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Abstract: This paper deals with the general framework of fermentation system modeling and 

monitoring, focusing on the fermentation of Escherichia coli. Our main objective is to 

develop an algorithm for the online detection of acetate production during the culture of 

recombinant proteins. The analysis the fermentation process shows that it behaves like a 

hybrid dynamic system with commutation (since it can be represented by 5 nonlinear 

models). We present a strategy of fault detection based on residual generation for detecting 

the different actual biological modes. The residual generation is based on nonlinear 

analytical redundancy relations. The simulation results show that the several modes that are 

occulted during the bacteria cultivation can be detected by residuals using a nonlinear 

dynamic model and a reduced instrumentation.  

 

Keywords: Monitoring, Fault detection, Residual generation, Biological modes,  

Escherichia coli. 

 

Introduction 
Genetically modified organisms are increasingly used in the pharmaceutical industry. 

Escherichia coli, or E. coli, is still one of the most important host organisms used in the 

pharmaceutical industry for producing recombinant proteins [2, 4, 12]. This paper aims to 

explore the possibility of monitoring changes in the metabolism of the E. coli during the fed-

batch culture process [3]. Roeva and Tzonkov [9] used a heuristic procedure that employed 

dissolved oxygen probe measurements to distinguish two modes: acetate production or non-

production by E. coli. This information is used to drive the feeding rate, and the global 

procedure is called probing control. A deeper analysis of the model used by [3] and [12] leads 

to five different metabolisms, which represent the modes of the E. coli cultivation. 

 

One of the objectives of this paper is to identify the actual mode, including the modes related 

to acetate production, using reduced instrumentation. Our strategy is to reduce the acetate 

production, dealing with approaches based on Fault Detection (FD). Those methods aim to 

discover whether or not a fault is occurring in a monitored system (detection). FD consists of 

comparing a reference behavior with the current behavior, observed via controls and 

measurement values. Several approaches can be used to perform this comparison. Eliminating 

internal variables to obtain an input-output representation of the monitored system can be 

achieved by projections into parity space both in the linear case [6] and in the nonlinear case 
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[5]. Other approaches can be used, for example, observer-based approaches that reconstruct 

the process outputs, which are then compared to system measurements [7, 8]. 

 

All model-based fault detection methods have to generate residuals between the real behavior 

and the expected behavior, and some form of redundancy is needed to generate residuals. 

There are two types of redundancies: hardware redundancy and analytical redundancy. 

Hardware Redundancy (HR) using redundant sensors, for example has been applied in critical 

systems. Analytical Redundancy (AR) is obtained through a set of algebraic or differential 

relationships. The essence of AR in fault detection is to check the consistency of the real 

system behavior against the expected behavior of the system model. In this study, differential 

relationships were obtained using different sensor outputs and actuator inputs, and the 

residuals of these relationships were tested to identify the actual biological mode. 

 

The contributions of this paper are:  

- To detect biological modes by using approach of analytical redundancy instead of 

methods based on active control.  

- This approach can be used to reduce the formation of acetate.  

- The performances of the proposed approach are shown using the software  

Matlab – Simulink.  

 

The paper is organized as follows. Section 2 provides a short description of the fed-batch 

fermentation process, which presents the hybrid structure of the process. Section 3 reports the 

results of our simulations using a nonlinear process model. Section 4 explains the concept of 

residual generation used to detect the actual biological mode, and Section 5 deals with the 

detection process applied to acetate production. Section 6 offers our conclusions and our 

perspectives for future research.  

 

Process description 
The fed-batch fermentation process considered in this study involves a genetically-modified 

E. coli train that is cultivated in a bioreactor by using a probing control of fed batch 

cultivations [3], by modeling E. coli using acetate inhibition [9]. The liquid medium contains 

cells and the substrates that are needed for the cell growth and production. The feed is used to 

control the substrate concentration. Air is transferred into the liquid in order to supply the 

culture with oxygen, with a mechanical stirrer agitating the liquid to insure that the air is well 

mixed with the liquid. A stirrer speed N is used to control oxygen transfer rate. Temperature 

and pH are maintained within operating conditions. Cell metabolism is described by the 

specific rates of growth, glucose uptake, oxygen uptake and net acetate production [4]. The 

model equations include these rates derived from mass balance in the liquid medium are:  
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where V, X, G, A, and Co are respectively the liquid volume, the cell concentration, the 

glucose concentration, the acetate concentration and the dissolved oxygen concentration;  

F, Gin and Co
*
 denote respectively the feed rate, the glucose concentration in the feed, and the 

dissolved oxygen concentration in equilibrium with the oxygen in gas bubbles; and KLa is the 

volumetric oxygen transfer coefficient. V represents the volume variation.  

 

In practice, most sensors do not measure the oxygen concentration but the dissolved oxygen 

tension, which is related to the dissolved oxygen concentration through Henry’s law: 
 

oO HC   

 

where O is the oxygen concentration and H is Henry’s constant and its value is 1410
3
(l%)/g, 

O
*
 is the equilibrium dissolved oxygen tension and its value is 100%.  

 

As mentioned in the last paragraph, cell metabolism is described by the specific rates of 

growth μ, glucose uptake qg, oxygen uptake qo and net acetate production qa [3].  

The volumetric oxygen transfer coefficient KLa depends on the stirrer speed N and was 

approximated using the following linear expression [1]. 

 

   0LaK N N N    (2) 

 

For the 3-liter laboratory bioreactor, 0.95   h
-1

·rpm and N0 = 323 rpm give a good 

approximation for stirrer speeds between 400 rpm to 1200 rpm. These values were obtained 

using the KLa estimation technique suggested by [1]. 

 

The model given in System (1) depends on the specific rates mentioned above. The specific 

rate of growth  is given by: 

 

 

   

       if  

   if  

ox c crit

g m xg a xa g g

crit ox crit fe crit

g m xg g g xg g g

q q Y q Y q g

q q Y q q Y q g


   
 

   

  (3) 

  

where ox

xgY  is the oxidative biomass/glucose yield and its value is 0.51 g/g, fe

xgY  is the 

fermentative biomass/glucose yield and its value is 0.15 g/g, xaY  is the biomass/acetate yield 

and its value is 0.40 g/g, crit

gq  is the critical specific glucose uptake rate and its value is  

0.63 g/(gh). 

 

The glucose consumed by the cells provides energy and raw material for the cell growth.  

The specific glucose uptake rate qg is assumed to be Monod-type:  

 

  max

g g

s

G
q G q

k G



  (4) 

 

where max

gq  is the maximum specific glucose uptake rate and its value is 1.0 g/(gh), sk  is the 

saturation constant for glucose and its value is 0.01 g/l.  
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A part of the glucose uptake qg is assumed to be required for the non-growth associated to 

maintenance. This is modeled by the flux,  ,m g mcq min q q , where mcq  is the maintenance 

coefficient and its value is 0.06 g/(gh). 

 

The oxygen uptake qo is given by: 

 

 

 max

   if  

  if   crit
g

c crit

g m og m om a oa g g

o crit

o g m og m om g q

q q Y q Y q Y q q
q

q q q Y q Y q


    


 
  

  (5) 

 

where ogY  is the oxygen/glucose yield for growth and its value is 0.50 g/g, omY  is the 

oxygen/glucose yield for maintenance and its value is 1.07 g/g, oaY  is the oxygen/acetate yield 

and its value is 0.55 g/g. 
 

The net acetate production is expressed by p c

a a aq q q  , where p

aq  and c

aq  denote respectively 

acetate production and consumption. The mathematical expression used for c

aq  is: 
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where  
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  (7) 

 
max

oq  represents the maximum specific oxygen uptake rate and its value is 0.35 g/(gh),  

cmax

aq  represents the maximum specific acetate consumption rate and its value is 0.20 g/(gh), 

ak  is the saturation constant for acetate uptake and its value is 0.05 g/l. 

 

The mathematical expression used for 
p

aq  is: 

 

   if  
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a crit
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q q Y q q
q
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 (8) 

 

agY  designs acetate/glucose yield and its value is 0.55 g/g.  

 

The metabolic relations show that the fed-batch fermentation process is a system with 

autonomous commutation, making it a hybrid dynamic system. According to the metabolic 

relations cited above, there are two modes. The first mode corresponds to 
crit

g gq q  and is 

denoted “mode I”; the second mode corresponds to crit

g gq q  and is denoted “mode II”.  
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Fig. 1 shows the different situations that can arise in an E. coli culture, with one case for 

mode I and four cases for mode II. 
 

 
Fig. 1 The different situations those can arise in an E. coli culture 

 

Simulation of the process  
We simulated a dynamic model of glucose overflow in fed-batch fermentation of E. coli 

under fully aerobic conditions. The parameter used in this simulation for Gin is 60 g/l.  

The initial values were: V(0) = 2.5 l, G(0) = 10 g/l, X(0) = 10 g/l, A(0) = 0 g/l and  

O(0) = 30%. The Fig. 2 shows how we have chosen F. Our simulation results with the 

proposed model are shown in Fig. 3, Fig. 4 and Fig. 5. Fig. 3 shows that the fermentation 

process passes through 5 steps. We can interpret the first three phases from Fig. 4 and Fig. 5.  
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Fig. 3 Biomass concentration  
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Fig. 4 Acetate concentration 

 
Fig. 5 Glucose concentration 

 
Fig. 6 Acetate and glucose concentration after 5 h 

 

The supplied glucose leads to acetate production and good cell development (i.e., the biomass 

increases exponentially); when the glucose has been completely consumed, the biomass 

consumes the acetate to remain living, which leads to poor cell development. At about 5 h,  

F is different of zero (Fig. 2) and therefore, the cell consumes glucose. The Fig. 4 also shows 

that at this moment, the slope of the acetate concentration curve increases slightly what 

proves that the presence of glucose leads to the production of acetate. But the curve remains 

decreasing what proves that the cell consumes acetate. 
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To interpret the last two phases, we must show Fig. 6 that describes acetate and glucose 

concentration after 5 h. 

 

When acetate is completely consumed, the biomass consumes glucose only; when acetate and 

glucose are completely consumed, the biomass stops developing. 

 

The question that could be asked is at what mode is the process as was noted in the 

description of the hybrid dynamic system? The answer to this question is given in the 

following section, which presents residual generation as a method for detecting the modes of 

a biological system. 

 

Residual generation 
The method of residual generation is often used to detect the failure in automated systems. 

From a system model, it is possible to generate signals, called residuals, which are 

theoretically close to zero under normal operating conditions and not equal to zero when a 

failure occurs. Residuals can be also used in the context of a dynamic process whose 

evolution passes through several modes. 

 

The evaluation procedure for redundancy relations given by the system model is based on 

elimination theory [10]. Two sensors are used to measure the glucose concentration (G) and 

the acetate concentration (A). In this case, the biomass X is deduced by using the second 

equation in the System (1), yielding:  

 

s
inmax

g

k G F F dG
X G G

q G V V dt

   
   

 
  (9) 

 

Then, the biomass X can be estimated by measuring the glucose concentration G. 

 

The redundancy relations can also be obtained using the system model, by eliminating the 

unknown variables in the model equations. Without losing the generality of this paper, we 

will show how the biomass residual can be obtained using the first equation of the System (1): 

 

 ,
d X F

rX G A X X
dt V




 

     (10) 

 

In Fig. 1, the metabolic relation is replaced by its different expressions, or modes. There are  

5 modes, thus 5 residuals related to the estimated biomass, for example: rIX denotes a residual 

of mode I (acetate production) related to the biomass: r related to residual, I related to mode I 

and X related to biomass. 
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Similarly, using the last equation in the System (1), the acetate residual can be obtained: 
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dt V



     (12) 

 

The acetate residual can thus be obtained for each mode. The expressions of these 5 residuals 

are given by the following equations: 
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  (13) 

 

The Fig. 7 to Fig. 11 show the evolution of each mode’s residuals. The left-hand side of these 

figures shows the evolution of residuals related to the estimated biomass concentration and 

the right-hand side of these figures shows the evolution of residuals related to the acetate 

concentration. Fig. 7 shows that the 2 mode I residuals are null until 3.4 hours. This mode 

corresponds to acetate production (see Fig. 4). 

 



 INT.J.BIOAUTOMATION, 2015, 19(4), 507-520 
 

515 

Fig. 8 shows that, after 3.4 hours, the 2 mode II3 residuals are null for a period which lasts 

until 5 hours, which corresponds to the acetate consumption. This consumption can be 

correlated with the decrease of acetate concentration (see Fig. 4). 

 

Fig. 9 shows that, after 5 hours, the 2 mode II1 residuals are null for a period of less than half 

hour, which corresponds to the acetate consumption. This consumption can be correlated with 

the decrease of acetate concentration (see Fig. 4). In this mode, the acetate consumption 

related to goes to zero due to the lack of acetate. At the end of the fermentation process,  

mode II2 is active; the 2 residuals are null from 5.4 hours until 7.9 hours. 

 

 
Fig. 7 Mode I residuals 

 
Fig. 8 Mode II3 residuals 

 
Fig. 9 Mode II1 residuals 
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Fig. 10 Mode II2 residuals 

 
Fig. 11 Mode II4 residuals 

 

The 2 residuals are null from 5.4 hours until 8 hours (Fig. 8), mode II2 is active. In this mode, 

the glucose is limited, and acetate is no longer available. 

 

Thus, the evolution of the mode II4 residuals (Fig. 11) is never close to zero. Thus, we can 

conclude that this mode is not reached by the process. We can also conclude that the 

simulation results shown in Fig. 7, Fig. 8, Fig. 9, Fig. 10, and Fig. 11 don not correspond to 

the results summarized in Fig. 1. To understand these phenomena, we must analyze the 

evolution of the specific glucose uptake and the acetate consumption, shown in Fig. 12. 
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Fig. 12 shows the temporal evolution of   g mq q  and ,c c pot

a aq q . In Fig. 1, the mode II4 is 

reached when   g mq q  is equal to zero and ,c c pot

a aq q  is different to zero. But Fig. 12 shows 

that when temporal evolution of   g mq q  is nul then ,c c pot

a aq q  is also null. The metabolic 

reaction does not fire modeII4. Thus, the residuals relating to this case is never null, as can be 

seen in Fig. 11. We deduced that the process does not really reach mode II4. We can thus 

conclude that the residual generation method can detect all the operating modes of the 

process, but only the modes represented in the Fig. 13 can be used.  

 

 
Fig. 13 Various modes by which really the process passes 

 

Detection of the acetate production mode 
Acetate accumulation has been reported to inhibit growth and to reduce recombinant protein 

production. Thus, the interest of detecting this mode is quite obvious. In this section, we 
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E. coli. 

 

According to the metabolic relations described above, there are two modes: the first mode 

corresponds to crit
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and is denoted “mode II”.  

 

E. coli excretes acetate only when the specific glucose uptake rate exceeds the critical rate 

(see Fig. 14), corresponding to a maximum respiration rate. The specific oxygen uptake rate 

qo was initially fairly constant because 
crit

gg qq   so, according to Eq. (8), max

oo qq  , but 

declined gradually as acetate accumulated. 

 

 
Fig. 14 Modes related to acetate production and acetate production 
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Two sensors were used to measure X and Co. qo was deduced using the last equation in 

System (1), yielding: 
 

 
 *

,

o
La o o o

o

dCF
K C C C

V dtq G A
X

  

  (14) 

 

Fig. 15 represents the simulation of the residual generation, which can be expressed by the 

following equation 

 

 ,max

o or q q G A    (15)
 

 

 
Fig. 15 Residuals related to acetate production detection 

 

Fig. 15 shows that the acetate residual is null before 3 h. This residual was calculated from the 

available measurements, has to be close to zero when acetate production is detected. 

Compared to Fig. 15, our simulation results show that we can detect acetate production during 

the beginning of fermentation of a bacterium. 

 

Conclusion 
In the process of E. coli cultivation, which is a hybrid dynamic system, it is important to 

detect which kind of mode is active in the process in order to control it.  

Through our simulations results, this paper shows how the several modes that occur during 

the fermentation of bacteria can be detected (or not be detected) from the residuals generated 
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no acetate consumption) instead of all 5 modes. We also determined the exact period of the 

acetate production mode and the exact time that it takes place, which allows us to control the 

process. 
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For future research, we plan to investigate other detection approaches, such as the nonlinear 

observer approach. In order to reduce the cost of instrumentation, the idea is to use only one 

sensor, with which we have proved that the system remains observable: oxygen sensor. 

Indeed, this oxygen sensor is cheap and guarantees the sterility of environment.  
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