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Abstract. In this paper a universal discrete PID controller for the con-
trol of FE. coli fed-batch cultivation processes is designed. The controller
is used to control feed rate and to maintain glucose concentration at the
desired set point. Tuning the PID controller, to achieve good closed-loop
system performance, using genetic algorithms is proposed. As a result
the optimal PID controller settings are obtained. For a short time the
controller sets the control variable and maintains it at the desired set
point during the process. Application of the designed controller provides
maintaining of the accuracy and efficiency of the system performance.

1 Introduction

A number of processes in the biochemical industry are controlled using PID
(proportional-integral-derivative) controllers. Until now commercially available
controllers exist only for well established measurement systems as per pH, tem-
perature, stirrer speed, dissolved oxygen etc. The reason for this is highly chang-
ing dynamics of most bioprocesses, which is caused by the non-linear growth of
the cells, the metabolic changes as well as changes in the overall metabolism.
That is, since the PID controller is usually poorly tuned. A higher degree of
experience and technology are required for the tuning in a real plant. Tuning a
PID controller appears to be conceptually intuitive but can be hard in practice,
if complex systems, as cultivation processes are considered. Due to a change of
the system parameters, the conventional PID controllers result in sub-optimal
corrective actions and hence require retuning. This stimulates the development
of tools that can assist engineers to achieve the best overall PID control for
the entire operating envelope of a given process. While for control of continu-
ous cultivation processes the controller tuning could be done with traditional
methodology, as it is presented in [§], for fed-batch cultivation processes such
methodologies could not be applied. For the quality controller tuning optimiza-
tion methods could be applied, although the tuning procedure is a big challenge
for the conventional optimization methods. As an alternative to overcome the
controller tuning difficulties various metaheuristics, for example genetic algo-
rithms (GA), could be used [85].

I. Dimov, S. Dimova, and N. Kolkovska (Eds.): NMA 2010, LNCS 6046, pp. 289-296] 2011.
© Springer-Verlag Berlin Heidelberg 2011



290 O. Roeva and T. Slavov

This paper focuses on an optimal tuning of universal digital PID controller
for control of an E. coli fed-batch cultivation process. To achieve good closed-
loop system performance GA based controller tuning is proposed. The GA are
highly relevant for industrial applications, because they are capable of handling
problems with non-linear constraints, multiple objectives, and dynamic compo-
nents - properties that frequently appear in the real-world problems [8]. Since
its introduction and subsequent popularization [4], the GA has been frequently
utilized as an alternative optimization tool to the conventional methods [9].

The paper is organized as follows: theoretical background of the GA and of
the control algorithm are presented respectively in Section 2 and Section 3. The
considered E. coli cultivation process is described in Section 4. Controller tuning
problem is formulated in Section 5. The results and discussion are presented in
Section 6. Conclusion remarks are done in Section 7.

2 Background of the Genetic Algorithms

Genetic algorithms are a class of non-gradient methods. The basic idea of GA is
the mechanism of natural selection. Each optimization parameter, x,,, is coded
into a gene as for example a real number or string of bits. The corresponding
genes for all parameters, x1, ..., x,, form a chromosome, which describes each
individual. Each individual represents a possible solution, and a set of individuals
form a population. In a population, the fittest are selected for mating. Mating is
performed by combining genes from different parents by crossover to produce a
child. Solutions are also “mutated” by making a small change to a single element
of the solution. Finally the children are inserted into the population and the
procedure starts over again. The optimization continues until the end-condition
is satisfied.

Initial population: A GA starts with a population of strings to be able to gen-
erate successive populations of strings afterwards. The initialization is usually
done randomly. Fvaluation: After every generated population, the individuals of
the population must be evaluated to be able to distinguish between good and
bad individuals. This is done by mapping the objective function to a “fitness
function”: a non-negative figure of merit. Reproduction: An important aspect
is to decide, which individuals should be chosen as parents for the purpose of
procreation. With GA, this selection is based on the string fitness: according
to the “survival of the fittest” principle. Recombination: Once two parents have
been selected, the GA combines them to create two new offspring using crossover
operator. The role of the crossover operator is to allow the advantageous traits
to be spread throughout the population in order that the population as a whole
may benefit from this chance discovery [9]. The crossover is the prime distin-
guishing factor of a GA from other optimization algorithms. Mutation: The last
operator is the mutation algorithm. The effect of mutation is to reintroduce
divergence into a converging population. The biological inspiration behind this
operator is the way in which a chance mutation in a natural chromosome can
lead to the development of desirable traits giving the individuals advantageous
characteristics over its competitors [9].
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A pseudo code of a GA is presented as:

1=0 set generation number to zero
initpopulation P(0) initialize a usually random population of individuals
evaluate P(0) evaluate fitness of all initial individuals of population
while (not done) do test for termination criterion (time, fitness, etc.)
begin
t=1+1 increase the generation number
select P(i) from P(i — 1) select a sub-population for offspring reproduction
recombine P (i) recombine the genes of selected parents
mutate P() perturb the mated population stochastically
evaluate P(i) evaluate its new fitness
end

3 Background of the Control Algorithm

A PID controller is a generic control algorithm widely used in industrial con-
trol systems. The controller parameters used in the calculation must be tuned
according to the nature of the system. The standard PID controller calculation
(algorithm) involves three separate modes; the proportional (P), the integral (I)
and derivative (D). The P mode determines the reaction to the current error,
the I mode determines the reaction based on the sum of recent errors, and the
D mode determines the reaction based on the rate at which the error has been
changing. The weighted sum of these three actions is used to adjust the process
via a control element.

In this paper a universal digital PID controller is used due to unsatisfactory
performance of control system based on a standard PID controller. A typical
structure of a PID control system is shown in Fig. 1. The error signal e(t) is
used to generate the P, I, and D modes, with the resulting signals weighted and
summed to form the control signal u(t) applied to the plant model. Introducing
coefficients b, ¢ and a first-order low pass filter in D mode leads to a negligibly
more complex controller, but significantly improves the control system’s perfor-
mance. The coefficient b (b < 1) is used to weight out the r(¢) in P mode of
controller and the coefficient ¢ (¢ < 1) is used to weight out the r(¢) in D mode
of the controller. Typically in industrial applications b and ¢ are chosen to be
equal to 0 or 1. Using of a first-order low pass filter reduces the influence of mea-
surement noise. In real applications discrete time PID controller is implemented.
Many formal techniques for discretization exist [7]. In this paper backward Euler
method is used [6]. The mathematical description of discrete-time universal PID

controller is:
1

2
3
4

w(k) = (k) + i (k) + wak),
wp(k) = K, (br(k) — y(k)),
wi(k) = ik — 1) + bua (r(k) — y(k)) + bia (r(k — 1) — y(k — 1)),

(
(
(
ug(k) = agua(k — 1) + bg(er(k) —er(k — 1) —y(k) + y(k — 1)), (

)
)
)
)



292 O. Roeva and T. Slavov

where k is the number of sample, u(k) - control signal, u,(k),u;(k) and uq(k)
- proportional, integral and derivative modes of control signal, r(k) - reference
signal, y(k) - output signal, K, - proportional gain, T; - integral time, Tgy -
derivative time, Tyq/N - time constant of first-order low pass filter, Ty - sample
time, b and ¢ - weighting coefficients, b;; = Kp:;—‘;7 bio =0, ag = %7 by =

TN
Kp Tqg+NTo*

PID controller disturbance d(f)

T/— u(f) ¥(@)
‘ : plant |
controller [ /| | model

measure-
ment noise

Fig. 1. A typical structure of a PID control system

By tuning the constants (K,,T;,Ty4,b,c and N) in the PID controller algo-
rithm, the controller can provide control action designed for specific process re-
quirements. Two general tuning methods were proposed by Ziegler and Nichols
[11] and have been widely utilized either in the original form or in modified
forms. These methods, referred to as ”classical” tuning methods, determine the
PID parameters using empirical formulae [2/3]. These methods are inapplicable
to the considered here non-linear control system. The regarded fed-batch culti-
vation process can not to be linearized around an equilibrium point of a system.
In this case there is no equilibrium point. If a linear approximation is found,
the resulting model will be valid only for a small region around the linearization
point. The controller tuned using this linear model will work properly only for
this limited region. Therefore, it is necessary to use non-classical tuning methods
to achieve the best overall PID control for the entire operating envelope of the
given system.

4 E. coli MC4110 Fed-Batch Cultivation Model

Fed-batch cultivation process of E. coli MC/110 is considered. The cultivation
conditions and data measurements are discussed in [I]. The mathematical model
can be represented by the following dynamic mass balance equations [1]:

dX S F
7 — Mmax X-=X 5
at ke 8T TV (5)
ds 1 S F
-V — mazx X > WPin —
& YoM kst 5 T 7 (Sin = 9) ¢ (6)
d
L _F ()

dt



Fed-Batch Cultivation Control Based on GA PID Controller Tuning 293

where X is the biomass concentration, [g/]]; S - substrate (glucose) concentra-
tion, [g/1]; F - feeding rate, [I/h]; V - bioreactor volume, [l]; Si, - substrate
concentration in the feeding solution, [g/1]; timaes - maximum value of the spe-
cific growth rate, [h~!]; kg - saturation constant, [g/1]; Ys/x - yield coefficient,
[-], € - measurement noise. Numerical values of the model parameters used in
simulations are according to [1]: pmaez = 0.55 ™1, kg = 0.01 g/1, Yg,x = 0.50.

5 PID Controller Tuning Using Genetic Algorithm

The simple GA is a powerful tool that is able to converge rapidly to an optimum
of many different objective functions. The user has to create a code scheme, a
fitness function and implement these into the GA, which mechanisms are easy
to implement into a computer program. The optimal value of the PID controller
parameters (K, T;, Tq,b,c and N) is to be found using GA.

Initialization of algorithm parameters: The most appropriate GA parameters
and operators, based on previous author’s investigations on the effects of the
different GA parameters on the outcome of the GA [I0] are used.

Representation of chromosomes: Representation of chromosomes is a critical
part of the GA application. In order to use the GA to identify controller param-
eters, it is necessary to encode the parameters in accordance with the method
of concatenated, multiparameter, mapped, fixed-point coding [4]. Here, a chro-
mosome is a sequence of m- parts each of them with n (encoding precision)
genes. In the case of tuning the three controller parameters - K, T; and Ty,
the chromosome is a sequence of three parts. In the case of tuning of all the
defined parameters - K,,T;,Ty4,b,c and N, the chromosome is a sequence of six
parts. The range of the tuning parameters is considered as follows: K, € [0, 2],
T; € [0,1], T4 € [0,0.1], b € [0,1], ¢ € [0,1] and N € [0.001, 1000]. After several
runs the range for the parameters is specified to: K, € [0.4,2], T; € [0.005, 1]
and Ty € [0.003,0.1].

Following a random initial choice, entire generations of such strings are readily
processed in accordance with the basic genetic operators of selection, crossover
and mutation. In particular, the selection process ensures that the successive
generations of PID controller parameters produced by the GA exhibit progres-
sively improving behavior with respect to some fitness measure.

Objective function: To evaluate the significance of the tuning procedure and
controller performance four criteria are used - integrated squared error (I1sg); in-
tegrated absolute error (I14g); integrated time-weighted absolute error (Ir74x)
and integrated squared time-weighted error (Irsrg):

M M M M
Iisp =Y _e(k)?, Trap =Y _le(k)|, Irrap =Y _ ke(k)?, Iisre = »_ k’e(k)?,
k=0 k=0 k=0 k=0

where the error e is the difference between the set-point and the estimated
substrate concentration (Ss, —S), M - end sample of the cultivation.
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Termination criteria: Here the termination criterion is considered to be the
maximum number of generations. The chosen maximum number of generations
is sufficient for reaching a satisfactory fitness value.

6 Results and Discussion

In the case of cultivation processes control the usual practice is to select PI or
PID mode. A P controller reduces error but does not eliminate it, i.e. an off-
set between the actual and desired value will normally exist. The additional T
mode corrects the error that occur between the desired value and the process
output. Inclusion of the I mode makes the control system more likely to be oscil-
latory. Inclusion of the D mode (i.e. selecting PID mode) improves the speed of
the responses, and consequently served to suppress the influence of the distur-
bance more strongly. However, the D mode functions are effective only when the
controller parameters are tuned appropriately. Controller tuning is a subjective
procedure and is certainly process dependent. For the considered here process
the problem is to find a feed rate profile to establish small glucose concentration
preventing the accumulation of growth inhibiting metabolites.

Using the considered four objective functions a series of test are performed.
To obtain more realistic tests of the controller robustness and of the tuning
procedure performance measurement noise is introduced in the simulation - white
Gaussian zero mean noise with a variance 0.002 g?/12h. For each criterion (in
case of noise absence and in case of noise introducing) at least 35 runs of GA are
performed. The controller parameters’ tuning is performed for two cases: Case 1
- tuning of the basic PID parameters - K,,T; and Ty (parameters b, ¢ and N
are defined as constants - b = ¢ = 1, N = 1000) and Case 2 - tuning all the
six parameters. The results presented here are mean values of the all runs for
the current case. The algorithm produces the same estimations with more than
80% coincidence. Some of the results from the GA application for PID tuning
are presented in Table [Tl The case with the introduction of noise is shown. This
is more real case of the problem decision and the discussion of the corresponding
results is more useful.

Table 1. Controller parameters, mean value (with noise)

Case study| Kp K; Ky b c N | I value
1 0.4003(0.9846(0.0030|1.0000{1.0000 1000.0000’ I1s=16.1639

0.4041|0.9465(0.0030{0.9392|0.8709| 778.3171 | I;sr=16.1510
0.4002(0.9853{0.0030{1.0000{1.0000|1000.0000| I;ar=38.2181
0.4072|0.9356(0.0030{0.8375|0.9283| 616.3588 | Irap=38.1324
0.4002(0.9874|0.0030{1.0000{1.0000{1000.0000|1;74r=110.4505
0.4036(0.9353{0.0030{0.9036|0.9060| 733.9115 |I;74r=110.3550
0.4002|0.9783(0.0030|1.0000{1.0000{1000.0000| I;sTE=755.1833
0.4035]0.9385(0.0030{0.8646|0.9370| 537.9127 |I157E="754.4549

[N I NCR ) B NG I V)
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The results show that all objective functions are representative and sophis-
ticated controller performance indices. The obtained numerical values of the
controller parameters for the four criteria, respectively in Case I and Case 2
are quite similar. The considered objective functions reflect the performance of
the PID controller in a similar way. It could not define the best criterion.

As aresult of the GA tuning the optimal PID controller settings are obtained.
In Fig. 2 some results of controller and process performance are presented con-
cerning Case 2 and I;74p criterion. The obtained results are compared with the
results from the controller design of the same cultivation process reported in [IJ.
In Fig. 2a biomass concentration during the process is displayed. In Fig. 2b and
Fig. 2d substrate concentrations and resulting feed rate profiles are presented.

—— Substrate control - this report | |
* = - Substrate control - Amdtetall. |

Biomass - this report
- = - Biomass - Amd et all

—— Substrate control - this report
* = - Substrate control - Amd et all

—— Feed rate - this report
- = - Feedrate - Amdt et all,

9 91 92 93 94 95 96 97 98 99 10

c) d)

Fig. 2. Controller and process perfermance

For better visualization in Fig. 2¢ the substrate concentrations between 9 and
10 h from the cultivation for both studies (this and [I]) are presented. To show
the stability of the controller designed here the cultivation process is simulated
for a longer time period in comparison with [I]. As it can be seen for a short time
the controller sets the control variable and keeps stable the glucose concentration
at the set point of 0.1 g/l during the process. The maximum difference reported
in [1] is 0.06 g/1 and it has occurred in the second half of the process. In parallel,
the maximum difference achieved here is 0.028 g/1. Here discussed controller has
the better performance than the presented in [I]. The deviation from the set-
point is very small for the all time period. The resulting standard deviation and
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mean value concerning control variable are: in this report — o, = 0.0063 and

ms = 0.0967; in [I] — o5 = 0.1513 and ms = 0.1306.

7 Conclusion

In the article are presented the results of a designed universal digital PID con-
troller. The controller is used to control feed rate and to maintain glucose concen-
tration at the desired set point for an E. coli fed-batch cultivation process. GA
controller tuning to achieve good closed-loop system performance is proposed.
Using four objective functions reflecting the performance of the PID controller,
the significance of the tuning procedure is evaluated. As a result, the optimal
PID controller settings are obtained. The presented results indicate high quality
and better performance of the designed control system. For a short time the
controller sets the control variable and maintains it at the desired set point dur-
ing the cultivation process. It is demonstrated that the GA provide a simple,
efficient and accurate approach to PID controllers tuning. Moreover, GA tuning
can be regarded as an effective methodology for attaining improved performance
of a process.
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