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Introduction

The simulation model for growth of Saccharomyces cerevisiae proposed by Lei et al. (2000) is implemented in Matlab code ConFirm. The objective of this work is to find the operation characteristic of this model which would further be useful in the production process and to achieve a reliable and robust control strategy near the optimal productivity for this model. The productivity here is defined in terms of excess biomass production. The CSTR has been chosen due to the high volumetric productivity compared to other reactor types, its controllability and the fact that all parameters for the Monod-kinetic expression describing the cell growth can be achieved from this reactor type. It should be mentioned that higher volumetric productivity is achievable with the PFR but this reactor is in no way useable for aerobic fermentations.

The economical benefit from running this fermentation is subject to optimization and control. The economical benefit relative to the price of the biomass product at different operational conditions is described in formula 1 on page 6. By maximizing this function it is possible to find setpoint value(s) for the controller(s).Both the single and multi variable control is investigated. When applying single variable control a standard PID-controller is used where in the multi variable case Model Predictive Control (MPC) is used.

Static Operation Characteristic or Hysteresis Curve
The fermentation kinetic model proposed in ConFirm accounts for five different operating points A, B, C, D and E. Each of these operating points is defined with three variables substrate feed rate (DS), substrate feed concentration (SF) and water feed rate (Dw). The static operation characteristic curve for the biomass is a curve with all the steady state values of the biomass at different substrate feed dilution rates. ConFirm can be used to find the characteristic curve for X0(DS), where X0 is the steady state biomass concentration at the given dilution rate. As the dilution rate increases, i.e., as the substrate flow into the reactor increases, more biomass is expected to form and at a certain stage of the dilution rate ethanol production starts when the biomass production is either stable or starts decreasing. At even higher values of dilution rate the biomass is washed out of the reactor because the out-stream of cells is larger than the production of cells. The dilution rate at which the wash out occurs is called the critical dilution rate. Operation characteristic curve gives an overview of the system and also the critical dilution rate and thus gives a range of operation values of the dilution rates for production. It also gives an overview of multiple steady states if any, the stable and unstable regions of operation and is thus helpful when determining the strategy for control. If the process transfer function has a real zero in the right half plane, the system is supposed to have zero dynamics and input multiplicity and if it has real pole in the right half plane, it is supposed to give singularities and output multiplicity. 
Operation point A has been selected to find the characteristic curve as the water feed rate is zero.  To get the operation characteristic the steady state values of the dilution rate can be obtained by applying control for some desired setpoint of the biomass concentration by manipulating the substrate feed rate i.e., the dilution rate. Only the steady state values of the dilution rates are needed to get the characteristic curve. At these dilution rates the steady state values of the ethanol concentration inside the reactor can give the ethanol characteristic curve with respect to the dilution rate. The controller is tuned to give a quick response and no overshoot for the biomass concentration. The PID controller operates with only one loop i.e., manipulate the substrate feed rate to control the biomass concentration. Tuning the PID requires us to find a proportional gain just with the proportional controller and this value is found to be a positive gain meaning that it has a negative error for the biomass concentration with respect to the set point and is equal to 0.2. A value of 7 for the integral time is found to yield good response. The derivative time constant is taken to be 0.1, still maintaining the тD/N ratio to be equal to 0.1. The figure 1 shows the values of the PID parameters used to get the values of the dilution rates for the characteristic curve. The setpoints are changed to desired values at line 753 inside the matlab file ConFirm.m and can be seen in the appendix.
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Figure 1. Showing the ConFirm GUI for simulation
In figure 2, a simulation is shown where the dilution rate is manipulated to control the biomass concentration to find a point on the static operation characteristic curve.
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Figure 2. Showing the response curves of the biomass, ethanol and dilution rate after applying control to desired biomass set point
This procedure is repeated for different values of biomass setpoints and simulations performed with a single PID control loop. The single control loop gave a good control to the desired setpoint for all the setpoints for biomass in table 1. Table 1 also shows the steady state values of ethanol concentration and the dilution rates for each of these setpoints. The given values of the PID parameters worked for all the setpoint values of the biomass and thus no individual tuning was needed for any of the setpoints. Long simulation time was taken for each set point to ensure no deviations from setpoint even after longer time. 
	Biomass Set Point (g/l)
	Dilution Rate (h-1)
	Ethanol Concentration (g/l)
	Biomass Set Point (g/l)
	Dilution Rate (h-1)
	Ethanol Concentration (g/l)

	15
	0.030093
	3.69E-14
	9.25
	0.33735
	4.22E+00

	14.7
	0.19478
	1.15E-11
	9.2
	0.33727
	4.27E+00

	14.5
	0.2738
	1.04E-09
	9.1
	0.33712
	4.37E+00

	14.45
	0.28392
	5.13E-09
	9
	0.33701
	4.47E+00

	14.4
	0.30336
	4.55E-08
	8.9
	0.33693
	4.58E+00

	14.35
	0.31604
	2.37E-06
	8.85
	0.33691
	4.626

	14.3
	0.32969
	2.38E-03
	8.8
	0.3369
	4.68E+00

	14.25
	0.34867
	1.14E-02
	8.775
	0.3369
	4.704

	14.2
	0.36137
	2.60E-02
	8.75
	0.33689
	4.73

	14.1
	0.37152
	6.83E-02
	8.725
	0.3369
	4.756

	14.02
	0.37379
	1.12E-01
	8.7
	0.3369
	4.783

	14.01
	0.37391
	1.18E-01
	8.65
	0.33692
	4.835

	14
	0.374
	1.24E-01
	8.6
	0.33695
	4.887

	13.8
	0.37317
	2.53E-01
	8.5
	0.33704
	4.993

	13.6
	0.37063
	3.94E-01
	8.4
	0.33718
	5.099

	13.4
	0.36786
	5.40E-01
	8.3
	0.33738
	5.206

	13.2
	0.36515
	6.90E-01
	8.2
	0.33762
	5.314

	13
	0.36259
	8.44E-01
	8.1
	0.33793
	5.422

	12.8
	0.3602
	1.00E+00
	8
	0.3383
	5.531

	12.6
	0.35797
	1.16E+00
	7.6
	0.34053
	5.973

	12.4
	0.35589
	1.32E+00
	7.2
	0.34429
	6.427

	12.2
	0.35394
	1.49E+00
	6.8
	0.35028
	6.895

	12
	0.35212
	1.66E+00
	6.4
	0.35976
	7.378

	11.8
	0.35042
	1.83E+00
	6
	0.37517
	7.88

	11.6
	0.34882
	2.00E+00
	5.6
	0.40145
	8.404

	11.4
	0.34733
	2.18E+00
	5.2
	0.44017
	8.884

	11.2
	0.34594
	2.36E+00
	4.8
	0.46483
	9.114

	11
	0.34464
	2.54E+00
	4.4
	0.47419
	9.07

	10.8
	0.34343
	2.72E+00
	4
	0.4779
	8.724

	10.6
	0.34232
	2.91E+00
	3.6
	0.47937
	8.102

	10.4
	0.3413
	3.09E+00
	3.2
	0.48001
	7.32

	10.2
	0.34037
	3.28E+00
	2.8
	0.48034
	6.457

	9.9
	0.33915
	3.57E+00
	2.4
	0.48053
	5.55

	9.8
	0.3388
	3.67E+00
	2
	0.48066
	4.617

	9.7
	0.33847
	3.77E+00
	1.6
	0.48075
	3.668

	9.6
	0.33817
	3.87E+00
	1.2
	0.48082
	2.706

	9.5
	0.3379
	3.97E+00
	0.8
	0.48087
	1.736

	9.4
	0.33766
	4.07E+00
	0.4
	0.48088
	0.7598

	9.3
	0.33745
	4.17E+00
	0.1
	0.48099
	0.1504


Table 1. Showing the final steady state values of ethanol concentrations and the dilution rates for each biomass set point
The characteristic curve is plotted for the biomass and ethanol concentrations as a function of the dilution rate that can be seen in figure 3. 
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Figure 3. Biomass and Ethanol Characteristic curve
The characteristic curves show the clear bifurcation. This is seen on the characteristic curves for the biomass and ethanol where the ethanol production starts at a dilution rate of 0.374 h-1 and a sharp decrease in the biomass concentration occurs. The multiple steady states region can be clearly seen for the range of dilution rates 0.3369-0.374 h-1. It can be seen that the wash out occurs at the critical dilution rate of 0.481 h-1. Highest ethanol production can be obtained for the dilution rate of 0.4648 h-1 as can be seen in the graph which is quite near to the critical dilution rate. The region between the bifurcation and the biomass concentration of 8.75 g/l is considered the unstable region and these biomass concentrations can only be obtained with some control action. 
Productivity

The productivity of the bioreactor is described by equation 1. D is the substrate feed rate i.e. the dilution rate, Sf the substrate feed concentration and X the biomass concentration. c is the cost of the substrate relative to the price of the product, c=0.2. This function is an economic function describing the economical benefit from the reactor. It is wished to maximize this function.
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(1)
In figure 4 is shown a plot of the productivity as function of the dilution rate. It is seen that output multiplicity is present in an interval of higher values of the dilution rates. Comparing this plot with the plot of the static operation characteristic it is seen that it is in the same interval output multiplicity is present.
The most important information achieved from the plot of the productivity is that the productivity drops sharply after the bifurcation where the bioreactor goes into the unstable operation points. It is at the same point ethanol production starts to increase fast. The maximum of the productivity is located just before this bifurcation. This gives the insight that increasing ethanol production sharply decreases the productivity of the bioreactor and ethanol production therefore is an important measurement. At the same time it should be noted that the position of the optimal operation point makes the controlling task very demanding as even small deviations in dilution rate can make the reactor switch to the stable steady state with low biomass production and ethanol production resulting in the productivity becoming negative.
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Figure 4. Showing the Productivity as a function of the Dilution rate
The productivity as function of the biomass setpoint is plotted in figure 5. The biomass concentration giving the highest productivity can be found graphically directly from this plot. The optimal working point is found to be 3.01 g/l/hr at a biomass setpoint of 14.1 g/l. At this setpoint the dilution rate is 0.372 h-1 and the ethanol concentration is 0.068 g/l. The low ethanol production fits well to the insight achieved from the plot of the productivity as function of the dilution rate.
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Figure 5. Showing the Productivity as a function of the Biomass Concentration
On both plots it can be seen that the operation points A and C are lying close to the maximum productivity. For operation point A the productivity is 2.98 g/l/hr and for operation point C 2.99 g/l/hr. It should be noticed that A is lying after the bifurcation in the unstable region where C is in the stable region. Operation point C is therefore used as starting point when performing simulations.
PID Control
The figure 6 show behavior of the reactor with the tuned PID-controller used to determine the static operation characteristic. The simulation is performed with randomly changing substrate concentration, noise and a Kalman filter.
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Figure 6. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration with Noise and Filter for 5 hours of simulation time

The biomass concentration never becomes higher than 14.3 g/l resulting in a productivity higher than 2.74 g/l/hr. The response of the controller is quite fast and it follows the disturbances in substrate concentration well. The effect of the noise is low.

In the simulation, figure 7, there is also introduced a pulse disturbance in substrate feed rate of 5*normal substrate feed rate. The controller settings and disturbances are the same as in the previous case.
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Figure 7. Showing response of Substrate concentration, Substrate Feed Rate, Biomass concentration and ethanol concentration with a pulse in Substrate Feed Rate and random disturbance in Substrate concentration for 10 hours of simulation time
The pulse results in the biomass concentration dropping to 13 g/l, resulting in a productivity of 2.54 g/l/hr. The settling time is fast; after 1 hour the concentration is 14 g/l. At this point the productivity is 3.00 g/l/hr. On the plot of ethanol concentration it is seen that the settling time is slower than that for biomass: about 2 hours. After 1 hour, from when the pulse is introduced, the biomass concentration in the interval 13.8 g/l to 14.3 g/l resulting in a productivity higher than 2.74 g/l/hr.

Model Predictive Control
The Model Predictive Controller (MPC) minimizes the cost function in formula 2 over a given prediction horizon set when tuning the MPC. The first 2-norm is weighted with the matrix Q describing the importance of the actuators where the second 2-norm is weighted with the matrix R describing the penalty for changing an actuator. When the first calculated control move has been applied to the process the whole procedure of minimizing the cost function is done again. It is only the first control move in the series of control moves calculated that will be applied to the process.
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(2)
In this model the MPC acts on water and substrate feed rate in order to control biomass concentration, ethanol concentration, Oxygen Uptake Rate (OUR), Carbon dioxide Evolution Rate (CER) and Respiratory Quotient (RQ). This gives the weight matrix R the dimension 2x2 and the weight matrix Q the dimension 5x5. To limit the operation area close to the optimum for the productivity input constraints has been set on the substrate feed rate so it is not possible to pass the bifurcation and go into the unstable operation area and it is not possible to stop the substrate feed there by keeping the biomass concentration high.

By experimenting with the controller settings the values for R, Q, prediction and control horizon and sample time shown in figure 8 are found to be the optimal values.
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Figure 8. Showing the GUI with the tuned values Weighting Matrices, Sample time and Prediction Horizon for the MPC
The ethanol concentration and the biomass concentration is weighted high compared to OUR, CER and RQ. The high value for weighting of the ethanol concentration is due to the low concentration at the setpoint. The deviations will therefore also be small and high weighting is needed if this deviation is to affect the controller. The control penalties have been set quite low. To reduce mechanical wear constraints have been applied to compensate for this and to make sure the reactor is kept as close to the optimal operation point as possible.
The input constraints are shown in the figure 9.
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Figure 9. Showing the GUI with Input Constraints enabled for Substrate feed rate
By running a simulation with the MPC enabled and randomly changing Sf the plots shown in figure 10 are achieved.
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Figure 10. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration for 50 hours of simulation time
The upper left plot is the randomly changing substrate concentration and the upper right is the substrate feed rate response from the controller. Below in the left is shown the biomass concentration and to the right the ethanol concentration. The ethanol concentration is controlled well at a low concentration. The plot of the biomass shows that this is also controlled fairly well around the setpoint even though it reaches values up to 14.17 g/l. At this value the productivity is above 2.99 g/l/hr so this deviation is completely acceptable. The substrate feed rate is only moved in a small interval. This is important due to mechanical wear.
When realistic measurement noise is added to the simulation the plots shown in figure 11 are obtained. A Kalman filter is added as it would be on an industrial controller to reduce the effect from the noise on the controller. Do notice that the simulation time has been changed form 50 hours to 5 hours to make the plots easily readable.
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Figure 11. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration with Noise and Filter for 5 hours of simulation time
The organization of the plots is as described above. It is seen that the controller has to work in a larger span of the substrate feed rate to keep the biomass concentration at the setpoint value. This is expected as the measurements are of lower quality and the values of R are not set high making the controller quite aggressive. The biomass concentration is kept close to the setpoint proving the controller is working very well. Ethanol concentration is again kept low though not as constant as without noise witch is expected.
As large disturbances occur once in a while; this is simulated in figure 12. There is introduced a pulse in substrate feed rate of 5*normal substrate feed rate. Do notice that the simulation time is set to 25 hours in order to be able to find the settling time.
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Figure 12. Showing response of Substrate concentration, Substrate Feed Rate, Biomass concentration and ethanol concentration with a pulse in Substrate Feed Rate and random disturbance in Substrate concentration for 25 hours of simulation time
The disturbance results in a step down in biomass concentration as ethanol production starts. The lowest values of biomass concentration are about 13.1 g/l. At this concentration the productivity is 2.54 g/l/hr; it is still fairly high, but it should not become lower than that value. It should be noted that disturbance introduced is very high and will very seldom occur if at all. The settling time for this disturbance is around 14 hours. It is a long time with lower productivity. In a plant where disturbances occur it should be considered to optimize the controller to have a shorter settling time.

The three simulations shown in figure 13, 14 and 15, show the controller performance when a sensor is lost. The gas phase sensors (OUR, CER and RQ) are often lost at the same time, where biomass and ethanol concentration are often lost individually. The first simulation shows loss of the gas phase sensors, the second loss of biomass concentration measurement and the third shows loss of ethanol concentration. The simulations are performed with randomly changing substrate concentration, realistic measurement noise and a Kalman filter. Do notice the simulation time is set to 5 hours to make the plots easily readable.
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Figure 13. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration with loss of sensor for OUR, CER and RQ, Noise and Filter added for 5 hours of simulation time
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Figure 14. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration with loss of sensor for Biomass, Noise and Filter added for 5 hours of simulation time
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Figure 15. Showing the disturbance in the Substrate concentration and the response curves of the Substrate Feed Rate, Biomass concentration and Ethanol concentration with loss of sensor for Ethanol, Noise and Filter added for 5 hours of simulation time
On the plots it is seen that the controller responds very efficiently and fast to the changes in substrate concentration and is not affected much by the noise on the measurements even a sensor is lost. On the plots the biomass concentration values can be seen. The lowest value of the biomass concentration found is 13.75 g/l and the highest is 14.39 g/l. At the lowest concentration the productivity of the reactor is higher than 2.82 g/l/hr and at the highest biomass concentration the productivity is higher than 2.55 g/l/hr i.e., even a sensor is lost the productivity of the reactor is still kept higher than 2.55 g/l/hr.
Conclusion
The biochemically structured model presented in ConFirm is a good representation of the real time system and thus obtaining a good control strategy is important. The Operation characteristic is found by measuring the steady state values of dilution rate after applying the control to a desired set point value for biomass by manipulating the dilution rate. The operation characteristic obtained shows the output multiplicities as expected and clearly shows the bifurcation. It can also be seen that ethanol production starts exactly at the bifurcation. 
The productivity plots with respect to the dilution rates and the biomass concentration give a good representation of the optimal operating range for control strategy. The optimal productivity is seen to be obtained for a short range of operation close to the bifurcation i.e., short range of dilution rates, and there is a need for robust and good control which can keep the biomass concentration always in the desired range. 
The efficiency of the PID control is first tested for the desired conditions and constraints. It is observed that the PID is performing well even with large disturbances in the substrate load. It is also observed that settling time is short and thus an efficient control but because of the controller’s inability of having input constraints, which is quite important in this situation, it is considered better to use a multivariable controller as MPC. An important weakness of the PID controller is that it is based on only one measurement. If the sensor breaks the process is completely without control.
Because of the controller’s ability to have the input constraints, it is expected to perform better. Tuning the MPC to the desired output and given input constraints at all conditions is a tedious process because of the number of tuning parameters, Q, R, sampling time and prediction horizon. The tuned MPC is seen to perform well in all the situations with disturbances substrate load, ethanol set point, substrate feed rate and also large disturbances in substrate load. It also performed well even with loss of sensor signals proving it to be very robust.
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Figure 16. Showing the lines in the matlab code ConFirm.m where changes have been made for the set points
PAGE  
18

_1210851873.unknown

_1210853318.unknown

