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Abstract: - Microbial fuel cells (MFCs) are a promising alternative to generate electricity from wastewater. MFCs need an efficient control 

system to get the optimal output voltage. The present study proposes an integral backstepping controller for the two-compartment microbial 

fuel cell. The complex higher-order transfer function of MFC is reduced using the approximation method. The effectiveness of the proposed 

controller is validated in MATLAB/Simulink simulation environment. The performance of the proposed controller is compared with the 

classical PID controller. The proposed controller's performance outweighs the PID controller.    
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I. INTRODUCTION 

Global industrial growth at a rapid pace has increased demand for energy supplies among growing populations. 

Over time, technologies for renewable energy have developed [1]. It's interesting to note that these technologies 

are independent of the finite fuel sources. Energy and environmental problems are effectively resolved by 

extracting energy from organic or inorganic waste. Massive energy availability is crucial for powering 

equipment, and batteries or fuel cells are required for remote or in unsupervised particular applications. 

Extended power sources like fuel cells are useful for equipment that will be deployed over an extended period of 

time or put in isolated areas [2][3]. Unlike batteries, fuel cells may generate energy constantly if they receive an 

adequate supply of external fuel. Micro-organisms act as bio-catalytic elements in microbial fuel cells (MFCs), 

also known as bio-fuel cells, which are promising pollutant removal units that employ chemical energy to 

produce electrical energy through substrate oxidation [3]. Industrial expansion has led to a significant increase 

in water pollution. Over time, wastewater treatment has gained attention; nevertheless, most of these solutions 

are ineffective, costly, and non-sustainable. With the use of affordable electrolytes, electrodes, and urine, MFCs 

can clean wastewater with zero or positive energy [4]. The endurance of MFCs' cells makes them appealing 

options for long-term power supply in a range of applications, including remote sensing and extended research 

[5].  

MFC technology still needs more research because it is just at the laboratory phase and is yet to undergo major 

commercialization. Because MFC can produce bioelectricity from waste water unlike to conventional waste 

water treatment technologies has higher conversion efficiency. 

Under specific assumptions and factors, a limited number of mathematical models of MFCs have been 

developed  and evaluated. The efficacy of the linear control strategies previously created for MFCs might be 

influenced by parametric ambiguities. Proportional Integral (PI) base non parametric MFC was developed using 

system identification tool.PI control techniques have several benefits like easy to develop and implement, cost 

effective etc. When uncertainties and disturbances are present, the performance of such a PI controller is 

significantly impacted. Various control mechanisms are used for MFCs in order to ensure optimal performance 

under controlled situations [1]. 

In this paper, back stepping control strategy has been designed for two chamber MFC.The performance of 

proposed controller is compared with classical PI controller. Lyapunov stability is validated and proved for two 

chamber MFC.The rest of the paper is organized in six sections. In section II , overview of the microbial fuel 
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cells is discussed. The control problem is formulated in Section III. In Section IV, an integral backstepping 

control is proposed. The simulation study has been carried out in Section V. Finally, the conclusions are 

presented in Section VI. 

II. Overview of Microbial Fuel Cell (MFC) 

 

Fig. 1 Basic construction of MFC 

A two-chamber MFC's fundamental construction and related parts are shown in Fig. 1.Basic components of 

MFC can be described as below. 

1) Anode: Anode material has to be chemically stable, biologically compatible, conductive, inert, and 

nontoxic[6][7]. These properties of anode material are mostly responsible for the biofilm formation to electron 

transmission from anode compartment to the anode surface[7]. Graphite plates are the most accessible materials 

to use as anode since they are cheaper and have a clear surface area. The electrode materials impact the 

performance in terms of electron mobility and electrochemical efficiency [7]. The electrodes must be affordable, 

sustainable, easily accessible, and able to deliver the highest power density for commercial purposes. 

2) Cathode: System performance is primarily affected by the cathode material, which is chosen for its operation 

close to the open circuit voltage potential [7][8]. Catalytic properties, significant mechanical strength, and high 

electrical and ionic conductivity are essential characteristics of cathode materials [7]. The most common 

oxidizers used in MFCs include hydrogen phosphate, oxygen, hydrogen peroxide, manganese dioxide or copper 

chloride. The impacts of various cathode and anode materials on system performance are examined and 

illustrated in [9-11]  

3) Substrate: MFC’s principal objective is to produce power and reduction in pollution from waste water[7]. The 

most significant biological ingredient influencing the production of energy is the substrate. Performance of 

MFC varies by the nature and amount of the substrate used for oxidation, which are generally microorganisms. 

The functionality of MFC with different substrate is explained in [17-24] 

4) Membrane: Anode and Cathode is separated by membrane. Proton exchange membranes (PEMs) normally 

allow ions to flow while restricts entry of substrate and oxygen[7]. The development of different types of 

membranes and how it affects MFC performance are discussed in [20-29]. Ion exchange membranes have 

significant effects on stability and performance, which has created rapid demand. 

5) Mediator: The indirect process includes the use of an outside mediator to help transfer of electron from 

bacteria to Anode[7]. The results of utilizing various mediators to improve MFC performance have been 

published in [30-36]  

2.1 Charge Balance and Mass Balance of Anode/Cathode    
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The chemical reaction in both compartments is explained by[7] 

(CH2O) 2 + 2H2O −→ 2CO2 + 8H+ + 8e− (1) 

O2 + 4e− + 2H2O −→ 4OH−  (2) 

At Anode charge & mass balance substrate, carbon dioxide, positive ions and active biomass of microorganisms 

are given by 

Va
𝑑𝐶𝑎𝑐

𝑑𝑡
 = Qa (Cin

AC− CAC)- Am r1 ,  (3) 

Va
𝑑𝐶𝑐𝑜2

𝑑𝑡
 = Qa (Cin

co2− Cco2)+ 2Am r1  (4) 

Va
𝑑𝐶𝐻

𝑑𝑡
 = Qa (Cin

H− CH)+ 8Am r1  (5) 

Va
𝑑𝑋

𝑑𝑡
= Qa 

(𝑋𝑖𝑛 − 𝑋)

𝑓x
+ + AmYr1 − VaKd X (6) 

Ccap,a
𝑑𝜂𝑎

𝑑𝑡
 = 3600icell − 8Fr1   (7) 

In the anode chamber, the chemical reaction rate, r1 is defined as[7] 

r1=K10exp (
𝛼𝑓

𝑅𝑇
ηa)

𝐶AC

𝐶𝐴𝑐+𝐾𝐴𝐶
    (8) 

Where the anode is denoted by the subscript ‘a’ and influent is denoted  in the equations by the superscript ‘in’, 

the forward rate constant related to anode reaction at standard condition is denoted byK10 , the surface area of 

membrane and wash-out fractional parameter respectively are represented by Am and fx , the universal gas 

constant, operational temperature, capacitance at anode, and current density of MFC are denoted as R, T, Ccap 

and icell respectively, and the coefficient of charge transfer at anode is denoted by α 

The equations of charge balance, and mass balance of oxygen, negative hydroxyl ions and positive ions 

represented by 

Va 
𝑑𝐶𝑂2

𝑑𝑡
 = Qc (Cin

O2− CO2) - Am r2  (9) 

Vc 
𝑑𝐶𝑜𝐻

𝑑𝑡
= Qc (Cin

OH− COH) -4 Am r2  (10) 

Vc 
𝑑𝐶𝑀

𝑑𝑡
= Qc (Cin

M− CM)+ Am Nm  (11) 

Ccap,c
𝑑𝜂𝑐

𝑑𝑡
=3600icell -4Fr2   (12) 

In the cathode chamber, the chemical reaction rate, r2 is defined as 

r2 =K20exp (
(𝛽−1)𝐹

𝑅𝑇
ηc)

𝐶O2

𝐶𝑂2+𝐾𝑂2
   (13) 

The subscript, ‘c’ stands for the cathode, K20 and β are forward rate constant and cathode charge transfer 

coefficient respectively, NM is the M+ ion flux moved from cathode chamber to anode via a membrane 

     III Formulation of Control Problem 

A mathematical representation of a dynamic system in terms of transfer functions can be obtained by the system 

identification tool. The below system transfer function is taken from [7]. In [7], the experimental setup has been 

developed to get the input and output data. The inputs are concentrations substrates of the anode and chamber, 

and the output is the voltage. The system identification method has been used to get the transfer function of both 

chambers. Among all the combinations, the authors have selected the transfer functions with the best efficiency 

which is 92%. Therefore, those transfer functions are selected in this study, 
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The anode chamber transfer function is given by  

𝑇𝑎(𝑠) =  
4.16×104

𝑠4+11.44 𝑠3+60.71 𝑠2+180.9 𝑠+312.1
 (14) 

 

            =
4.16×104

(𝑠+1.39±3.39𝑗)(𝑠+4.33±2.11𝑗)
                 (15) 

 

The cathode chamber transfer function is given by  

𝑇𝑐(𝑠) =  
−94.97

𝑠3+2.169 𝑠2+4.09 𝑠+4.819
  (16) 

 

                = 
−𝟗𝟒.𝟗𝟕

(𝒔+𝟎.𝟑𝟏𝟑+𝟏.𝟕𝟒𝒋)(𝒔+𝟏.𝟓𝟐)
                 (17) 

 

The pole-zero locations of the anode and cathode chamber transfer functions are illustrated in Figure. 2 and 

Figure. 3. 

 

Fig. 2 Location of poles and zeros for anode

 

Fig. 3 Location of poles and zeros for cathode 



J. Electrical Systems 20-7s (2024): 2604-2612 

2608 

 

The above transfer functions are higher order transfer functions. It is obvious that the control system for higher 

order transfer functions is complex. Sometimes it is difficult to design a stable controller for higher order 

systems. Therefore, an approximation method is used to reduce the order of the above transfer functions. 

The approximated transfer function of anode chamber is defined by 

𝑇𝑎(𝑠) =  
0.224 𝑒4

𝑠2+2.78 𝑠+13.42
   (18) 

The approximated transfer function of cathode chamber is defined by 

𝑇𝑐(𝑠) =
−61.89

s2+0.626 s+3.125
  (19) 

3.1 State Space Equation for MFC 

In this subsection, the transfer function to state space equations conversion method is discussed. For example, 

the transfer function of the nominal system is 

𝑦

𝑟
  = 

b1

𝑠2 + a1s + a2
   (20) 

where y and r are output and input respectively. a1,a2 and b1 are constants. 

Simplifying the above equation and converting into state equation, it is defined as 

𝑦̈+a1𝑦̇+a2y+b1y=b1r  (21) 

Let's assume system states x1 and x2  

x1 = y 

x2 = 
𝑑𝑦

𝑑𝑡
 =𝑦̇ 

The derivative of the system states are  

𝑥̇1  = 𝑦 ̇ = x2 & 𝑥̇2 = 𝑦̈ 

From equation (20)(21), the system states are 

𝑥̇1  =  𝑥̇2 

𝑥̇2 =  b1r -a1x2 -a2x1 

 

From the above method, anode and cathode chamber equations are defined as 

For Anode 

𝑥̇1  = x2 and 𝑥̇2 = 0.224*104r – 2.78 x2 -13.42 x1  (22) 

For Cathode 

𝑥̇1  = x2 and 𝑥̇2=-61.89r - 0.626 x2 - 3:125x1  (23) 

The integral back stepping controller is proposed using above state space equation in next section 

    IV.Design of Back Stepping Controller 

Integral Backstepping would be helpful when uncertainties are not modeled as normally happens. The control 

objective is to develop an efficacious scheme to track desired response [37][38]. Generalized mathematical 

equations for applying a integral back stepping algorithm are as follows 

𝑥̇1  = x2 and 𝑥̇2= a + bu  (24) 
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where a and b are the parameters or constant terms of the system 

Tracking errors e1 and e2 are defined as  

e1 = x1d - x1,  e2 = x2d -  x2  (25) 

where x1d is desired tracking path.x2d is the virtual control which is defined as 

x2d = c1e1+𝑥̇1d+λχ    (26) 

such that χ =∫ 𝑒1(τ)dτ shows the integral action  

Using (25), we get  

𝑒̇1 = 𝑥̇1d - 𝑥̇1 = 𝑥̇1d – x2 = - c1e1 - λχ  + e2 (27) 

𝑒̇2 = 𝑥̇2d - 𝑥̇2 = c1𝑒̇1 + 𝑥̈1d + λe1-bu-a  (28) 

Substituting the values of (26) in (27) and re-writing the derivative of the error 𝑒̇2 we get 

𝑒̇2 = -𝑐1
2e1- c1 λχ + c1e2 + 𝑥̈1d +λe1-bu-a (29) 

To ensure that 𝑒̇2= -c2e2-e1 ,(c2>0) , we choose a control law u given by 

u = 
1

𝑏
[(1-𝑐1

2+λ) e1+ (c1+c2) e2-c1λχ +𝑥̈1d] - 
𝑎

𝑏
 (30) 

To check the system stability, we can construct a positive definite Lyapunov function as follows 

V=
1

2
λχ2+

1

2
𝑒1

2+
1

2
𝑒2

2 (31) 

By taking differentiation of V, we obtain 

𝑉̇ = -c1𝑒1
2- c2𝑒2

2 < 0 (32) 

where c1, c2 and λ are positive constants. 

From (31) we can say that the MFC with integral back stepping control will be stable   

based on the Lyapunov theory 

From equation (29), the control input is obtained for anode and cathode by adding below 

a, b and r 

Anode: 

a = -2.78x2-13.42x1, b=0.224x104,r=u 

Chosen controller parameters: c1 = 0.001, c2 = 0.09 and λ = 100 

Cathode: 

-0.6262X2-3.125X1, b=-61.89, r = u 

Chosen controller parameters: c1 = 2.75, c2 = 0.09 and u= 1.85. 

V  Simulation Result  
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The schematic of integral backstepping control is illustrated in Figure 4. The simulation has been carried out in 

MATLAB/Simulink in this paper. Both anode and cathode chambers have been simulated. The performance of 

the proposed integral back-stepping controller is compared with that of the classical PID controller. The 

rationale behind choosing the classical PID controller is that it is well-known and widely used. Most industries 

are using PID controllers due to their simplicity. It is worth mentioning that the PID controller gains have been 

tuned using the PID tuner application in Simulink. 

The output of the anode chamber is shown in Fig5. It can be observed that the proposed integral backstepping 

control provides better tracking performance compared with the classical PID controller. It is also observed that 

the settling time is less in the case of the proposed controller. 

 

 

  

  

 

 

 

 

The output of the cathode chamber is shown in Fig.6. It can be observed that the pro-posed integral 

backstepping control provides better tracking performance compared with the classical PID controller. It is also 

observed that the performance of the PID controller is oscillating, whereas the proposed controller provides a 

smooth response. 

 

 

Fig. 4 Block Diagram for Integral Back stepping control 

Fig. 5 Anode Chamber output  

Fig. 6 Cathode Chamber Output  
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VI. Conclusion 

Microbial fuel cells are a promising alternative to generate electricity from wastewater. It is necessary to get 

constant and reliable power from the MFCs. Therefore, this study is focused on the nonlinear control methods to 

get the constant output voltage from the MFC. In this study, the integral backstepping controller has been 

proposed. The efficacy of the controllers was tested using the MATLAB/Simulink simulation test bench. The 

performance of the proposed controller is compared with that of the classical PID controller. The simulation 

results confirm that the proposed controller outperforms the classical PID controller for both anode and cathode 

chambers. The settling time and other performance, such as transient performance, are far better than those of 

the classical PID controller.     
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