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Abstract 

Industrial plants dedicated to ethanol production have a large number of interrelated processes and 

operations with nonlinear dynamics, requiring a process control design method considering 

plantwide aspects and nonlinear control techniques application, as fuzzy logic, to overcome 

disturbance effects on process control performance. In this work, disturbance in an ethanol process 

plant were investigated in order to propose a fuzzy system to improve the plantwide control and 

keep process productivity. The fuzzy system was set to adapt the bioreactor temperature setpoint in 

case of disturbances, avoiding process deregulation. The results indicated that the fuzzy system 

developed was able to improve plantwide process control performance and also increasing process 

productivity.  

Keywords: Plantwide Control. Fuzzy Logic. Ethanol production. 
 
 

Nomenclature 

Δu – Variation of the controller outputs 

τI – Integral time constant of a PID controller 

CA,i – Starch concentration in enzymatic reactor input flow [kg/m3] 

CA – Starch concentration in enzymatic reactor [kg/m3] 

CA,F – Starch concentration in bioreactor [kg/m3] 

CE – Enzyme activity in enzymatic reactor [U/m3] 

CE,i – Enzyme activity in enzymatic reactor input flow [U/m3] 

CE,F – Enzyme activity in bioreactor [U/m3] 

CEj – Control effort for process variable j control loop 

CP – Product concentration in bioreactor [kg/m3] 

CS – Glucose concentration in bioreactor [kg/m3] 

CS1 – Glucose concentration in enzymatic reactor [kg/m3] 

CX – Cell concentration in bioreactor [kg/m3] 

CX,C– Cell concentration in recycle tank input flow [kg/m3] 

CX,R – Cell concentration in recycle tank [kg/m3] 

e(t) – Process variable error 
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FA – Starch input flow in enzymatic reactor [m³/h] 

FAG – Water input flow in recycle tank [m³/h] 

FC – Cell input flow in recycle tank [m³/h] 

FD – Recycle tank discharge [m³/h] 

FE – Enzyme solution input flow in enzymatic reactor [m³/h] 

FP – Bioreactor output flow [m³/h] 

FR – Cell recycle flow [m³/h] 

FS – Enzymatic bioreactor output flow [m³/h] 

FU – Utility flow [m³/h] 

IAEj – Integral of absolute error for process variable j 

KC – Proportional gain of PID controller 

LF – Bioreactor liquid level [m] 

LR – Recycle tank liquid level [m] 

LS – Enzymatic reactor liquid level [m] 

PV – Process variable 

SP – Set point 

TR – Bioreactor temperature [ºC] 

TU,i – Input utility temperature [ºC] 

TU – Output utility temperature [ºC] 

ui – Control signal output at instant i 

ui-1 – Control signal output at instant i-1 

MP – Product mass production [kg] 

 

1. Introduction  

With the growing concern regarding the environment, carbon emissions, waste disposal and 

global warming, as recently discussed during UN Climate Change Conference at Glasgow, 

environmental friendly fuels and products have gained much prominence. Ethanol, for example, is 

a biofuel that has great versatility once it can be produced using sustainable resources as sugar cane, 

corn, beet or even biomass residues like sugar cane bagasse (Lin and Tanaka, 2006). These 

bioresources provide the carbon source for ethanol fermentation process in different ways like 

saccharides, starches or cellulosic form (Oliveira et al., 2012).  

The potato, an example of starchy source, has gained prominence due to the great waste to 

which its commercialization generates, being about 25 to 30% of the potato produced in the world 

wasted in the form of scrap by appearance defects that compromise its sale (Jasper, 2019).  

From the ethanol production point of view, the process must have a fermentation step to 

convert the substrate into ethanol. However, if the substrate is a starchy source, it requires a 

hydrolysis step to convert the starch into glucose that can be used by yeast to produce ethanol 

(Polakovic and Bryjac, 2004; Riaz et al., 2012). Nonetheless, at the fermentation step, cell recovery 

can also be performed (Ochoa et al., 2010a), keeping a high yeast concentration in attempt to 

improve process productivity.  It can be seen that ethanol production requires multiples steps which, 

in large scale, indicates the necessity of many equipments and unit operations, making its operation 

complex and defiant. Thus, an industrial plant has to be well designed to allow a safe and 

economically feasible production, and one of the main factors that contribute to achieve this goal is 

the process control. Such application generates several improvements in the process, such as greater 

productivity, lower risk of human error or accidents, less waste of raw materials, higher energetic 

efficiency, greater standardization of products, ensuring compliance to specifications and quality. 

However, large industrial plants are difficult to control only considering isolated operating units, 

being necessary to consider aspects of plantwide control during the automation system design 

(Luyben et al., 1998).  
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Since the pioneer study on plantwide control developed by Downs and Vogel (1993), many 

papers have been published reporting different applications and technologies to improve plantwide 

control (Da Silva et al., 2021; Jahanshahi et al., 2020; Luyben, 2019), even applied to ethanol 

production (Ochoa et al., 2010a; Ochoa et al., 2010b). Combined to the complexity of large 

industrial plants operation, in most cases the industrial processes have nonlinear dynamics, which 

makes the control of such systems even more difficult (Chai et al., 2014). For nonlinear and complex 

processes control, there are also many published papers showing different techniques able to 

overcome process nonlinearity during process control design, however there is one that stands-out 

among them and has been widely used, the fuzzy logic (Castillo and Melin, 2021; Huo et al., 2020; 

Precup and Hellendoorn, 2011).  

Process control using fuzzy logic is based on specialist knowledge about the process, 

represented as a logic model, which performs a human decision making during process control. The 

logic model is condensed into a set of heuristic rules that with the help of the fuzzy set theory 

transposes such linguistic control rules in a coherent control strategy (Batista and Meneghetti, 2018). 

Therefore, such specialist system is able to efficiently control nonlinear processes, and that is the 

reason it has been widely used for bioprocess control (Fonseca et al., 2018; Waewsak, et al., 2010; 

Babuska et al., 2002). 

In this scenario, the present work proposes the application of fuzzy logic to improve the 

plantwide control of an ethanol production plant containing a continuous bioreactor with cell recycle 

system and an enzymatic reactor for starch hydrolysis. Two different plantwide control structures 

were evaluated for comparison purposes, being one a plantwide control with feedback control loops 

configured with PID, and a second plantwide control structure with the same feedback control loops 

but with a fuzzy logic system to reconfigure bioreactor temperature setpoint considering process 

disturbances, in order to improve process control and productivity. Both control structures were 

evaluated using performance criteria IAE, CE and ethanol mass production to establish the 

advantage in using the specialist system in plantwide control. 

 

2. Methodology 

2.1. Ethanol process control 

 

The ethanol plant simulation was implemented in MatLab/Simulink using the model adapted 

from Nagy (2007) and Fonseca et al. (2014), as described in appendix. With this process model, a 

plantwide control system using feedback control loops with PID was proposed according to Luyben 

et al. (1998). For simplicity, this plantwide control structure is hereby called PCS and is shown in 

Figure 1. The PID controllers were implemented with anti-reset wind up and tracking time constant 

equal to 1.5 in all control loops. They were also tuned using the relay method (Seborg et al., 2004) 

followed by a fine tune in order to improve process dynamic response.   

For LS, LF and LR control loops, purely proportional (P) control law was used whereas the 

control loops of CS1, CP, CX,R, and TR, were configured with a proportional and integral (PI) control 

law to avoid the presence of permanent error. Table 1 presents the tuning parameters used. 

 

Table 1 – PID tuning parameters. 

Process Variable Controller Tag KC τI 

CS1 AC01 3.75 6.25 

CP AC03 2 4 

CX,R AC07 3.3 11 

TR TC04 1.2 0.8 

LS LC02 150 ∞ 

LF LC06 135 ∞ 

LR LC05 300 ∞ 
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Figure 1 - PCS control system proposed to the ethanol production plant. 

 

As mentioned before, it was evaluated one more control strategy beyond PCS, which is based 

on feedback control with PID, as commonly used in industrial plants. The second control structure, 

hereby called PCSF, uses the same feedback loops of PCS, however with a fuzzy logic system to 

reconfigure the bioreactor temperature setpoint in attempt to improve control performance in case 

of process disturbances. Sometimes disturbances can cause a high impact in process operation, 

driving it to a different operating condition and making process control defiant.    

 

2.2. Fuzzy logic 

 

A fuzzy logic system was developed to adapt the bioreactor temperature setpoint in attempt 

to improve plantwide control performance and it was designed to consider the influence of some 

disturbances variables on selected process variables, as TR and CP. This strategy was set to modulate 

the bioreactor temperature setpoint using the rules established in the fuzzy system, which were 

designed from the specialist knowledge acquired about the process dynamic behavior in relation to 

the disturbances. In order to evaluate PCS and PCSF control structures proposed in this work, a set 

of disturbances on CA,i  , CE,i and TU,i was applied to establish its effects on process control and 

determine the most relevant disturbance variable.  

 

2.3. Disturbances analysis 

 

To analyze the disturbance effects on the plantwide control, the ethanol process with PCS 

control structure was set initially in steady state conditions. Then, disturbances about +/- 5% for CA,i  
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and CE,i, and about -5% to -10% for TU,i were performed considering a simulation time period of 

500 [h].  Different simulations were carried out combining a set of disturbances to evaluate its effects 

on the process control, and control performance criteria were calculated to support this analysis. 

 

2.4. Control performance evaluation 

 

To analyze disturbance influence on process control, the performance criterion integral of 

absolute error (IAEj), as indicated in Equation 1, was calculated at each simulation. The higher IAEj 

value, greater is the error undertaken in the controlled variable in relation to its setpoint and worse 

control performance can be observed (Seborg et al. 2004). 

 

𝐼𝐴𝐸𝑗 = ∫|𝑒(𝑡)| 𝑑𝑡                                                                                                                                           (1) 

 

In addition to IAEj, the performance criterion control effort (CEj) and the product mass 

production (MP), as detailed in Equations 2 and 3, respectively, were used in this paper in order to 

access the process control operation and performance. CEj is a criterion used for actuator effort 

evaluation and indicates how much the actuator was required by the control system. On the other 

hand, MP indicates the ethanol production, establishing the total mass of ethanol obtained during the 

process simulation. 
 

𝐶𝐸𝑗 = ∫|∆𝑢| 𝑑𝑡                                                                                                                                               (2) 

𝑀𝑃 = ∫(𝐹𝑃 ∙ 𝐶𝑃)𝑑𝑡                                                                                                                                         (3) 

 

2.5. Plantwide control analysis 

 

The proposed plantwide control structures PCS and PCSF were evaluated in simulations with 

the same time period of 500 [h] and considering the same and most relevant disturbances determined 

previously. The performance criteria IAEj, CEj and MP were calculated for each simulation, and also 

process variables dynamics were analyzed to confirm the advantage of using a fuzzy system in 

plantwide control.  
 

3. Results and Discussion  

3.1. Disturbances effects analysis 

 

The disturbance percentages applied to the starch concentration (CA,i), enzyme concentration 

(CE,i) and the utility temperature (TU,i) inputs can be found in Table 2. These disturbances were set 

to evaluate which variable have higher effect on process variables CS1, CP, CX,R and TR, and it was 

observed significant effects on IAE values, as presented in the Table 2. 

From this data, it can be seen that starch concentration input has a greater influence on all 

process variables once considerable increase in IAE values were observed. It was expected because 

starch is the substrate for the enzymatic reaction, which affects the glucose production that is entirely 

related to the fermentation process. On the other hand, analyzing the interference of utility 

temperature and enzyme concentration inputs, it is possible to consider that these disturbance 

variables do not have much influence on the control performance of the plant. An exception is the 

influence of the utility temperature on the bioreactor temperature control, as expected. However, 

data in Table 2 indicate that, in general, even when combined steps in TU,i and CE,i where applied, 

not much deviation on process variables control was observed. 
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Table 2 - IAE values for CS, CP, CX,R and TR control loops under regulatory control. 

Disturbances 
IAECs1 IAECp IAECx,r IAETr 

[kg.h/m3] [kg.h/m3] [kg.h/m3] [°C.h] 

ΔCA,i +5% 5.17 22.19 16.57 63.43 

ΔCA,i -5% 6.76 400.01 38.80 84.22 

ΔTU,i -5% 0 1.83 0.91 11.66 

ΔTU,i -10% 0 3.04 1.51 22.10 

ΔCE,i +5% 0.09 0.72 0.48 1.20 

ΔCE,i -5% 0.09 0.85 0.53 1.24 

ΔCE,i+5% ; ΔTU,i -5% 0.09 2.24 1.37 12.34 

ΔCE,i -5% ; ΔTU,i -5% 0.09 1.58 0.57 11.15 

ΔCE,i+5% ; ΔTU,i -10% 0.09 3.44 1.94 22.39 

ΔCE,i -5% ; ΔTU,i -10% 0.09 2.76 1.10 21.86 

ΔCA,i +5% ; ΔTU,i -5% 5.17 21.89 16.84 63.64 

ΔCA,i -5% ; ΔTU,i -5% 6.76 408.68 35.79 78.23 

ΔCA,i +5% ; ΔTU,i -10% 5.17 21.84 17.11 59.84 

ΔCA,i -5% ; ΔTU,i -10% 6.76 410.16 34.24 69.50 

ΔCA,i +5% ; ΔCE,i +5% 5.22 22.33 16.71 64.03 

ΔCA,i -5% ; ΔCE,i +5% 6.61 390.47 38.64 83.40 

ΔCA,i +5% ; ΔCE,i -5% 5.11 22.05 16.43 62.82 

ΔCA,i -5% ; ΔCE,i -5% 6.93 410.56 38.94 85.11 

ΔCA,i +5% ; ΔCE,i +5% ; ΔTU,i -5% 5.22 22.02 16.98 64.16 

ΔCA,i -5% ; ΔCE,i +5% ; ΔTU,i -5% 6.61 398.64 35.72 77.11 

ΔCA,i +5% ; ΔCE,i -5% ; ΔTU,i -5% 5.11 21.75 16.70 63.13 

ΔCA,i -5% ; ΔCE,i -5% ; ΔTU,i -5% 6.93 419.74 35.82 79.29 

ΔCA,i +5% ; ΔCE,i +5% ; ΔTU,i -10% 5.22 21.97 17.25 60.28 

ΔCA,i -5% ; ΔCE,i +5% ; ΔTU,i -10% 6.61 400.11 34.20 68.16 

ΔCA,i +5% ; ΔCE,i -5% ; ΔTU,i -10% 5.11 21.71 16.97 59.41 

ΔCA,i -5% ; ΔCE,i -5% ; ΔTU,i -10% 6.93 421.24 34.24 70.78 

 

Once disturbances in CA,i have a greater impact over plant control performance, the IAE values 

in Table 1 allows to verify that decreasing CA,i by 5%, in comparison to increasing its initial value 

by the same percentage, the values of IAE increased 30.75%, 134.16%, 32.78% and 1702.66% for 

CS1, CX,R, TR and CP respectively. It can also be observed that IAE values indicated in Table 2 are 

differently attenuated or intensified depending on the joint influence of other disturbances. These 

results indicate that the ethanol process simulated under PCS plantwide control has a considerable 

nonlinear behavior, highlighting the necessity of a nonlinear control technique to improve control 

performance. The results also indicate that reducing starch concentration input has a higher effect 

on plantwide control than increasing it, what can be explained not only by the process nonlinear 

dynamics, but also because glucose concentration in bioreactor (CS) is almost entirely consumed 

during normal operating conditions.  

Another interesting observation is the high values obtained for IAECp when negative 

disturbances on CA,i were applied. These results can be explained by the change in process operating 

condition, driving the manipulated variable FR to saturation and process variable CP to a new steady 

state value that is beyond control limits, as can be seen in Figure 2. The main impact of this 

phenomenon is the reduction on ethanol production rate that affects the process productivity, being 

a significant negative outcome. Overcome this problem becomes imperative and the use of a 

specialist system like fuzzy logic is required. Thus, a fuzzy system was developed for PCSF in 

attempt to surpass this drawback, and PCS and PCSF control performances were evaluated 

considering different scenarios with CA,i and CE,i disturbances.  
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Figure 2 – Process control using PCS in case of ΔCA,i -5%. 

 

3.2. Fuzzy logic development 

 

The fuzzy system developed to adapt the setpoint profile of the bioreactor temperature aims 

to improve control performance, reducing performance criteria IAEj and CEj values in situations of 

greater deregulation on the ethanol process control. Besides the attempt to decrease these criteria 

values, the proposed fuzzy system also aims at least to maintain the productivity of the plant by 

keeping CP regulated in its setpoint, especially in the most critical moments of operation as discussed 

before.  

The fuzzy system was developed using two input variables, the disturbances CA,i and CE,i. In 

this way, the fuzzy system should be able to identify whether process operating condition must be 

adapted or not. As output variable, the bioreactor temperature setpoint was selected once the yeast 

metabolism during fermentation process is directly related to temperature. By specialist knowledge 
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about this process, it was observed that in case of low CA,i input, the bioreactor temperature should 

slightly increase to allow CP control. Thus, the base rule and the membership functions for each 

input and output variables were established using this specialist knowledge and the response surface 

is shown in Figure 3. As can be seen, the fuzzy system allows bioreactor temperature setpoint 

increasing when low CA,i input is observed. 

 

 
Figure 3 - Control surface of the fuzzy system utilized in PCSF. 

 

3.3. Regulatory control analysis 

 

As mentioned before, disturbances on CA,i and CE,i were considered during simulations to 

evaluate the control performance of both PCS and PCSF control structures proposed in this paper. 

At all, four different simulations were carried out considering disturbances about +/- 5% from the 

steady state value for both CA,i  and CE,i variables. The performance criteria IAE, CE and ethanol 

mass production MP were calculated for each simulation and the results are presented in Tables 3, 4 

and 5, respectively.  

Based on data presented in Tables 3 and 4, no difference was observed in terms of control 

performance for CS1 between PCS and PCSF control structures. It is explained because the control 

improvement proposed on PCSF does not affect the enzymatic reactor operating conditions, once 

the recycle stream is added at downstream and the fuzzy system is set to adapt only the bioreactor 

temperature setpoint. Therefore, in order to compare PCS and PCSF control performance, CS1 

control loop is not further considered.  

In terms of CP control, the results in Table 3 indicates that PCSF allowed a considerable 

improvement on process variable regulation by decreasing IAECp values when considering the worse 

scenario of disturbances with negative steps on CA,i. This observation is corroborated by the analysis 

of CP dynamic responses under PCS and PCSF control, presented in Figure 3. 
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Table 3 - IAE values for CS, CP, CX,R and TR control loops under regulatory control. 

Disturbances: ΔCA,i   -5% 

ΔCE,i   -5% 

 Disturbances: ΔCA,i   -5% 

ΔCE,i   +5%  
PCS PCSF Difference 

  
PCS PCSF Difference 

IAECs1 6.93 6.93 0.0 % 
 

IAECs1 6.61 6.61 0.0 % 

IAECp 410.56 19.81 -95.17 % 
 

IAECp 390.47 62.75 -83.93 % 

IAECx,r 38.94 30.91 -20.62 % 
 

IAECx,r 38.64 37.56 -2.80 % 

IAETr 85.11 109.13 +28.22 % 
 

IAETr 83.40 100.83 +20.90 %          

Disturbances: ΔCA,i   +5% 

ΔCE,i    -5% 

 
Disturbances: ΔCA,i   +5% 

ΔCE,i   +5%  
PCS PCSF Difference 

  
PCS PCSF Difference 

IAECs1 5.11 5.11 0.0 % 
 

IAECs1 5.22 5.22 0.0 % 

IAECp 22.05 32.79 +48.71 % 
 

IAECp 22.33 32.80 +46.89 % 

IAECx,r 16.43 18.52 +12.72 % 
 

IAECx,r 16.71 18.69 +11.85 % 

IAETr 62.82 57.02 -9.23 % 
 

IAETr 64.03 57.79 -9.75 % 

 

As previously observed, PCS was unable to control CP because bioreactor temperature 

setpoint was kept constant and equal to 31°C, driving CP to a new steady state value beyond the 

control limits. In contrast, PCSF allowed CP control by changing the bioreactor temperature setpoint 

from 31°C to almost 33.2°C. This slight change in bioreactor temperature operating condition 

improved not only CP control by reducing IAECp, but also decreased CECp and increased MP, 

indicating that PCSF allowed a more productive plant operation. 

    

 
Figure 3 – Process control in case of both ΔCA,i and ΔCE,i equals to -5%. 
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Table 4 - CE values for CS, CP, CX,R and TR control loops under regulatory control. 

Disturbances:  ΔCA,i   -5% 

ΔCE,i   -5% 

 
Disturbances:  ΔCA,i   -5% 

ΔCE,i   +5%  
PCS PCSF Difference 

  
PCS PCSF Difference 

CECs1 6.30 6.30 0.0 % 
 

CECs1 6.01 6.01 0.0 % 

CECp 52.67 14.96 -71.60 % 
 

CECp 52.69 47.60 -9.66 % 

CECx,r 17.92 13.98 -21.99 % 
 

CECx,r 17.77 17.25 -2.93 % 

CETr 157.63 247.49 +57.01 % 
 

CETr 158.77 228.29 +43.79 %          

Disturbances:  ΔCA,i   +5% 

ΔCE,i    -5% 

 
Disturbances:  ΔCA,i   +5% 

ΔCE,i   +5%  
PCS PCSF Difference 

  
PCS PCSF Difference 

CECs1 4.76 4.76 0.0 % 
 

CECs1 4.86 4.86 0.0 % 

CECp 16.57 24.64 +48.70 % 
 

CECp 16.78 24.65 +46.90 % 

CECx,r 7.72 8.60 +11.40 % 
 

CECx,r 7.85 8.69 +10.70 % 

CETr 141.47 129.30 -8.60 % 
 

CETr 144.19 131.03 -9.13 % 

 

Although these advantages, it could be observed that TR control was negatively affected, by 

the increasement of IAETr and CETr when using PCSF. However, the use of PCSF control allowed 

the manipulated variables FR and FU to do not reach their saturation limits, as occurred with PCS 

during simulation. This is a desirable behavior to manipulated variables in any control loop once 

enhances process controllability. Thus, the improvements obtained utilizing the fuzzy system, 

especially on CP control, surpass the identified drawbacks and justify its application in plantwide 

control.  

Meanwhile, both criteria IAECx,r and CECx,r were improved in case of negative disturbance in 

CA,i, allowing better performance for CX,R control loop. This result demonstrates that, even in case 

of input disturbances on CA,i and CE,i, the recycle tank was able to support fermentation process 

supplying the required biomass with the recycle stream.     

 

 Table 5 - MP values obtained under regulatory control. 

Disturbances:  ΔCA,i   -5% 

ΔCE,i   -5% 

 
Disturbances:  ΔCA,i   -5% 

ΔCE,i   +5% 

PCS PCSF Difference 
 

PCS PCSF Difference 

222.98 kg 244.42 kg +9.62 % 
 

221.94 kg 236.22 kg +6.43 %        

Disturbances:  ΔCA,i   +5% 

ΔCE,i    -5% 

 
Disturbances:  ΔCA,i   +5% 

ΔCE,i   +5% 

PCS PCSF Difference 
 

PCS PCSF Difference 

194.16 kg 195.21 kg +0.54 % 
 

193.70 kg 194.72 kg +0.53 % 

 

On the other hand, considering both simulations with positive disturbance on CA,i, the results 

indicate a deterioration on control indexes IAECp, IAECx,r, CECp and CECx,r, consequence of high 

overshoot and response time when using PCSF against PCS, as can be seen in Figure 4. Although 

these facts, no saturation was observed on manipulated variables when applying both PCS and PCSF 

structures. Notwithstanding, good control performance was obtained for TR, with IAETr and CETr 

values decreasing, combined to a slight increase in MP. It indicates that even PCSF presenting worse 

control performance compared to PCS for positive disturbance on CA,i, the ethanol mass production 

was positively affected, raising process productivity.  

Thus, these results corroborate the analysis that indicates the advantage of using a specialist 

system like fuzzy logic to improve plantwide control performance, in this case applied to an ethanol 

production plant.       
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Figure 4 – Process control in case of both ΔCA,i and ΔCE,i equals to +5%. 

 

5. Conclusion 

In view of the results obtained in this work, it was found that the application of a specialist 

system like fuzzy logic in plantwide control enables process control performance enhancement like 

IAE and CE criteria values decreasement. In this paper, a fuzzy system was developed to adapt the 

bioreactor temperature setpoint in a plantwide control structure in cases of ethanol production plant 

deregulation.  

Initially, simulations were carried out to identify the relevant disturbances on control loops 

and it was observed that starch concentration input (CA,i) showed the most relevant influence on 

plantwide process control. The impact was observed mostly in cases of CA,i reduction, driving 

product concentration output (CP) to a different value in steady state condition and, as a 

consequence, decreasing process productivity.   

Then, a plantwide control structure using a fuzzy logic system to adapt the bioreactor 

temperature setpoint was proposed and evaluated considering the disturbances CA,i and enzyme 

concentration input (CE,i). In general, the results indicated better process control performance with 

the applied disturbances, resulting in IAE and CE criteria decreasement and ethanol mass production 

increasement, in comparison to a plantwide process control structure without a specialist system.  

Thus, by the satisfactory results observed with the use of a fuzzy logic system developed to 

avoid CP deregulation and to improve process control performance in the simulated ethanol process 

plant, it can be concluded that, in general, plantwide control can be enhanced with the application 

of specialist systems like fuzzy logic. 
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Appendix 

 

The Equations 1 to 5 are adapted from Fonseca et al. (2014) and represent the mathematical model 

of the enzymatic reactor. 

 

𝐴𝑆

𝑑𝐿𝑆(𝑡)

𝑑𝑡
= 𝐹𝐴(𝑡) + 𝐹𝐸(𝑡) − 𝐹𝑆(𝑡)                                                                                                                  (1) 

𝑑𝐶𝐴(𝑡)

𝑑𝑡
=

𝐹𝐴(𝑡)𝐶𝐴,𝑖(𝑡) − 𝐹𝑆(𝑡)𝐶𝐴(𝑡) − 1,11𝑘1(𝑡)𝐶𝐴(𝑡)𝐴𝑆𝐿𝑆(𝑡)

𝐴𝑆𝐿𝑆(𝑡)
                                                                    (2) 

𝑑𝐶𝑆1(𝑡)

𝑑𝑡
=

1,11𝑘1𝐶𝐴(𝑡)𝐴𝑆𝐿𝑆(𝑡) − 𝐹𝑆(𝑡)𝐶𝑆1(𝑡)

𝐴𝑆𝐿𝑆(𝑡)
                                                                                              (3) 

𝑑𝐶𝐸(𝑡)

𝑑𝑡
=

𝐹𝐸(𝑡)𝐶𝐸,𝑖(0) − 𝐹𝑆(𝑡)𝐶𝐸(𝑡)

𝐴𝑆𝐿𝑆(𝑡)
                                                                                                                (4) 

𝑘1(𝑡) =
𝑘𝐶𝐸(𝑡)

𝑘𝑚(1 + 𝐶𝑆1(𝑡) 𝑘𝑔⁄ ) + 𝐶𝐴(𝑡)(1 + 𝐶𝐴(𝑡) 𝑘𝑆⁄ )
                                                                                 (5) 

 

The Equations 6 to 20 are adapted from Nagy (2007) and represent the mathematical model of the 

bioreactor. 

𝐴𝐹

𝑑𝐿𝐹(𝑡)

𝑑𝑡
= 𝐹𝑆(𝑡) + 𝐹𝑅(𝑡) − 𝐹𝑃(𝑡)                                                                                                                 (6) 

𝑑𝐶𝑋(𝑡)

𝑑𝑡
=

𝐹𝑅(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑋,𝑅(𝑡) + 𝜇𝑋𝐶𝑋(𝑡)

𝐶𝑆(𝑡)𝑒(−𝐾𝑃.𝐶𝑃(𝑡))

𝐾𝑆 + 𝐶𝑆(𝑡)
−

𝐹𝑃(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑋(𝑡)                                                 (7) 

𝑑𝐶𝑃(𝑡)

𝑑𝑡
= 𝜇𝑃𝐶𝑋(𝑡)

𝐶𝑆(𝑡)𝑒(−𝐾𝑃1.𝐶𝑃(𝑡))

𝐾𝑆1 + 𝐶𝑆(𝑡)
−

𝐹𝑃(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑃(𝑡)                                                                                 (8) 

𝑑𝐶𝑆(𝑡)

𝑑𝑡
= −

1

𝑅𝑆𝑋
𝜇𝑋𝐶𝑋(𝑡)

𝐶𝑆(𝑡)𝑒(−𝐾𝑃 .𝐶𝑃(𝑡))

𝐾𝑆 + 𝐶𝑆(𝑡)
−

1

𝑅𝑆𝑃
𝜇𝑃𝐶𝑋(𝑡)

𝐶𝑆(𝑡)𝑒(−𝐾𝑃1 .𝐶𝑃(𝑡))

𝐾𝑆1 + 𝐶𝑆(𝑡)
+  

𝐹𝑆(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑆1(𝑡)

−
𝐹𝑃(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑆(𝑡) +

1,11𝑘1𝐹(𝑡)𝐶𝐴𝐹(𝑡)𝐴𝐹𝐿𝐹(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
                                                                    (9) 

𝑑𝐶𝐴,𝐹(𝑡)

𝑑𝑡
=

𝐹𝑆(𝑡)𝐶𝐴(𝑡) − 𝐹𝑃(𝑡)𝐶𝐴,𝐹(𝑡) − 1,11𝑘1,𝐹(𝑡)𝐶𝐴,𝐹(𝑡)𝐴𝐹𝐿𝐹(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
                                                        (10) 

𝑑𝐶𝐸,𝐹(𝑡)

𝑑𝑡
=

𝐹𝑆(𝑡)𝐶𝐸(𝑡) − 𝐹𝑃(𝑡)𝐶𝐸,𝐹(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
                                                                                                          (11) 

𝑑𝐶𝑂2(𝑡)

𝑑𝑡
= 𝐾𝐿𝑎(𝐶𝑂2

∗ − 𝐶𝑂2(𝑡)) − 𝑟𝑂2(𝑡) −
𝐹𝑃(𝑡)

𝐴𝐹𝐿𝐹(𝑡)
𝐶𝑂2(𝑡)                                                                       (12) 
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𝑑𝑇𝑟(𝑡)

𝑑𝑡
=

𝐹𝑆(𝑡)

𝐴𝐹𝐿𝐹(𝑡)

(𝑇𝑆 + 273) +
𝐹𝑅(𝑡)

𝐴𝐹𝐿𝐹(𝑡)

(𝑇𝑅 + 273) −
𝐹𝑃(𝑡)

𝐴𝐹𝐿𝐹(𝑡)

(𝑇𝑟 + 273) +
𝑟𝑂2(𝑡)∆𝐻𝑟

32𝜌𝑟𝐶heat,r

−
𝐾𝑇𝐴𝐹,𝑗(𝑇𝑟(𝑡) − 𝑇𝑈(𝑡))

𝐴𝐹𝐿𝐹(𝑡)𝜌𝑟𝐶heat,r
                                                                                                   (13) 

𝑑𝑇𝑈(𝑡)

𝑑𝑡
=

𝐹𝑈(𝑡)

𝑉𝑗

(𝑇𝑈𝑖 − 𝑇𝑈(𝑡)) +
𝐾𝑇𝐴𝐹,𝑗(𝑇𝑟(𝑡) − 𝑇U(t))

𝑉𝑗𝜌𝑈𝐶heat,U
                                                                          (14) 

𝑘1𝐹(𝑡) =
𝑘𝐶𝐸,𝐹(𝑡)

𝑘𝑚(1 + 𝐶𝑆(𝑡) 𝑘𝑔⁄ ) + 𝐶𝐴,𝐹(𝑡)(1 + 𝐶𝐴,𝐹(𝑡) 𝑘𝑆⁄ )
                                                                        (15) 

𝐶𝑂2

∗ = (14.16 − 0.3943𝑇𝑟(𝑡) + 0.007714𝑇𝑟(𝑡)
2 − 0.0000646𝑇𝑟(𝑡)

3 )10− ∑ 𝐻𝑖𝐼𝑖                                (16) 

∑ 𝐻𝑖𝐼𝑖 = 0.5𝐻Na

𝑚NaCl

𝑀NaCl

𝑀Na

𝑉
+ 2𝐻Ca

𝑚CaCO3

𝑀CaCO3

𝑀Ca

𝑉
+ 2𝐻Mg

𝑚MgCl2

𝑀MgCl2

𝑀𝑀𝑔

𝑉

+ 0.5𝐻Cl (
𝑚NaCl

𝑀NaCl
+ 2

𝑚MgCl2

𝑀MgCl2

)
𝑀Cl

𝑉
+ 2𝐻CO3

𝑚CaCO3

𝑀CaCO3

𝑀CO3

𝑉
+ 0.5𝐻𝐻10−pH

+ 0.5𝐻𝑂𝐻 10−[14-pH]                                                                                                           (17) 

𝐾𝐿𝑎 = 𝐾𝐿𝑎0. 1.024(𝑇𝑟(𝑡)−20)                                                                                                                       (18) 

𝑟02(𝑡) = 𝜇02

1

𝑌02

𝐶𝑋(𝑡)

𝐶02(𝑡)

𝐾02
+ 𝐶02(𝑡)

. 1000                                                                                                 (19) 

𝜇𝑋 = 𝐴1𝑒
[

𝐸𝑎1

𝑅(𝑇𝑟(𝑡)+273)
]

− 𝐴2𝑒
[

𝐸𝑎2

𝑅(𝑇𝑟(𝑡)+273)
]

                                                                         (20) 

 

The Equations 21 represents the cell concentration after filtrations of the bioreactor output.  

𝐶𝑋,𝐶(𝑡) =
0,999 ∙ 𝐹𝑃(𝑡)

𝐹𝐶
∙ 𝐶𝑋(𝑡)                                                                                                                      (21) 

 

The Equations 22 and 23 represent the recycle tank model. 

𝐴𝑅

𝑑𝐿𝑅(𝑡)

𝑑𝑡
= 𝐹𝐴𝐺(𝑡) + 𝐹𝐶 − 𝐹𝐷(𝑡) − 𝐹𝑅(𝑡)                                                                                                 (22) 

𝐴𝑅𝐿𝑅(𝑡)

𝑑𝐶𝑋,𝑅(𝑡)

𝑑𝑡
= 𝐹𝐶𝐶𝑋,𝐶(𝑡) − 𝐹𝑅(𝑡)𝐶𝑋,𝑅(𝑡) − 𝐹𝐷(𝑡)𝐶𝑋,𝑅(𝑡)                                                                  (23) 
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The constants and parameters used in this work are indicated in Table 5. 

 

Table 5 – Parameters and constants of the ethanol plant model adapted from Nagy (2007) and 

Fonseca et al. (2014). 

k1=7.5x10-5 [kg.U-1.h-1] km=0.406 [kg.m-3] kg=1.22 [kg.m-3] 

ks=62.7 [kg.m-3] FE(0)= 5x10-3 [m3.h-1] FS(0)= 1.82x10-2 [m3.h-1] 

FA(0)=1.32x10-2 [m³.h-1] CS1(0)=60.02 [kg.m-3] CA,i(0)=84 [kg.m-3] 

CE,i(0)=2.65x105 [U.m-3] CE(0)=7.2816x104 [U.m-3] LS(0)=3.1189 [m] 

LS(t)máx= 3.65 [m] Cheat,U=4.18 [J.g-1.K-1] Cheat,r=4.18 [J.g-1.K-1] 

AS=1.37 [m²] A1=9.5x108 A2=2.55x1033 

AF,j=AF=1 [m²] RSX=0.607 RSP=0.435 

Ea1=5.5x104 [J.mol-1] Ea2=2.2x105 [J.mol-1] HH=-0.774 

HCO3=0.485 HCl=0.844 HMg=-0.314 

HCa=-0.303 HNa=-0.55 HOH=0.941 

KO2=8.886 [mg.L-1] KP=0.139 [g.L-1] KP1=0.07 [g.L-1] 

KS=1.03 [g.L-1] KS,1=1.68 [g.L-1] KT=3.6x105 [J.h-1.m-2.K-1] 

KLao=38 [h-1] R=8.31 [J.mol-1.K-1] LF(0)=1.1381 [m] 

LF(t)máx=1.33 [m] Vj=0.05 [m³] YO2=0.97 [mg.mg-1] 

μO2=0.5 [h-1] μP=1.79 [h-1] ρU=1,000 [g.L-1] 

ρr=1080 [g.L-1] ∆Hr=518 [kJ/mol O2] mCaCO3=100 [g] 

mMgCl2=100 [g] mNaCl=500 [g] FC=5 [L.h-1] 

FR(0)=1.8x10-3 [m3.h-1] FP(0)=2x10-2 [m3.h-1] pH=6 

TUi=18 [ºC] CS(0)=4.197 [g.L-1] MMCl=35.5 [g.mol-1] 

MMCO3=60 [g.mol-1] MMNa=23 [g.mol-1] MMCa=40 [g.mol-1] 

MMMg=24 [g.mol-1] ks=62.7 [kg.m-3] k=7.5x10-5 [kg.U-1.h-1] 

km=0.406 [kg.m-3] kg=1.22 [kg.m-3] CX,R(0)=3 [kg.m-3] 

CX,C(0)= 5.142 [kg.m-3] AR=0.2 [m²] LR(0)=0.4917 [m] 

LR(t)máx=0.55 [m] FR(0)=1.757x10-3 [m3.h-1] FAG(0)=3.57x10-3 [m3.h-1] 

FD(0)=6.813x10-3 [m3.h-1]   

 

 


