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ABSTRACT

The microbial fuel cell is one of the most important tools in the supply of renewable energy and its controller plays an important role in
improving the performance and stability of its output. Using the advantages of adaptive and sliding mode methods, this paper presents a
combined technique to ensure the stability and output voltage stabilization of the fuel cell in the presence of parametric uncertainties and
nonlinear terms. The proposed control method is compared with classical control approaches and the simulation results confirm its efficiency.
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1. INTRODUCTION

models have been introduced: two-compartment MFC with
one type of bacterial species [11], single-compartment MFC
with two bacterial species [12, 13] and single population
microbial fuel cell Single compartment [14] are some of them.
To achieve optimal performance, the MFC must be controlled
under different conditions. To date, different control strategies
have been developed based on different models to achieve
optimal fuel cell performance. The problem with the above
controllers is that in the presence of nonlinear terms and
uncertainties, the performance of the linear controllers is not
suitable and also the backstepping method is not a complete
control method due to the complexity of the computations due
to recursive calculations. Despite all the previous works in the
field of robust control design [15-21] and the application of
some of them to the fuel cell systems [22-25], the behavior of
previous controllers still faces challenges, some of which are
as follows:
1- The coverage of uncertainty effects and the robustness of
the controller to them is not well done.
2- Under previous controllers, the system's transient state
behavior suffers from shortcomings.
3- The high cost of the control signal and the lack of
smoothness of the control signal are other disadvantages of the
previously proposed control methods.
In this paper, a new method of adaptive sliding mode control
for controlling microbial fuel cell states is presented. The
microbial fuel cell is single chamber single population type
and nonlinear terms and uncertainties are considered in the
model under study. The sliding mode method has the ability to
overcome parametric uncertainty and the adaptive method has
been used to estimate nonlinear terms and uncertainties. Also,
the stability of the closed-loop system and the output voltage
stabilization are guaranteed using the Lyapanov criteria.
Accordingly, the second part presents the mathematical
model of the microbial fuel cell and the third part describes the
proposed control method. Sections 4 and 5 describe the
simulation results and conclusions and suggestions for future
work, respectively.

The importance of energy in daily life is not hidden from
anyone and its increasing demand is accepted as a fundamental
and vital issue, so the appropriate solutions must be provided
to make it available. Although the nature of this demand varies
from community to community (some communities seek to
improve the quality of services and others need more energy
to meet essential needs), but in principle, there is no doubt that
this demand is increasing, and in any case, this demand must
be answered. Renewable energy from natural processes is a
reliable way to supply energy and meet growing needs. This
type of energy originates from the sun, heat generated in the
deep earth, wind, ocean, hydroelectric power plant, biomass,
geothermal sources, biofuels and hydrogen fuels [1-8] and
achieves benefits such as reducing dependence on fossil fuels,
stable prices, increased competitiveness, high reliability and
flexibility, reduced global warming and improved public
health.
Considering the potentials of microbial fuel cells for the
production of renewable energy can be examined and
remarked from several perspectives:
1. The use of MFC reduces water treatment costs and greatly
reduces environmental pollution.
2- MFC can be used in remote communities and also as a
desalination plant.
3- Microbial fuel cell as a reliable and effective renewable
energy source, produces energy from the metabolism of
microorganisms and does not produce any toxic by-products.
Microorganisms generate electricity using organic matter and
biodegradable substrates such as wastewater, while
performing biodegradation / treatment of municipal
wastewater [9, 10].
MFC performance is affected by parameters such as
substrate concentration, growth of microorganisms and
biomass, operating and ambient temperature, and pH in the
anode chamber. To investigate the effect of different
parameters on MFC performance, different mathematical
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2. MICROBIAL FUEL CELL MODEL

𝑒𝑒̇2 = 𝜃𝜃 −1

𝑑𝑑𝑑𝑑
𝐶𝐶𝑠𝑠
= 𝑌𝑌𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚
𝑋𝑋 − 𝐾𝐾𝑑𝑑 𝑋𝑋 − 𝐷𝐷𝐷𝐷,
𝑑𝑑𝑑𝑑
𝐾𝐾𝑠𝑠 + 𝐶𝐶𝑠𝑠

𝑢𝑢 = 𝑢𝑢1 + 𝑢𝑢2

𝑓𝑓1 (𝑡𝑡, 𝑥𝑥) = −𝜃𝜃 −1 𝑌𝑌 −1
𝑓𝑓2 (𝑡𝑡, 𝑥𝑥) = −𝜃𝜃 −1

𝑥𝑥̇ 2 = �𝜃𝜃1−1

𝑥𝑥1
𝑥𝑥 + 𝑢𝑢(𝐶𝐶𝑠𝑠𝑠𝑠 − 𝑥𝑥1 )
𝐾𝐾𝑠𝑠 + 𝑥𝑥1 2

𝑥𝑥1
− 𝐾𝐾𝑑𝑑 − 𝑢𝑢� 𝑥𝑥2
𝐾𝐾𝑠𝑠 + 𝑥𝑥1

(1)
(2)

𝑒𝑒̇1 =

(12)
(13)

𝑠𝑠1 (𝑡𝑡) = 𝑒𝑒1 (𝑡𝑡)

(14)
(15)

To stabilize the error dynamics, select the u1 and u2 control
vectors as follows:
𝑢𝑢1 (𝑡𝑡) =

1
𝑒𝑒1
(−𝑓𝑓̂1 tanh � � − 𝑘𝑘1 𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1 ))
𝑐𝑐𝑠𝑠𝑠𝑠
𝜂𝜂1

𝑒𝑒2
𝑢𝑢2 (𝑡𝑡) = 𝑓𝑓̂2 tanh � � + 𝑘𝑘2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠2 ))
𝜂𝜂2

(16)
(17)

where 𝑓𝑓̂1 and 𝑓𝑓̂2 are adaptive estimators for estimating the
uncertainties and nonlinear terms of the system. To prove
stability, we select the Lyapunov function as follows:

(3)
(4)

where

1
1
1
1
𝑉𝑉(t) = 𝑠𝑠12 (𝑡𝑡) + 𝑠𝑠22 + 𝑓𝑓̃12 + 𝑓𝑓̃22
2
2
2
2

(18)

𝑓𝑓̃1 = 𝑓𝑓1 − 𝑓𝑓̂1
𝑓𝑓̃2 = 𝑓𝑓2 − 𝑓𝑓̂2

By deriving from the Lyapunov function and replacing u1
and u2, it is obtained
𝑉𝑉̇ (𝑡𝑡) = 𝑠𝑠1 (𝑡𝑡)𝑠𝑠̇1 (𝑡𝑡) + 𝑠𝑠2 (𝑡𝑡)𝑠𝑠̇2 (𝑡𝑡) − 𝑓𝑓̃1 𝑓𝑓̂1̇ − 𝑓𝑓̃2 𝑓𝑓̂2̇
= 𝑠𝑠1 (𝑡𝑡)(𝑓𝑓1
𝑒𝑒1
− 𝑓𝑓̂1 tanh �� � − 𝑘𝑘1 𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1 )�
𝜂𝜂1

(5)

𝑒𝑒2
+ 𝑠𝑠2 (𝑡𝑡) �𝑓𝑓2 − 𝑓𝑓̂2 tanh � �
𝜂𝜂2

(6)

+ 𝑘𝑘2 𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠2 )� − 𝑓𝑓̃1 𝑓𝑓̂1̇ − 𝑓𝑓̃2 𝑓𝑓̂2̇

where x1d and x2d are the desired equilibrium points. By
deriving from the error,
𝑥𝑥1 𝑥𝑥2
− 𝑥𝑥1 𝑢𝑢 + 𝑐𝑐𝑠𝑠0 𝑢𝑢 − 𝑥𝑥̇1𝑑𝑑
𝑘𝑘𝑠𝑠 + 𝑥𝑥1

(11)

𝑒𝑒̇2 = 𝑓𝑓2 (𝑡𝑡, 𝑥𝑥) − 𝑢𝑢2

𝑠𝑠2 (𝑡𝑡) = 𝑒𝑒2 (𝑡𝑡)

In this section, the proposed control method is described.
The purpose of the adaptive sliding mode controller is to
achieve optimal performance of the MFC by regulating
substrate concentration to a specific set point. The dilution rate
is selected as a manipulated input variable to control the MFC
substrate concentration. Let us define the error as follows:

−𝜃𝜃 −1 𝑌𝑌 −1

(10)

By selecting the sliding lines as follows:

3. ADAPTIVE SLIDING MODE CONTROL

𝑒𝑒2 = 𝑥𝑥2 − 𝑥𝑥2𝑑𝑑

𝑥𝑥1 𝑥𝑥2
− (𝑥𝑥2 − 1)𝑢𝑢 − 𝑢𝑢1 − 𝑘𝑘𝑑𝑑 𝑒𝑒2
𝑘𝑘𝑠𝑠 + 𝑥𝑥1
− 𝑘𝑘𝑑𝑑 𝑥𝑥2𝑑𝑑 − 𝑥𝑥̇ 2𝑑𝑑

𝑒𝑒̇1 = 𝑓𝑓1 (𝑡𝑡, 𝑥𝑥) + 𝑐𝑐𝑠𝑠0 𝑢𝑢1

For details regarding the model and parameter values can be
referred to reference [12].

𝑒𝑒1 = 𝑥𝑥1 − 𝑥𝑥1𝑑𝑑

𝑥𝑥1 𝑥𝑥2
− 𝑥𝑥1 𝑢𝑢 + 𝑐𝑐𝑠𝑠0 𝑢𝑢2 − 𝑥𝑥̇1𝑑𝑑
𝑘𝑘𝑠𝑠 + 𝑥𝑥1

(9)

The system error equations are rewritten as follows:

where Cs states the substrate concentration, X is the cell growth,
𝐷𝐷 (the Dilution rate) expresses the control input, q states the
rate of substrate utilization and 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 is its maximum rate, Ks
specifies half-saturation constant, Kd>0 is the decay
coefficient and Y is the growth yield [12]. Substrate utilization
and biomass growth are associated with μmax=Y.qmax and it is
applied to both anodophilic and methanogenic bacterial
biomass. Parameter μmax (specific bacterial growth maximum
value) is denoted as −𝜃𝜃1−1 . By considering Cs and X as the
states x1, x2, and D as a control input, it is obtained:
𝑥𝑥̇1 = −𝜃𝜃1−1 . 𝑌𝑌 −1

(8)

With this definition

The mathematical model describes the effect of design and
operational parameters on the overall performance of the MFC.
Various models have been proposed for MFC, including
Monod, Tafel, Nernst, Butler-Volmer [26]. Each of these
models examines the performance of MFC from one
perspective. In this paper, the single chamber single
population microbial fuel cell model is used to design the
controller. The hypotheses used in the model as well as the
operation of the single chamber microbial fuel cell and the
reactions in the anode and cathode chambers are given in [12].
The microbial fuel cell system receives a feed flow at the
anode in terms of substrate concentration and modulates the
MFC behavior. The substrate concentration and the cell
growth dynamics are
𝑑𝑑𝑑𝑑𝑠𝑠
= −𝑞𝑞 𝑋𝑋 + 𝐷𝐷(𝐶𝐶𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑠𝑠 )
𝑑𝑑𝑑𝑑

𝑥𝑥1 𝑥𝑥2
− (𝑥𝑥2 − 1)𝑢𝑢 − 𝑘𝑘𝑑𝑑 𝑒𝑒2 − 𝑘𝑘𝑑𝑑 𝑥𝑥2𝑑𝑑 − 𝑥𝑥̇ 2𝑑𝑑 − 𝑢𝑢
𝑘𝑘𝑠𝑠 + 𝑥𝑥1

By simplifying the above equation is obtained

(7)
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𝑒𝑒1
𝑒𝑒1
𝑉𝑉̇ (𝑡𝑡) ≤ |𝑠𝑠1 (𝑡𝑡)|𝑓𝑓1 − 𝑠𝑠1 (𝑡𝑡)𝑓𝑓1 𝑡𝑡𝑡𝑡𝑡𝑡ℎ � � + 𝑠𝑠1 (𝑡𝑡) 𝑓𝑓̃1 tanh � �
𝜂𝜂1
𝜂𝜂1
− 𝑘𝑘1 𝑠𝑠1 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1 (𝑡𝑡)) − 𝑓𝑓̃1 𝑓𝑓̂1̇ + |𝑠𝑠2 (𝑡𝑡)|𝑓𝑓2
𝑒𝑒2
𝑒𝑒2
− 𝑠𝑠2 (𝑡𝑡)𝑓𝑓2 𝑡𝑡𝑡𝑡𝑡𝑡ℎ � � + 𝑠𝑠2 (𝑡𝑡) 𝑓𝑓̃2 tanh � �
𝜂𝜂2
𝜂𝜂2
− 𝑘𝑘2 𝑠𝑠2 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠2 (𝑡𝑡)) − 𝑓𝑓̃2 𝑓𝑓̂2̇

first objective of the simulation, and obtaining the zero
tracking error under stable conditions forms other objectives
of the simulation. Achieving the desired specifications in
terms of controller design is another goal pursued in this study.
With such an approach, the control parameters presented in
this paper are selected as follows.

(20)

𝑥𝑥

Considering inequation 0 ≤ |𝑥𝑥| − 𝑥𝑥 𝑡𝑡𝑡𝑡𝑡𝑡ℎ � � ≤ 0.2785𝜇𝜇

[27], the above equation becomes:

𝜇𝜇

𝑠𝑠1
𝑉𝑉̇ (𝑡𝑡) ≤ 0.2785𝜂𝜂1 𝑓𝑓1 + 𝑓𝑓̃1 (𝑠𝑠1 (𝑡𝑡). 𝑡𝑡𝑡𝑡𝑡𝑡ℎ � � − 𝑓𝑓̂1̇ )
𝜂𝜂1
− 𝑘𝑘1 𝑠𝑠1 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1 (𝑡𝑡))
+ 0.2785𝜂𝜂2 𝑓𝑓2
𝑠𝑠2
+ 𝑓𝑓̃2 (𝑠𝑠2 (𝑡𝑡). 𝑡𝑡𝑡𝑡𝑡𝑡ℎ � � − 𝑓𝑓̂2̇ )
𝜂𝜂2
− 𝑘𝑘2 𝑠𝑠2 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠2 (𝑡𝑡))

𝑘𝑘1 = 20, 𝑘𝑘2 = 1, 𝜂𝜂1 = 1, 𝜂𝜂2 = 1

It should be noted that the control parameters have been
obtained by trial and error. For this purpose, two different
simulation scenarios are considered in this section.
Scenario 1. The system parameters are without uncertainty.
The simulation results are shown in Figures 1 to 6. As can
be seen from Figures 1 and 2, using the proposed method, the
substrate and biomass concentrations have reached the desired
level with higher speed and less error than the adaptive backstepping and the adaptive sliding mode methods. Also in
Figure 3, the control signal obtained from the proposed
method shows less amplitude, smoother behavior and of
course less fluctuations than the other two methods, and it
approaches the final value with a soft behavior and does not
experience high speed fluctuations at all. Finally, the output
voltages of the anode, cathode, and microbial cell are shown
in Figures 4 to 6. From these three Figures, it is clear that the
output obtained from the proposed method reaches the final
value with smoother behavior, higher speed, less error and
without overshoot and undershoot.
Scenario 2. In this scenario, the system has the following
parameter uncertainty.

(21)

Now by defining the adaptive laws as follows
𝑠𝑠1 (𝑡𝑡)
𝑓𝑓̂1̇ = 𝑠𝑠1 (𝑡𝑡) 𝑡𝑡𝑡𝑡𝑡𝑡ℎ �
�
𝜂𝜂1

We achieve

𝑓𝑓̂2̇ = 𝑠𝑠2 (𝑡𝑡) 𝑡𝑡𝑡𝑡𝑡𝑡ℎ �

(22)

𝑠𝑠2 (𝑡𝑡)
�
𝜂𝜂2

(23)

𝑉𝑉̇ ≤ 0.2785𝜂𝜂1 𝑓𝑓1 + 0.2785𝜂𝜂2 𝑓𝑓2
− 𝑘𝑘1 𝑠𝑠1 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠1 (𝑡𝑡))
− 𝑘𝑘2 𝑠𝑠2 (𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠2 (𝑡𝑡))

(24)

𝜃𝜃 −1 = 0.4
� −1
𝜃𝜃 = 0.38

By defining 𝜎𝜎 = 0.2785𝜂𝜂1 𝑓𝑓1 + 0.2785𝜂𝜂2 𝑓𝑓2 and k=min (k1,
k2), it is obtained
𝑉𝑉̇ ≤ −𝑘𝑘(𝑠𝑠12 (𝑡𝑡) + 𝑠𝑠22 (𝑡𝑡)) + 𝜎𝜎

By integrating the above equation on the region 𝜉𝜉 ∈ [0, 𝑇𝑇]
𝑇𝑇

𝑇𝑇

0

Considering (𝑇𝑇) ≥ 0, it can be obtained that:
𝑇𝑇

� (𝑠𝑠12 (𝑡𝑡) + 𝑠𝑠22 (𝑡𝑡))𝑑𝑑𝑑𝑑 ≤
0

(26)

0

1
1 𝑇𝑇
𝑉𝑉(0) + � 𝜎𝜎 𝑑𝑑𝑑𝑑
𝑘𝑘
𝑘𝑘 0

(27)

From the above equation, it is identified that the closed-loop
system is stable and ultimately bounded, which is in-line with
tracking error. Therefore, we have developed a combined
adaptive sliding mode control scheme for the MFC which
behaves in a preferred manner.
4. SIMULATION RESULTS
In this section, to prove the efficiency of the proposed
controller, the obtained results are compared with the results
of an adaptive backstepping controller [14] and adaptive
sliding mode method [25]. As in the previous work, obtaining
a constant output voltage is pursued as a control target, while
due to different load conditions, the substrate concentration
must be maintained at the desired level. Therefore, achieving
a constant output voltage in the presence of uncertainty is the

(28)

The simulation results in this scenario are shown in Figures
7 to 12. The comparison results obtained in the previous
scenario are repeated in this scenario. As shown in Figures 7
to 8, the desired substrate and biomass concentrations are well
followed. Figure 9 displays that the signal obtained from the
proposed control method has less fluctuations than the
adaptive back-stepping and adaptive sliding mode methods.
Figures 10 to 12 also show the output voltage from the anode,
cathode and microbial fuel cell. As in the previous scenario,
using the proposed control method, the output voltage without
overshoot and undershoot is followed at a higher speed and
with smoother behavior compared to adaptive back-stepping
and adaptive sliding mode methods. Both of the above
scenarios show that the proposed robust sliding mode is well
able to track the control targets intended for the microbial fuel
cell despite the nonlinear terms and the uncertainty of the
system.

(25)

𝑉𝑉(𝑇𝑇) − 𝑉𝑉(0) ≤ −𝑘𝑘 � (𝑠𝑠12 (𝑡𝑡) + 𝑠𝑠22 (𝑡𝑡))𝑑𝑑𝑑𝑑 + � 𝜎𝜎 𝑑𝑑𝑑𝑑

𝑖𝑖𝑖𝑖 𝑡𝑡 < 40
𝑖𝑖𝑖𝑖 𝑡𝑡 ≥ 40

Figure 1. Performance of substrate concentration
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Figure 6. Voltages of single chamber MFC

Figure 2. Performance of biomass concentration

Figure 7. Performance of substrate concentration
Figure 3. Control Signal

Figure 4. Anode voltages of single chamber MFC

Figure 8. Performance of biomass concentration

Figure 5. Cathode voltages of single chamber MFC
17
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Figure 10. Anode voltages of single chamber MFC

Figure 11. Cathode voltages of single chamber MFC

Table 1. The percentage of overshoot and undershoot values of all responses for all controllers in Scenario 1
Controller
Adaptive Sliding Mode

Adaptive Backstepping

Robust Sliding Mode

State

Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)
Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)
Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)

Overshoot

Undershoot

0.63
2.40
0.01
0.93
-

8.25
0.08
0.02
0.02
-

Table 2. the percentage of overshoot and undershoot values of all responses for all controllers in Scenario 2
Controller
Adaptive Sliding Mode

Adaptive Backstepping

Robust Sliding Mode

State

Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)
Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)
Substrate concentration (mg/L)
Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MFC voltages (V)

Overshoot

Undershoot
unstable

2.45
2.40
0.004
0.003
0.01
0.93
-

8.27
0.02
0.02
0.02
0.002
0.02
-

To show the superiority of the proposed control method in
terms of transient state behavior of the system, its overshoot
and undershoot is compared in Tables 1 and 2. As can be seen
from the tables, under the proposed controller, the system
states experience smoother behavior without overshoot and
undershoot. It should be noted that the appropriate transient
behavior obtained from the adaptive sliding mode method in
Scenario 1 is lost due to instability in Scenario 2.
5. CONCLUSION

Figure 12. Voltages of single chamber MFC

In this paper, a new robust sliding mode control method is
presented for microbial fuel cell system. The control structure
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Stabilization of A Single Chamber Single Population Microbial Fuel Cell by Using of a Novel Nonlinear Adaptive Sliding Mode Control
/ J. New Mat. Electrochem. Systems

is designed to achieve control targets for the microbial fuel cell,
while the robust method covers uncertainty and nonlinear term
effects. The simulation results in this paper showed the ability
of the controller to achieve the desired control objectives,
including tracking the desired substrate concentration and of
course the constant output voltage. Finite time sliding mode
control, simultaneous control of several microbial fuel cells
and experimental results can be the path of future studies in
this field.
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