cooling was activated by the Arduino microcontroller.

Implementation of control system using the Arduino microcontroller

The bioreactor temperature control system operated as follows: the data acquired by the temperature
sensors were analyzed, with logical interpretation providing instructions for the actuator to adjust the power,
resulting in the temperature changing until convergence to the defined process setpoint.
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SUPERSYS_HCDC

The bioreactor control system with fuzzy inference for the input values was configured and supervised
using the SUPERSYS_HCDC program, developed in LabVIEW (National Instruments), which defined the
desired operating conditions, considering the parameters impeller rotation speed, process duration, air feed,
and temperature. The S. cerevisiae cultures were performed as described previously [31,47,48], with stirring
speed of 200 rpm, 12 h of cultivation, no aeration, and temperature of 35 °C.

Culture media

Commercial lyophilized yeast (Fleishmann®, Brazil) was used in this work. The solutions were prepared
using distilled water, without sterilization.

The inoculum was prepared according to the procedure (protocol 1) described by Ramos and coauthors
[48], based on cultivation in liquid medium (adapted from [49]), with an initial hydration step followed by
activation. Hydration was performed for 1 h, at 30 °C and 250 rpm, with a 10 g.L™" suspension of lyophilized
yeast in distilled water. In the activation step, a medium composed of yeast extract, peptone, and glucose
was added to give final concentrations of 20 g.L™" of peptone, 10 g.L" of yeast extract, and 75 g.L" of glucose.
The operating conditions for activation were the same as those for the hydration step.

Ethanol production using Saccharomyces cerevisiae cultures employed a minimal medium, adapted
from Mesquita and coauthors [49]. Glucose (150 g.L") was employed as carbon source, besides the salts
MgS0..7H.0 (8 g.L™") and KH2PO4 (25 g.L ™), and urea (7.5 g.L™").

Analytical methods

To determine the ethanol production of the study, 2 mL samples were collected (for each experimental
point), and centrifuged (IEC MicroCL 21R, Thermo Electron Corp., Madison, WI, USA) for 10 min, at 10,000
rom and 4 °C, in previously dried and weighed Eppendorf tubes (procedure performed twice to ensure that
all solids were removed from the sample). The supernatants were filtered and stored in other Eppendorf
tubes, for subsequent analysis by HPLC.

The concentrations of ethanol and glucose were determined using an HPLC system (Shimadzu, Kyoto,
Japan) equipped with a Rezex™ column (Phenomenex, CA, USA), with 5 mM H>SO, as the mobile phase.
The column temperature was 50 °C and the eluent flow rate was 0.60 mL/min, with a run time of 30 min.

The glucose to ethanol conversion factor was determined using Equation (1) [50].

Vo5 = i_P _ Prinat — Pnitial ™)
S Sinitiat — Sfinal
Where, Prinq; is the final ethanol concentration, P4 is the initial ethanol concentration, S¢;y,; is the final
substrate (glucose) concentration, and S;,itiq: iS the initial substrate concentration.

The substrate conversion (X) was calculated using Equation (2) [50].

AS 100 = Sinitial — Sfinal
Sinitial Sinitial

The glucose to ethanol conversion efficiency (E), as the percentage ethanol yield (%), was obtained
using Equation (3) [50].

X =

* 100 (2)

Y,

E= PE +100 (3)
YP/S theoretical

Where, Yp /s theoreticar 1S the theoretical conversion factor for the fermentation of glucose to ethanol, calculated

based on the Gay-Lussac equation. Based on theory, Yp/sineoretict = 0-511 [S1], while Yp /s is the

conversion factor obtained experimentally.

The volumetric ethanol productivity (Qp) was determined using Equation (4) [4,50].

_ AP _ Prinal — Pinitial

Qp = (4)

At trina — tinitial
where, Psinq; is the maximum final ethanol concentration, P;.iq; is the initial ethanol concentration ty;,q; is
the fermentation end time, and t;,,;;;,;is the fermentation start time.
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The glucose to cells conversion factor (Yy,s) was obtained using Equation (5) [50].

Vo — _AX Xfinal — Xinitial 5)
X/s AS Sfinal - Sinitial

Where, Xfnq is the final biomass concentration, X;;q; is the initial biomass concentration, Sg;,; is the final
substrate (glucose) concentration, and S;,,;;;4; is the initial substrate concentration.

RESULTS AND DISCUSSION

The temperature control system with fuzzy inference for the input values was implemented using the
programming logic pseudocode shown in Scheme 1, with five coded linguistic values of the bioreactor culture
temperature, namely “Very Low”, “Low”, “Optimal”, “High”, and “Very High”, as shown in Figure 2A, and three
linguistic values for the thermal tank temperature, namely “Low”, “Optimal”’, and “High” (Figure 2B). The
sensors provided the temperature values for the bioreactor culture and the thermal tank, which were
transformed into fuzzy values, followed by classification into linguistic values that were then inferred and
interpreted. These values were inserted in the equation for hot and cold power, followed by “defuzzification”
to obtain a final numerical value for the control action, which in turn generated a power alteration that led to
adjustment of the temperature. Important to notice that here, the mentioned “defuzzification” step of control
signals is based on a weighted calculation, only considering membership degrees of each input value. In this
sense, it is a control system with fuzzy inference for the input values.

Scheme 1. Control system with fuzzy inference for the input values pseudocode, where S(i) are the tunable parameters
of the heating controller and SC(i) are the tunable parameters of the cooling controller.

Start system

SP_Tank=35 °C;

SP_Culture=35 °C;

Start Control Looping

Check for new setpoint values from the supervisory system;
CT=Culture Temperature Reading (sensor in the Bioreactor);
TT=Tank Temperature reading (sensor in the Tank);
Filtered_T= 20-point moving average filter (TT);

AFiltered T
ATime

/I Calculation of the Membership Function (Figure 2A):

C_VLT (Very Low Temperature %) = function of CT and SP_Culture;
C_LT (Low Temperature %) = function of CT and SP_Culture;

C_ET (Excellent Temperature %) = function of CT and SP_Culture;
C_HT (High Temperature %) = function of CT and SP_Culture;
C_VHT (Very High Temperature %) = function of CT and SP_Culture;

Trend =

/[ Calculation of the Membership Functions (Figure 2B):

T_TL (Tank Temperature Low %) = function of TT and SP_Tank;
T_TE (Tank Temperature Excellent %) = function of TT and SP_Tank;
T_TH (Tank Temperature High %) = function of TT and SP_Tank;

/I “Defuzzification” 1:

If: C_LT>20% And Trend <0.01

Then: Increase Tank Setpoint: SP_Tank+=0.1;

If: TTH>20% And Trend>0

Then: Decrease Tank Setpoint: SP_Tank-=0.1;

/I “Defuzzification” 2 (heating power):

Power(i) = Power(i-1) + C_ VLT *S1+C _LT*S2-C _ET*S3*Trend - C_HT *S4 - C _VHT * S5;

/I “Defuzzification” 3 (solenoid valve flow control):

Valve opening time (ms)=-C VLT *SC1-C LT*SC2+C _ET*SC3*Trend+C _HT*SC4+C _VHT*
SC5;

Sends the values of variables and constants to the serial port;

Update the control values on their respective output ports;
End
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VHT - Very High Temperature; TTL - Tank Temperature Low; TTE - Tank Temperature Excellent; TTH - Tank
Temperature High.

Figure 2. Membership functions for temperature control, with a setpoint of 35 °C: (A) Internal culture temperature;
(B) Tank temperature (hot bath).

Some values for S(i), representing the tunable parameters of the heating controller, and SC(i),
representing the tunable parameters of the cooling controller, were as follows: S1 =10, S2 =10, S3 =5, S4
=2,85=2, SC1=5000, SC2 = 5000, SC3 = 4000, SC4 = 15000, and SC5 = 60000. Initially, the influence
of the parameters S(i) and SC(i) on the response of the controlled variable was evaluated to identify which
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exhibited greater sensitivity in the specific case. Subsequently, these parameters were heuristically tuned to
obtain their final values.

Therefore, it can be seen from the membership function graphs and the pseudocode that when the
acquired temperature value is associated with the linguistic values “Very Low” or “Low” and “Low Tank
Temperature”, this indicates that the process temperature is far from the established setpoint. In this case,
the control action response is: “temperature below the desired value, so increase the power”, resulting in an
increase of the heating power to raise the temperature. When the values “Optimal” and “Optimal Tank
Temperature” are reached, this indicates that the system is at the desired setpoint, so the response from the
control system is: “temperature at the setpoint, so maintain the power”. When the acquired temperature
values start to oscillate between “Optimal” and “High”, and between “High Tank Temperature” and Optimal
Tank Temperature”, the controller response is: “temperature starting to shift from the setpoint, so open the
valve for cold water slightly to correct the temperature rise”. When the values correspond to the “High” or
“Very High” and “High Tank Temperature” levels, the hot sector switches off completely and the controller
response becomes: “fully activate the cold-water valve to lower the temperatures to “Optimal” and “Optimal
Tank Temperature”, to maintain the system at the desired setpoint”’. The program performs this operating
loop to control the temperature variable during the entire process.

Before applying control system with fuzzy inference for the input values to the Saccharomyces cerevisiae
cultivation, the behavior of the system was evaluated in a series of tests performed for different periods of
time, with water at different temperatures. Oscillation of around 0.1 to 0.2 °C below the setpoint was observed,
while before achieving the desired equilibrium of the temperature variable (setpoint £0.2 °C), there were two
small shoots, the first during heating (0.5 to 1 °C overshoot, above the setpoint) and the second during cooling
(0.8 to 1 °C undershoot, below the setpoint). The shoots were related to the controller tuning and the external
temperature conditions, such as the effect of the laboratory air conditioning, which was set at 20 °C. These
results are shown in Figure 3A. The tests revealed that the two shoot peaks can be minimized if the initial
culture and tank temperatures are similar, as shown in Figure 3B. Unfortunately, it was not always possible
to select the initial system temperatures, since these were the perturbations that the controller needed to
mitigate. Therefore, possible strategies were to i) retune the controller, ii) gradually alter the setpoint, avoiding
any abrupt actions.

(A)

Control System with Fuzzy Inference for the Input
Values - Tests at different temperatures

0O 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15

Time (h)
Temperature 30 °C Setpoint for Temperature 30 °C
Temperature 32 °C = - =Setpoint for Temperature 32 °C
Temperature 33 °C - - =Setpoint for Temperature 33 °C
Temperature 34 °C = . =Setpoint for Temperature 34 °C
Temperature 35 °C = - =Setpoint for Temperature 35°C

Brazilian Archives of Biology and Technology. Vol.69: €26250349, 2026 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Artur, AP.S.; et al. 9

(8) Temperatures of the culture and the thermal tank. Initial culture and
tank temperatures similar
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Figure 3. Tests with water, using different temperatures: (A) Oscillatory behavior of £0.2 °C around the setpoint, after
the two shoot peaks; (B) Similar initial culture and tank temperatures, minimizing the two shoot peaks.

The behavior of the control system with fuzzy inference for the input values developed here showed
similarity to the findings of Fonseca and coauthors [26], who used a fuzzy Pl and PID controller, and Yerolla,
P and Besta [19], who used a PSO-PID (Particle Swarm Optimization-Proportional Integral Derivative) control
system. The control described by Fonseca and coauthors [26], required fuzzy PI, PD, or PID controllers to
obtain the parameter values by means of tuning (Ziegler-Nichols method). However, depending on the plant
and process, it can be challenging to obtain these tuning variables. In the case of the PSO-PID system
reported by Yerolla, P and Besta [19], a transfer function model was developed by linearization at the steady-
state operating point, enabling optimization of the parameters of the PSO-PID controller. However, depending
on the plant and process, obtaining the transfer function may be problematic. The control system developed
here offers a simple alternative, since the code parameters can be adjusted by trial and error, with little prior
knowledge of the plant. Furthermore, greater accuracy in the tuning of this controller may be achieved if
performed by a process expert able to predict the necessary control action, according to the process
condition. For example, a very cold temperature would necessitate more intense heating, while a temperature
within 90% of the optimum would require a milder response from the controller. Intuitive knowledge of the
process enables the operator to effectively adjust the parameters. In this work, the experts who developed
the code, based on simple tests, were able to adjust the control parameters and obtain excellent performance
for the process, applying £0.2 °C of the setpoint, which represented an oscillation of around 0.6%.

It should be noted that temperature control of this bioreactor was previously performed with PID control,
developed using the SUPERSYS software. The PID was usually tuned employing the closed-loop Ziegler-
Nichols method, which was very slow and laborious, or the open-loop reaction curve method. Both methods
provided approximate values of Kp, Ki, and Kd, which are parameters related to the dynamics of the process.
The main difficulty was the highly complex nature of the process, which did not present linear behavior over
time, so the values obtained for a given condition needed to be recalibrated for other conditions. In this sense,
for non-linear processes, an adaptive control strategy could be an alternative, in which PID parameters are
continuously adapted considering process variable values, as continuous changes in system dynamics can
require periodic recalibration and adjustment to maintain optimal performance. Important to say, however,
that adaptive PID is not the focus of this paper.
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Figure 4 shows the responses of the control system with fuzzy inference for the input values and the
previously tuned PID controller (non-adaptive), still testing with water. In these case, the PID presented
oscillations both above the setpoint (heating sector) and below the setpoint (cooling sector), resulting in a
temperature profile that resembles an on-off control in some extent, as reported elsewhere [52-54].
Important to say, PID was not badly tuned. On the contrary, the PID control whose result is shown in Figure
4 utilized an anti-reset windup mechanism implemented by means of a sub-VI in SUPERSYS. In this specific
implementation, the integrator always resets when the error changes sign, and the integral value does not
accumulate, preventing integral accumulation. However, despite this mechanism, the PID controller still
exhibited oscillations (mainly due to the somewhat slow process of temperature change), which motivated
the transition to control system with fuzzy inference for the input values. Table 1 shows the results of the
performance tests, including the integral absolute error (IAE), the integral square error (ISE), the integral of
time-weighted square error (ITSE), and the integral of time-weighted absolute error (ITAE), applied to the
results for the control system and PID control (shown in Figure 4). It can be seen from Table 1 that in all the
performance tests, the error values were lower for the control system, compared to the classical PID,
demonstrating the superior performance of the control system with fuzzy inference for the input values.

32
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)
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N
©

Temperature (°
N
(o]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time (h)

PID Control

Control System with Fuzzy Inference for the Input Values

- == Setpoint

Figure 4. Comparison of the Control system with fuzzy inference for the input values and PID control applied to the
benchtop bioreactor.

Table 1. Performance tests applied to the results obtained using the control system with fuzzy inference for the input
values and the previously tuned PID controller: integral absolute error (IAE), integral square error (ISE), integral of time-
weighted square error (ITSE), and integral of time-weighted absolute error (ITAE).

IAE (°C.h) ITAE (°C.h?) ISE (°C2.h) ITSE(°C2.h?)
Classical PID control 1.72 0.63 4.59 0.83
Control System with Fuzzy Inference 1.06 0.00052 205 0.30

for the Input Values

After the tests with water and comparison of the results with studies reported in the literature [19,26], two
tests were performed using real cultivations of Saccharomyces cerevisiae for ethanol production. The
temperature profiles of the process are shown in Figure 5.
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Figure 5. (A) Control system with fuzzy inference for the input values applied to cultivations of Saccharomyces
cerevisiae. (B) Image zoom.

Statistical analysis for the repeated runs indicated a low standard deviation of 0.03 °C (maximum value).
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In fact, the agreement between the curves is visible. Accordingly, ITAE for the runs were also very similar
(12.91 and 13.30 °C.h?). Thus, the control system was able to maintain the temperature close to the setpoint
value, with a small oscillation that was the same as in the tests with water.

As an additional effort, analysis of the power of the electric heating element is presented in Figure 6.
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Figure 6. Power of the electric heating: (A) Run 1; (B) Run 2.

It is important to say that the power profile showed reflects a viable performance from an energetic point
of view. It would be undesirable, for example, if the behavior were to maintain operation close to maximum
power throughout the test. However, as can be seen, this does not occur. On the contrary, there is an
alternation between minimum and maximum power (average power of run 1, Figure 6A, equal to 58.30 W;
average power of run 2, Figure 6B, equal to 59.49 W; Average power between the two runs and the respective
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standard deviation equal to 58.90 + 0.84 W). From a broader perspective, we believe that it can be stated
that scale-up would be favored and viable.

As reported here and in the literature [15,19], temperature control is a crucial factor in the alcoholic
fermentation process involving the production of biomass and ethanol. According to Gdes-Favoni and
coauthors [55], the optimal temperature for production of biomass and ethanol is in the range from 25 to 36
°C. Outside this range, temperatures below 25 °C result in slow metabolism and growth activity of the yeast,
with low product formation, while temperatures above 36 °C lead to increased toxicity of ethanol, the main
product.

Figure 7 shows, the changes in the concentrations of glucose, ethanol, and biomass during run 2 (best
result). The anaerobic conditions of the process favored ethanol production. In this 12-hour fermentation, the

lag phase occurred up to 4 h, the log phase was between 4 and 10 h, and the stationary phase was from 10
to 12 h.

(A) 160 80
n [ ]
140 = 70
] ) ] b ¢ ‘Z_T
120 . 60 5
e L ) e
71100 50 £
RE) e <
g 80 = 40 W
o ® 'g
(&]
2 60 = 30 o
(D [~ %
40 - . 205
m
20 ° ] 10
® b n
0 . . =0
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (h)
® Glucose @ Ethanol Biomass
(B) Substrate to ethanol conversion
100
90
__ 80
X 70
_5 60
» 50
Q 40
S 30
O
20
10
0
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (h)

—e— Substrate to ethanol conversion

Figure 7. Results for cultivation of Saccharomyces cerevisiae in synthetic medium: (A) Glucose consumption, ethanol
production, and microbial growth; (B) Substrate conversion to ethanol.

As shown in Figure 7B, after 9 h the yeast had consumed almost all the glucose in the medium and
achieved a high level of ethanol production. According to the works by Ruchala and coauthors [57] and
Semkiv and coauthors [58], the transformation of glucose by S. cerevisiae occurs according to the Embden-
Meyerhof-Parnas (EMP) pathway, with anaerobic production of 2 mol of ethanol for each 1 mol of glucose
consumed, providing a maximum concentration of around 7-11% (v/v). The ethanol yield accompanies the
glucose consumption and may be up to 93%, with volumetric productivity in the range from 4.6 to 10 Gethanol.L"
'.h' [49,59]. Table 2 shows the results obtained in the fermentation.

Brazilian Archives of Biology and Technology. Vol.69: €26250349, 2026 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Artur, AP.S.; etal. 14

Table 2. Results for the fermentation using S. cerevisiae. The values were calculated for a 12-h fermentation without
aeration or addition of other components.

Fermentation parameters Experimental values
Initial ethanol concentration (g.L™") 4.26 £ 0.04
Final ethanol concentration (g.L™") 67.56 + 0.04
Initial biomass concentration (g.L™") 1.81 £ 0.01
Final biomass concentration (g.L™") 5.07 £ 0.01
Initial glucose concentration (g.L™") 151.16 £ 0.04
Final glucose concentration (g.L™") 0.96 £ 0.02
Volumetric productivity - Qp (Qethano.L™.h") 5.275
Glucose to ethanol conversion factor - Yp /s (Qethanol-substrate ") 0.4214 £ 0.02
Glucose to cells conversion factor - Yy /¢ (Qoell-Gsubstrate ") 0.022 £ 0.01
Fermentation efficiency - E (%) 82.4732
Substrate conversion - X (%) 99.36

As shown in Table 2 and Figure 7, the substrate-to-product conversion factor (Yp,s) was 0.42 + 0.02
Qethanol-Jsubstrate ', With volumetric productivity (Q,) of 5.275 gethano.L™".h”" and fermentation efficiency (E) of
82.47%. These values showed that the yeast was able to develop satisfactorily under the process conditions,
with consumption of almost all the glucose (99.36%).

Mesquita and coauthors [47], reproduced, in the laboratory, the experimental conditions of the “Brazilian
Bioethanol Plant”, which is the fed-batch followed by batch cultivation used for ethanol production in most
Brazilian sugarcane processing plants. The tank is first fed an initial inoculum of yeast at a very high
concentration, followed by addition of molasses, usually at a constant flow rate, until reaching the final
working volume. The process continues as a batch fermentation, until total consumption of fermentable
sugars. The process is anaerobic, with no air input or inlet gas flow.

The results obtained here revealed superior productivity, compared to the work of Mesquita and
coauthors [47]. This strongly indicated that the control system with fuzzy inference for the input values
provided more efficient temperature regulation, compared to the PID controller, consequently increasing the
final yield of the process. Temperature has direct effects on yeast growth, cell viability, and ethanol
production. For the same substrate, the biomass yield and the ethanol yield coefficient vary, depending on
the process temperature. It should be noted that Mesquita and coauthors [47] used the PID temperature
control shown in Figure 4. As very properly stated by Yerolla, P and Besta [19], effective temperature
regulation is essential for enhancing ethanol production, as it directly affects the yield, efficiency, and quality
of the final product. Biological systems are extremely responsive to changes in temperature, highlighting the
significance of precise temperature regulation to ensure the desired quality and productivity of the output
[60]. The genetic modifications that allow yeast strains to adapt to high temperatures have led to an increased
ability to withstand the restrictive circumstances commonly seen in commercial ethanol production. This
highlights the importance of temperature in boosting ethanol production [61].

Table 3 provides a comparison of the results obtained here and those reported in other studies using the
same synthetic medium and a wild yeast strain. The highest ethanol conversion rate and the highest final
product concentration were obtained in the present work, despite not using advanced microaeration
techniques or recombinant/adapted yeasts. Ethanol production could be further enhanced by the application
of microaeration techniques, or even the inclusion of acidic compounds, as employed in other studies [62,63].

Table 3. Performances of cultivations using S. cerevisiae with synthetic media.

Glucose-to- Volumetric Final ethanol
ethanol productivity = concentration
Study conversion (Qp, (g.L") Cultivation conditions
(Yp/s,), gethanol-L'1-h'1)
gethanol-gsubstrate-1)
This work 0.42 5.275 67.56 Batch, without gas supply
Mesquita et al. [47] 0.38 3.8 62.1 Fed-batch, without gas supply
Furlani [56] 0.37 10.7 64.4 Stirred flasks, without gas supply
Lyra Colombi et al [64] 0.4 1.09 9.6 Stirred flasks, without gas supply
Mesquita, et al. [49] 0.39 3.41 61.9 Fed-batch, without gas supply
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Therefore, the temperature regulation provided by the control system with fuzzy inference for the input
values ensured appropriate conditions for optimizing the fermentation process and maximizing the yield of
the desired product. The flexibility of the structure of this control system enables its use with any type of
bioreactor, including the airlift design and others. In addition to the economic benefits associated with
increased productivity, the system can reduce energy consumption, since the power profile reflects a viable
performance from an energetic point of view, as well as reduce the final volume of vinasse, because the
process achieves a higher final concentration of the desired product. Hence, the use of this control system
can increase bioprocess sustainability.

CONCLUSION

A control system with fuzzy inference for the input values was implemented via arduino to control the
temperature variable. First, a series of tests were carried out with water at different temperatures and for
different lengths of time, to check the system's behavior. In the tests with water, for different temperatures,
an oscillation of approximately +0.2 °C below the setpoint was observed, which in this case represents
approximately 0.6% oscillation. Before achieving the desired balance of the temperature variable, two small
shoots were observed, the first during heating (0.5 to 1 °C above the setpoint) and the second during cooling
(0.8 to 1 °C below the setpoint). The shoots observed depend on the controller's tuning and also on external
temperature conditions, such as interference from laboratory air conditioning. In the tests on the real
cultivation of Saccharomyces cerevisiae for ethanol production, the control system kept the temperature close
to the setpoint value, with a small oscillation, the same observed in the tests with water. Obtaining an alcoholic
fermentation with a substrate-to-product conversion factor of 0.42 + 0.02 Qethanol.Qsubstrate”’, With @ volumetric
productivity of 5.275 getano.L'.h"" and a fermentation efficiency of 82.47%. Therefore, the temperature control
brought about by the system provided the right conditions to improve the fermentation process. The
implemented system guarantees lower energy consumption as well as reducing the final volume of vinasse.
Consequently, the control system with fuzzy inference for the input values increases the degree of
sustainability of the bioprocess in question.
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