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Fuzzy logic control based on the Takagi–Sugeno inference method has been applied for the yeast alcoholic 

fermentation running in a continuous-time biochemical reactor in this paper. A type-1 fuzzy PID controller was 

designed to temperature control in a biochemical reactor. The fuzzy PID controller was also designed using 

type-2 fuzzy sets. The advantage of the fuzzy control is that it can be used very successfully for control of 

strongly non-linear processes and processes that are difficult to model because of complicated reaction kinetics. 

Obtained simulation results confirm this fact. The disadvantage of the fuzzy control design lies in the time-

consuming tuning of controllers. The subtractive clustering method was used to identify the rule base. This 

approach was chosen to minimize the number of rules of the designed fuzzy logic controllers and to simplify the 

fuzzy controller design. Simulation results confirm that fuzzy PID controllers can assure better performance than 

conventional PID controllers. Yeast alcoholic fermentation is an exothermic process and the cooling is 

necessary to maintain the optimal temperature in the reactor. Fuzzy PID control reduces coolant consumption 

in comparison with conventional PID control and so it assures energy-efficient control of continuous-time 

alcoholic fermentation. Using type-2 fuzzy sets in the fuzzy PID controller design is very promising as the type-

2 fuzzy controller offers even better results than the type-1 fuzzy controller.  

1. Introduction 

Biochemical processes have become integral parts of the pharmaceutical, chemical, and food industries. An 

important task for chemical engineers, biochemists and microbiologists is to cultivate organisms in a highly 

controlled way. Fermentation processes are very important to produce biofuels and their advanced control is 

being studied intensively. Nagy (2007) introduced a mathematical model of a continuous fermentation process 

for ethanol production that appropriately describes the temperature behavior inside a bioreactor and is also 

suitable for implementation by the Matlab/Simulink. Ławryńczuk (2008) presented the fundamental model of the 

yeast fermentation biochemical reactor and developed an artificial neural networks model as a black box model 

of yeast fermentation and used it in a computationally efficient nonlinear MPC algorithm. The fermentation 

control strategies review (Mears et al., 2017) summarizes the benefits and requirements of the open loop control, 

and different advanced control strategies as adaptive control, model predictive control, fuzzy control, artificial 

neural network-based control, probing control and statistical process control. Bakošová et al. (2019) study two 

advanced approaches to controlling alcohol fermentation in a biochemical reactor to minimize energy 

consumption. 

Fuzzy Logic Control (FLC) is often found in situations where conventional control is expected. Fuzzy logic is 

based on the theory of fuzzy sets. These were introduced by Zadeh (1965). The biggest advantage of fuzzy 

systems is tolerance to data inaccuracy. Fuzzy systems based on language variables are also applicable in 

classical control problems. Zadeh (2015) described his view of the development of fuzzy logic from 1965 and 

its current state. Aliev (2013) introduces the basics of fuzzy sets theory, fuzzy logic, and fuzzy mathematics. 

This book also presents applications of the proposed fuzzy logic-based generalized decision theory to solve the 

benchmark. The main benefit of fuzzy logic is its ability to work with unclear data (González et al., 2013). Various 

technological and engineering applications of fuzzy logic are listed in Ross (2010). Aviso et al. (2019) developed 

a fuzzy combined integer model of linear programming to reduce greenhouse gas emissions. Vasičkaninová 

and Bakošová (2015) investigate a Takagi–Sugeno fuzzy model of the tubular heat exchanger in a predictive 
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control algorithm to regulate the output petroleum temperature. The advantages of fuzzy logic based controllers 

are simplicity, robustness, and the ability to deal with complex nonlinear relationships using incomplete and 

noisy data (Silva et al., 2012). Sagüés et al. (2007) successfully implemented fuzzy controllers to control a 

biomass gasification process. The benefits of the application of fuzzy-based control are also commented by 

Wakabayashi et al. (2009) when controlling the temperature inside a polymerization reactor. In this case, the 

fuzzy-PI controller was implemented using a split range configuration with two control valves, one for a hot utility 

and one for a cold utility. In split range control, the output of the controller is sent to two or more control valves 

and each of them acts upon a certain range of the controller output. The aim of this split ranging is to improve 

the controller by expanding its performance range (Shen-Huiiet al., 2011). Fonseca et al. (2013) studied the 

application of a fuzzy-PI and fuzzy-PID controllers alongside a split range strategy to control the temperature 

inside a fermentation vessel by manipulating both both the flow of hot and cold water entering the jacket. 

Temperature control of the bioreactor for the fermentation process using Takagi-Sugeno fuzzy controller is also 

given in Flores-Hernández et al. (2018). The methods used to calculate the type-2 fuzzy logic controller (T2 

FLC)  output  describes Tai et al. (2016). Based on the application overview, the most promising applications 

are searched. Mendel (2017) covers fuzzy rule-based systems – from type-1 to interval type-2 to general type-

2 – in one volume. For hands-on experience, the book provides information on accessing MatLab and Java 

software to complement the content. The book features a full suite of classroom material.  

The aim of this paper is to contribute to the design of the fermentation process control because, despite intensive 

research in this area, there is a lack of approaches leading to a simple and reliable design of the control. The 

main goal is to show that fuzzy controllers are able to provide energy savings compared to conventional PID 

controllers. 

2. Fuzzy control 

2.1 Type-1 fuzzy PID controller  

The general structure of type-1 fuzzy PID controller is shown in Figure 1. The controller is formed as a fuzzy PD 

controller with an integrator and a summation unit at the output (Kumbasar, 2014). The standard fuzzy PID 

controller is constructed by choosing the inputs to be error e and derivative of error de/dt and the output to be 

the control signal u. 

 

 

Figure 1: Fuzzy PID controller 

2.2 Interval type-2 fuzzy PID controller 

The rule base for type-2 fuzzy controller (Figure 2) remains the same as for type-1 FLC, but its membership 

functions are represented by type-2 interval fuzzy sets instead of type-1 fuzzy sets using some type of reducer 

(Kumbasar, 2014). 

 

 

Figure 2: Interval type-2 fuzzy PID controller block diagram 
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3. The continuous-time fermentation bioreactor 

Yeast fermentation is an important biochemical process. The yeast fermentation reactor under investigation is 

taken from the work introduced by Nagy (2007) and also used by Ławryńczuk (2008). The control system 

structure for the continuous-time fermentation reactor is shown in Figure 3.  

 

 

Figure 3: The fermentation reactor operating in a continuous-time regime 

The mathematical model of this reactor describes fermentation kinetics and mass and energy balance of the 

reactor. The steady-state values of all variables are given in Ławryńczuk (2008). Simulation experiments with 

this model are described in Bakošová et al. (2019). 

4. Results and discussion 

4.1 Identification of yeast fermentation 

To obtain a nominal process model, step responses of the temperature in the reactor to various step changes 

of the cooling water volumetric flow rate were generated and intervals for the transfer function parameters were 

obtained. The fermenter was represented as the system with interval parametric uncertainty. 

The identified fermenter model was obtained using the Strejc method in the form of the first order plus time 

delay transfer function (Mikleš and Fikar, 2007) with the gain 𝜅, the time delay Td, the time constant , and s 

being the Laplace transform argument 

𝑆 =
𝜅

𝜏𝑠 + 1
𝑒−𝑇𝑑𝑠 (1)  

The nominal values of the parameters are the mean values of parameter intervals: 𝜅mean = − 0.26 °C h dm-3, 

𝜏mean = 37 h, Tdmean = 1 h.  

4.2 Conventional PID control of yeast fermentation 

The nominal plant model (1) was used to design the PID controllers. Based on simulation results, the Cohen-

Coon method and the Chien-Hrones-Reswick method (Corriou, 2004) were selected from several experimental 

tuning approaches. The transfer function of a PID controller C with a filtered derivative part is considered in the 

form: 

𝐶 = 𝑘𝑝 (1 +
1

𝑡𝑖𝑠
+

𝑡𝑑𝑠
𝑡𝑑𝑠
𝑁

+ 1
) (2)  

where kp is the proportional gain, ti the integral time, td the derivative time and N is a constant. The PID controller 

parameters are presented in Table 1, where N = 20, the negative value of controller parameter kp express the 

fact the higer cooling agent flow rate is applied the lower reactor temperature is reached. 

Table 1: Parameters of the conventionally tuned PID controllers 

Tuning rules  kp (m3 h-1 °C-1) ti (h-1) td (h) 

Cohen-Coon   −186.26 2.43 0.36 

Chien-Hrones-Reswick  −83.39 37.06 0.50 

87



4.3 Fuzzy control of yeast fermentation 

The type-1 fuzzy controller was designed as a Sugeno-type fuzzy inference system (FIS) in the form Eq(3):  

If e is Ai  and de/dt is Bi Then fi = pi e + qi de/dt + ri, i = 1, …, 4 (3)  

where e is the control error, de/dt is the derivative of error, pi, qi, ri are the consequent parameters. Sugeno-type 

FIS was generated using a subtractive clustering method. The symmetric Gaussian function Eq(4) was used for 

the fuzzification of inputs. This function depends on the standard deviation σ and the mean c. The Gaussian 

membership functions parameters σ and c can be seen in Table 2. The rules consequent parameters are 

enumerated in Table 3. 

𝜇(𝑥) = 𝑒
 − 

(𝑥−𝑐)2

2𝜎2  (4)  

 Table 2: Parameters of the Gaussian membership functions 

e de/dt 

i ci i ci 

1.14 -0.009 10.24 21.10 

1.14 -0.089 10.24 21.21 

1.14 -0.050 10.24 0.42 

1.14   0.206 10.24 -0.09 

Table 3: Consequent parameters 

pi qi ri 

48,544 -1,102 -1,545,305 

47,344 -769 1,589,707 

10,865 -286 111,329 

10,636 -264 112,916 

 

Rule viewer that simulates the entire fuzzy inference process is seen in Figure 4. Figure 5 introduces the 

corresponding structure of ANFIS. 

 

 

Figure 4: Fuzzy inference system 

 

Figure 5: Structure of ANFIS 
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There are different types of type-reduction methods to design interval type-2 fuzzy PID controller. Karnik-Mendel 

algorithms are iterative procedures (Karnik and Mendel, 2001) that are commonly used in fuzzy logic theory and 

in this paper too. The input type-2 fuzzy sets are shown in Figure 6 (Wu and Mendel, 2009). 

 

      

Figure 6: Interval type-2 membership functions (a) degree of membership - e graph and (b) degree of 

membership - de/dt graph 

5. Simulation results 

Simulation results obtained with the proposed fuzzy controllers are shown in Figure 7 in set-point tracking with 

measurement noise. The results were compared also using the total consumption of cooling water V consumed 

during control, the integral quality criteria IAE (integrated absolute error) and ISE (integrated squared error) 

defined e. g. in Corriou (2004) as follows  

𝐼𝐴𝐸 = ∫ |𝑟(𝑡) − 𝑦(𝑡)|𝑑𝑡

∞

0

, 𝐼𝑆𝐸 = ∫ (𝑟(𝑡) − 𝑦(𝑡))2𝑑𝑡

∞

0

 (5) 

In Eq(5), r(t)  is the reference value and  y(t) is the actual process output.  

The reference reactor temperature r = 32 °C changed to 30.5 °C at 200 h. Table 4 summarizes the numerical 

results.The fuzzy controllers ensured reference tracking with measurement noise without overshoots. The 

consumption of cooling agent V was the lowest using type-2 fuzzy PID controller. The value of IAE  was the 

lowest when type-2 fuzzy PID controller was used, and the value of ISE was the lowest when type-1 fuzzy PID 

controller was used. Conventional PID controllers led to the worst values of all considered criteria. 

 

 

 Figure 7: Comparison of PID and fuzzy control 

Table 4: Values of V, ISE, IAE 

Control V (m3) ISE (°C2 h) IAE (°C h) 

Fuzzy PID type-1 8.12 48.88 60.31 

Fuzzy PID type-2 8.05 49.79 55.57 

PID Cohen-Coon 8.58 86.36 94.15 

PID Chien-Hrones-Reswick 8.13 55.65 77.17 

6. Conclusions 

Control of alcoholic fermentation as a part of biofuel production is currently the subject of intensive research. 

Two conventional PID controllers, a fuzzy PID type-1 and a fuzzy PID type-2 controllers were used to control 

the yeast fermentation reactor and compared. Depending on the coolant consumption and ISE and IAE criteria, 

both fuzzy controllers outperformed the PID control of the yeast alcohol fermentation running in a continuous-
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time biochemical reactor. Comparing the highest and lowest ISE and IAE values, the ISE value decreased by 

76 % when comparing fuzzy PID type-1 and PID Cohen-Coon controllers and the IAE value decreased by 69 

% when comparing fuzzy PID type-2 and PID Cohen-Coon controllers. Fuzzy type-2 controller provided less 

coolant consumption, but with only a small 6.6 % reduction in water consumption. Simulation results confirmed 

the applicability of fuzzy control to maintain product yield and ensure energy savings when a strongly non-linear 

process with uncertainties is controlled. 
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