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Abstract

In this paper, a new adaptive control strategy for the fed-batch Simultaneous Saccharification - Fermentation Process from Starch to Ethanol (SSFSE) process is proposed in order to maintain the glucose concentration at a quasi-equilibrium state by feeding starch into the process only when the glucose production rate is lower than its consumption rate. By maintaining the equilibrium state for the glucose, it is possible to reach higher values for the ethanol production rate for a longer time; and therefore to increase the ethanol concentration along the process. As the adaptive controller requires online information about the glucose production and consumption rates, software sensors for them are developed. The difference between the estimated values for the consumption and production rates is considered as a control marker, which is used for determining the feeding profile of starch into the fermentor. 
Keywords: Adaptive Control, Soft sensors, Ethanol, Fed batch process.
1.  Introduction
During the past years, the demand for the production of bio-fuels has increased rapidly, especially in the bioethanol case, which currently is produced mostly from sugar cane and starch - containing raw materials. Traditionally, ethanol production from starchy materials is done in a sequential two-step process which includes two main stages: i) the enzymatic hydrolysis of starch to glucose (by means of the enzymes (- amylase and glucoamylase) and ii) the fermentation of glucose to ethanol (mostly by the action of yeast). A crucial drawback of the sequential (two-step) process is the slow hydrolysis rate (usually hours) due to the reduction of the enzymatic activity caused by an inhibitory effect when high sugar concentrations are present. A challenging perspective to overcome this problem and at the same time to increase the yield of the ethanol production process is to conduct the process in a one-step mode doing the simultaneous

saccharification and fermentation of starch to ethanol (SSFSE) by means of recombinant strains (Altintas et al., 2002.). In this way, the ethanol production process from starch is more efficient not only in terms of saving overall production time but also in terms of reducing equipment costs. Due to these reasons, the SSFSE process seems to be a suitable alternative for bio-ethanol production at an industrial level. It is important to notice that as have been stated by Nakamura et al. (1997), by means of a fed-batch SSFSE process, the ethanol production can be enhanced when compared to a batch process. For all these reasons, in this work a novel adaptive control scheme for a fed-batch SSFSE process is proposed, which due to its simplicity is suitable for industrial applications. 
2.  Soft Sensors Development
2.1. Model for Control
According to the well known General Dynamical Model Approach by Bastin and Dochain (1990), a model for the control of the process can be derived on the basis of a process reaction scheme. For the bio-ethanol production from starch by Saccharomyces cerevisiae, the reaction scheme can be assumed as shown in Figure 1. 
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Figure 1. Reaction scheme for the bio-ethanol process.
The model for control for the fed batch process is given by (Lyubenova et al; 2007):
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Where S, G, X, E and Enz are respectively the starch, glucose, cells, ethanol and enzyme concentrations inside the reactor, Sin is the starch concentration on the feed, F is the feed flow rate, V is the volume of liquid in the fermentor and (1, (2, (3 represent the reaction rates for starch degradation, cells growth and ethanol production, respectively. The unstructured model presented in (Ochoa et al., 2007) is used here as the “real” plant. The ki (for i=1 to 4) kinetic parameters of the model for control were identified by an optimization procedure given in Mazouni et al. (2004), using as error index the mean square error between the state variables of the unstructured model and the model for control.

2.2. Soft Sensors of Glucose Production and Consumption rates:
As the main purpose of this paper is to implement an adaptive control strategy for controlling the SSFSE process by means of starch feeding only when the glucose consumption rate is higher than its production rate; it is necessary to follow these two rates on line. Unfortunately, such kind of sensors are not available and therefore, soft sensors must be developed. For that purpose, in the following it is assumed that on-line starch and glucose concentrations measurements are available. 
2.2.1. Soft sensor of glucose production rate 
The software sensor for (1 is an observer-based estimator with the following structure: 
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where C1 and C2 are tuning parameters and Sm is the measurement value for the starch  considering white noise ((). Glucose production rate (1 is estimated using the first term of the right hand side of equation (2), that is:


[image: image10.wmf]Ù

Ù

=

1

1

1

j

q

k


(9)

2.2.2. Soft sensor of glucose consumption rate 

By observing equation (2), it can be seen that glucose consumption rate (2 is given by:
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Where an estimator of (2 can be obtained by:
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where C3 and C4 are tuning parameters and Gm is the measurement value for the glucose considering white noise. The four tuning parameters are found using the procedure described in Ignatova et al. (2007). For the present case, the expressions shown in Figure 2 are applied.
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Figure 2. Tuning Parameters for the Estimators (Ignatova et al. 2007)
where m11s and m21s are the upper bounds of 
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; m21s and m21g are the upper bounds of additive noise for starch and glucose measurements respectively, and ( is a damping coefficient taken as an usual value of 0.99 (Bastin and Dochain, 1990). The white noise signals, ( , simulate measurement noises at standard deviation of 5% of the mean of S and G concentrations. The optimal values for the tuning parameters Ci are C1=1.23, C2=0.386, C3=4.427, C4=5; using m11s=0.35, m21s=1.3, m11g=0.45, and m21g=0.1. In Figure 3, the glucose consumption and production rates soft sensors are compared to the values obtained in the real plant (unstructured model); it can be seen that the observers track adequately the behavior of the true values.
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Figure 3. Soft Sensors Vs  Real Plant (Unstructured Model)
3.  Adaptive Controller 

Usually it is claimed that a fed-batch process (when compared to a batch) offers the main advantage of having a dilution ratio that is used as a degree of freedom for control purposes. However, it is not straightforward to calculate a suitable dilution rate (or a feeding profile), because when this is too high, the concentration of the metabolite of interest can be decreased due to the dilution effect. Additionally, when the dilution rate is too low, it is possible that the substrate fed into the process be not enough to fulfill the requirements for cell growth, cells maintenance and product formation. Therefore, in this paper, it is proposed to calculate the dilution rate as a function of the glucose production and consumption rates; in order to keep a balance between them. Besides, we propose to feed starch into the process only when the process really needs it, that is, when the glucose production rate is lower than its consumption rate. For that purpose, in this work a marker is used as a switch to decide between batch (without feeding) or fed batch operation. The marker, used in the adaptive control scheme proposed in Figure 4, is defined as follows:
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The marker is the difference between the glucose production and consumption rates, where 
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 are the corresponding values predicted by the software sensors presented in section 2. As mentioned by Kapadi and Gudi (2004), usually it is considered that the feeding stream to the process contains not only starch but also glucose ((15% of the starch concentration), due to the previous autoclaving of the starch. Therefore, the mass balance for the glucose should consider this term as follows:
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Where g represent the glucose mass flow rates (fed into the process, produced or consumed) and Gin is the glucose concentration on the feed stream. Assuming that after an initial batch period, the glucose concentration in the fermentor reaches an equilibrium state, we have:
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Furthermore, after the initial batch period Gin>>G; therefore, the control law for calculating the feeding rate of starch into the fermentor is given by: 
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Equation 17 shows the control law that should be applied for maintaining the glucose concentration in an equilibrium state reaching a balance between the glucose production and consumption rates. By analyzing equation 17, it is possible to see that the dilution rate will be calculated by means of a proportional feedback controller in which the feedback error is taken as the deviation between both rates. Of course, control law (17) will present offset due to the fact that an integral action is not taken into account as part of the control calculations, but as the idea of this paper is to present a simple and easy way to implement the control law, we decided to allow the offset error. In Figure 4 it is shown the adaptive control scheme proposed in this work for controlling the SSFSE process. 
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Figure 4. Adaptive control scheme of the SSFSE process

It is important to remark that the control scheme proposed in Figure 4 is catalogued as adaptive (according to the definition by Bastin and Dochain (1990)), because it has the potential to adapt itself (due to the online estimations given by the soft sensors) to variations in the kinetics of the process.
4. Example: Adaptive Control of the SSFSE process
The control scheme shown in Figure 4 was applied to the SSFSE process using the fed batch version of the unstructured model proposed in Ochoa et al. (2007) as the object for control. Simulations of starch and glucose concentrations are corrupted by additive noise (. These white noise signals, simulate measurement noises at 5% of the standard deviation for the mean values of both S and G concentrations. As stated before, the control law (17) will be applied only when the marker is negative; therefore, the control algorithm block is expressed as follows: 
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In Figure 5 are shown the simulation results for the ethanol concentration and the ethanol growth rate for the fed batch SSFSE process using a starch input concentration of 50g/l (containing 7.5g/l of glucose available due to autoclaving), applying the adaptive control scheme (Figure 4). Besides, the fed batch results are compared to those for the batch process, which was open loop simulated using the model given in Ochoa et al. (2007). It can be seen that the ethanol concentration (and therefore the productivity) for the controlled fed batch process is higher than the ethanol concentration reached under batch operation. Furthermore, it is important to remark that the ethanol production rate in the fed batch process can be kept at higher values than for the batch, assuring a more productive process. 
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Figure 5. Ethanol concentration (left side) and ethanol production rate (right side): controlled Fed batch vs. Batch. 
5. Conclusions

In this paper, an adaptive control strategy for the fed-batch SSFSE process was proposed, convergence and stability will be analyzed in a future work. The process is monitored by means of software sensors for glucose consumption and production rates. The difference between the estimated values for the consumption and production rates is considered as a control marker, which is used for i) switching from the batch to the fed-batch phase automatically, and ii) for determining the magnitude of the input flow required to maintain the desired value for the glucose. By maintaining that quasi-equilibrium state, it was possible to avoid a fast decrease in the ethanol production rate, and therefore to continue producing ethanol for a longer time, improving the productivity of the process. 
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