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This article presents a new control approach for the optimal and reliable operation of the
microbial fuel cell, as one of the most important sources of renewable energy. Considering
several adverse effects on the performance of the microbial fuel cell, including the effects
of uncertainty, disturbance, and of course, taking into account the nonlinear dynamics and
the necessary conditions for the stable and optimal operation of the fuel cell, this paper
presents a novel robust hybrid approach to its performance management. The innovative
approach by using adaptive and sliding mode techniques, by focusing on providing a
theoretical solution and not changing the structure of the fuel cell, reduces and suppresses
the effects of disturbance and uncertainty of the model, and by guaranteeing the stable and
reliable operation of the microbial fuel cell in the Lyapunov concept, provides rapid
regulation of system states. The results of simulation and comparison in the MATLAB
environment show the efficiency and optimal performance of the fuel cell system under
the planned control method from the perspective of improving the transient and permanent
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response.

1. INTRODUCTION

Population growth and technological advances have led to
an exponential increase in the use of fossil fuels, resulting in
global warming and damaging environmental consequences
and in such a situation, the only reasonable approach is to
develop renewable energy technology and increase the share
of this type of energy in the total energy portfolio through
technological advances and investment [1-4].

In addition to reducing reliance on fossil fuels, renewable
energies provide countless benefits such as higher grid
reliability and flexibility, reduced emissions, and widespread
access in remote areas and affordability has also been added to
these benefits due to technological advances in recent years [5-
7]. In addition to the mentioned cases, it is very necessary and
vital to mention that today's human society has no choice but
to move in the direction of clean and renewable energies due
to severe climate changes and its severe paralyzing changes on
daily life, although the cost of investing in such technologies
is higher than the energy obtained from fossil fuels. All the
mentioned cases explain well the need to develop renewable
energy systems and especially the management of this type of
energy by developing the required parallel structures [8-9].

Currently, various types of renewable energy are being
developed on a commercial scale, among which we can
mention solar energy, wind energy, biomass, ocean energy,
and combined renewable sources [10-12]. The most important
feature of renewable energies is their intermittent nature and
continuous changes due to changes in their sources [13-14].
One of the most important renewable technologies, which is
also the main subject of this study, is the microbial fuel cell or
MFC. This technology is capable of purifying wastewater at

the same time as producing energy, and this unique feature has
caused the increasing development of this technology [15]. In
this regard, comprehensive studies have been conducted on
MFC. Converting chemical energy stored in biodegradable
organic materials into electricity using MFCs [16-19] and the
use of MFCs for wastewater treatment by direct conversion of
organic materials from various effluents and simultaneous
energy production is one of the valuable studies in this field
[20-22].

So far, various types of MFC have been proposed and built,
for instance Single-chamber MFCs including cubes [23], side-
arm bottles [24], tubular shapes [25], and up-flow MFCs [26],
Dual-chamber MFCs where two components are separated by
a membrane, containing H-type [27], cube-type [28], flat-plat
type [29], miniature [30], and tubular MFCs [25, 31] (are the
most important types of MFCs. The performance and
efficiency of MFC depends on many factors including design
[32], electrolyte pH, electrolyte temperature [33], the
configuration of electrodes [34], substrates [35], mediators
[36], membranes [37], biofilm formation [38], and type of
wastewater [39] and a general schematic of these main factors
are shown in Figure 1.

The evaluation of the influencing factors on the
performance and efficiency of MFC in energy production and
wastewater treatment shows the fact that most of the
improvement approaches should be in line with changing the
structure and configuration and of course choosing the right
materials for different components of MFC. But adopting such
an approach should not lead to the sterilization of other
corrective solutions to improve fuel cell performance and one
of the most important and efficient solutions is the design and
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selection of suitable controllers to achieve stable and optimal
performance of the microbial fuel cell and especially the
working fuel cell systems. In this regard, although few studies
have been done [ 40-42], but the approach of this study is to
overcome the shortcomings of previous studies in order to
realize the optimum performance of the fuel cell as much as
possible. Based on this, the necessity of this study and its
special innovations have been fully explained.
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Figure 1. Factors affecting the performance of MFC

In many physical and practical systems, external
disturbances are considered as one of the calamities entering
these systems and cause operational system errors and faults.
Microbial fuel cell cells are not exempt from this rule, and
therefore the first concern of this study is to provide a suitable
control approach to eliminate the destructive effects of this
adversity and ensure the optimal operation of the microbial
fuel cell despite the presence of disturbances. The second
factor with a destructive effect on the performance of the fuel
cell that has been evaluated in this study is the adversity caused
by imprecise models, or in better words, uncertainty. This
factor which is caused by the environmental conditions of the
fuel cell operation and the continuous changes around it, is an
important factor affecting the optimal operation of the fuel cell
and it is necessary to cover its effects with an appropriate
approach and attitude. Therefore, covering the high
influencing factors along with guaranteeing the proper energy
output and of course promising the proper functioning of the
microbial fuel cell form the main necessities of the study.

To achieve the above goals, several studies have been
conducted by Hashem Imani and his colleagues [43-44], but
each of them has weaknesses. Although the work done in [45]
has shown good performance, it will certainly not show good
performance at critical times due to the non-resistive nature of
the predictive controller. The control methods that are used in
the articles [46-47] only guarantee the stability of the operation
and not its optimal state, and in this respect, they have
structural shortcomings. The control methods of adaptive
backstepping and nonlinear adaptive, which are used in the
articles [48-49], are not able to guarantee the optimal
performance of MFC in the presence of twin uncertainty and
disturbance adversities and therefore, it is necessary to use
appropriate and innovative control methods to cover
uncertainty and disturbance effects and ensure optimal
operation.

Among the robust control methods, two sliding mode and
adaptive techniques have the most attention and attraction.
These methods are the most important robust approaches for

uncertain and disturbed systems due to their simplicity of
design and implementation, robust nature, and of course the
guarantee of Lyapunov stability. Due to the numerous
advantages of the adaptive method that has the ability to cover
uncertainty effects with an unknown upper limit and the
sliding mode scheme which is a robust approach for covering
of disturbance effects, the combination of these two
procedures has been used to simultaneously cover the effects
of disturbance and uncertainty, guarantee optimal operation
and, of course, guarantee robust and stable operation of MFC
in the concept of Lyapunov. Therefore, the most important
innovations of this study are:

1- Considering the nonlinear microbial fuel cell model with
single chamber two-population

2- Applying a robust combined control method to the MFC.

3- Design of a novel robust adaptive sliding controller for
MFC system by combination of adaptive and sliding mode
techniques.

4- Active suppression of uncertainty and disturbance effects.

5- Improving the transient and steady state dynamic
response of the MFC system.

Based on this, this article consists of the following parts

In the second part, the microbial fuel cell system model is
described in the state space. The design of the innovative
control method is explained in the third part, and the results of
the simulation and comparison are given in the fourth part. The
fifth section also draws conclusions and directions for future
studies.

2. MODEL FORMULATION

In the previous part, the main and important structures of
MFC were described in general. Most of these structures are
being built and developed for commercialization, although a
few have reached the commercial and operational stage.
According to the approach of this study, which aims to
optimize the performance of the fuel cell system theoretically
and not structural reforms, the first step in this direction is to
determine and use a suitable working model to accurately
describe the dynamics of the microbial fuel cell system. The
schematic of a single-chamber microbial fuel cell with two
populations is shown in Figure 2. The main blocks of a fuel
cell are the substrate, membrane, bacterial species, cathode
and anode, and of course, bacteria play the role of facilitating
the transfer of electrons from the anode. After the transfer of
the electron to the cathode through an external electrical
connection and the combination of protons and electrons, both
power extraction and wastewater treatment occur. In the anode
space, the scattering of bacterial species is uniform. In addition,
the operating temperature and pH value remain sensibly
unchanged. Detailed mathematical modeling, chemical
reaction and dynamics of the MFC system and of course the
considered assumptions are explained in references [50-51].

In the following, the model of the microbial fuel cell system
with two populations is described. According to the approach
of this study, a control-oriented model in the state space is
presented for this purpose. In the mentioned model, some
simplifying assumptions have been considered, but don't have
effect on the efficiency of the innovative control technique.
Full description from the reference model. In anode
compartment, the distribution of bacterial species is uniform.
Moreover, operational temperature and pH value remain
reasonably unchanged. Any amount of transport of gas
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through the cathode element and substrate gradient in the
biofilm are considered negligible during this process. Detailed
mathematical modeling, chemical reaction and dynamics of
the MFC system can be found in Refs. [25,26]. This model has
the ability to describe the exact dynamics of system states at
any moment completely and online, and therefore it is a path-
breaking and leading model for conducting control innovation.
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Figure 2. Single-chamber microbial fuel cell with two
populations

The dynamic equations of the microbial fuel cell system in
the state space are in the form of following:

X3
x, =0 x; —kox; —aydx
1 1kax+x3 1 a*1 a 1
3
X, =0 x, —kyx, —a,,dx
2 2k3+x3 2 ax2 maXy 0
X X
X3 k.6, : x1_k292—3 X2
kg + x5 kg + x3

+ dlu(t) — x5]

Where x; and x, denote the anodophilic and methanogenic
microorganisms concentration, and x; indicates the acetate
concentration. Input u denotes the influent substrate
concentration and the dilution rate d signifies the ratio of the
input flow rate of substrate to the to the volume of the chamber
containing the anode. Parameters 6; and 6, signify

Umax,arT(My) and pyq,m respectively, where r(M,) is
Mo

described as and assume that M, is available for

o
measurement, k; and k, are the reciprocals of bacterial yield

Y, and Y,, respectivel. Also, the growth rate of anodophilic
species be influenced by on the oxidized intracellular mediator
concentration (M,) . For more information on model
parameters, the reader can refer to reference [50-51].

3. DESIGN OF ROBUST ADAPTIVE CONTROLLER

In this part, the control approach to increase the efficiency
of the microbial fuel cell operation and at the same time
guarantee the stable operation is presented. For this purpose,
according to the capabilities of sliding mode and adaptive
methods [52-56], a novel combined adaptive sliding mode
method has been designed.

Several components are considered for controller design.
First, the dynamics of the system is non-linear. Therefore,
linear controllers will not be able to meet the minimum
requirements of this study. The second component is
resistance to external disturbances. Like most physical
systems, there are disturbances in the MFC system, and of

10

course, due to the working environment, the occurrence of this
calamity is inevitable. The third component is the uncertainty
of modeling. For many reasons, including changes in system
parameters such as the concentration of input materials and
many other cases, there is a definite uncertainty on the
obtained MFC model, and this component is the third most
influential factor in the selection and design of the controller.
Ensuring stable and correct process of the system and at the
same time guaranteeing optimal operation are the next
components that play a role in determining the control
approach. Considering all the mentioned effective factors, it is
necessary to select and design a non-linear robust control
approach for the MFC system under study.

To deal with the uncertain effects of the model, especially
in systems with slow dynamics (such as the MFC system under
study), the best robust tactic is the adaptive approach. In order
to deal with the effects of disturbance, the sliding mode
approach is one of the best choices despite the bad effects of
the chattering phenomenon. Taking into account the
mentioned points and the requirements in relation to the design
of the controller and of course the necessary features for a
robust controller, this study presents a new hybrid robust
control scheme using adaptive and sliding mode techniques to
optimize the reliable operation of microbial fuel cell. In the
following, the controller design steps are described in detail.

The MFC model introduced in Equation (1) can be
considered in a more general form (2):

x(t) = Ax(t) + Bu(t) + f(x(t)) 2)

Where in this general class, the functions of x(t), A, B and
f(x(t)) for MFC are as follows:

x;(t)
x(t) =[x ()
x3(t)
—k, — a,d 0 0 07
A= 0 —ky—and 0 |B=|ol
0 0 —d dl
0 s X ]
1 kg + x5 1
6, —23
FGx() = T
ey 0y —23 ey0, —2
11ka+x3x1 zzkﬁ+x3x2

The first step in designing a robust controller by combining
adaptive and sliding mode techniques is the selection of the
sliding or switching surface, which is chosen as follows.

S(Xl,XZ,X3) = X1 + Xy + X3

3)

In the design of the sliding mode method, the following
relationship must be satisfied on the switching surface:

s _
dt

0 0
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By taking the derivative with respect to time from the
equation (3), we have

. X3 (5)
S=x (9 —x; — kyx —adx)
1 1ka +X3 1 a1l a 1
+x, (0, —22 k
X2 | 02 kg ¥ X2 aXx2
— A dx,
X3
+X3 _klgl—ka +x3 xl
e 0, —2

+d[u(t) - x3]>

Equation (5) expresses the time derivative of the switching
level for the microbial fuel cell system, and by simplifying it
becomes as Equation (6).

S =—(kq + agd)x? — (kg + apd)x? — dx2
X3
+xq (91 —xl)

(6)

+ (d - x—lg) u(t)> +u(t)

= w(x,u) +u(t)
Where
w(x,u) = _(ka + aad)xlz - (kd + amd)xz2

—dx? +x (9 Lx)
3 1 1 1
kg + x5

+x, (6,23
x
2 ZkB+X3

(7

X2

X3

0, ———x
1ka+x3 L

+ x3 <_k1

0, —23
— x
Zkﬁ+X3 2

+(a- i) u(t))
X3
Now, in order to guarantee the stability and to design a
suitable control signal, the Lyapunov stability criterion has
been used. The control signal designed from this path must be
able to satisfy all the control objectives. Lyapanov's candidate
function is selected as Equation (8)
V= l52 + L w?
2 21
In Equation (8), A is the design parameter obtained from the
adaptive rule and of course Wis also the error between w and
w hat and is defined as follows
lw(x,v,u)| <W 9)
Where w(x,v,u) represents disturbances and is placed
inside a bundle with an uncertain upper limit of W, and of
course we have considered W as an estimate of that upper
limit.

_kz

®)

11

Now, to guarantee stability in Lyapunov's concept, it is
necessary that its derivative be negative definite or negative
semi-definite. For this purpose, it is obtained by deriving the
function V

) o1
V=_5S§- 7 ww (10)

In equation (10), instead of S, its equivalent, (w(x, u) + ),

can be used. It is obtained by placement

. 1. .
V=Sw(x,u)+u) _ZWW

Now, to select the sliding mode control signal, we use the
signfunction in the rule in the form of (12)
u=—ksign(s) — W (12)
Substituting Equation (12) into equation (11) gives a better
view of the terms in the derivative of V.

. _ 1. -
V = —k S sign(S) +S(W(x, u) + W) _EWW

According to Equation (13), Equation (14) can be rewritten
as follows

: 1
VS—k|S|+S(W—W)—zWW

Now, the adaptive control method should be included to
ensure stability in the controller design. For this purpose, by
rewriting Equation (13) as follows,

. 1
VS—k|S|+W(S—zW>

(11)

(13)

(14)

(15)

we can find that in order to eliminate the adaptive error W, its
coefficient must be zero. For this purpose, the adaptive law is
obtained as follows
W=2s (16)
The placement of the obtained control signal guarantees the
stability of the microbial fuel cell system in the Lyapunov
concept.
V < —klS| (17)
Equation (17) shows that under the control signal of
Equation (12) and using the adaptive law (16), the closed-loop
system is stable and the achievement of control objectives is
guaranteed. In the next section, simulation in MATLAB
environment will be used to show the controller capability.

4. SIMULATION RESULTS

This part describes the results of the implementation of the
proposed method on the microbial fuel cell system under
study. The specifications of the selected fuel cell are similar to
the reference [45], and of course, for better analysis and
evaluation, the results obtained from using the planned method
have been compared with the nonlinear adaptive and LMI-
MPC methods from references [49, 45].

The simulation was carried out in the 2018a MATLAB
simulation environment using a HP Laptop Intel Core i7-
1065G7 8GB DDR4 RAM 512GB SSD. The simulation
scenario is similar to [45] and is considered for the worst
possible case, i.e. it is assumed that the uncertainty of 8, and
6, parameters will occur as follows:

0 ={0.5 ift>2 (18)
1 1.4 otherwise

0, — {0.3 ift>2
2 0.1 otherwise

By trial and error, Ka and Lambda control parameters were
selected as follows, and of course, they can be optimally
selected with meta-heuristic methods.

k=10"31=10"* (19)
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Now, the results of the implementation of control methods
are shown in Figures 3, 4 and 5. Figure 3 shows x, state or
Anodophilic. As it is clear from Figure 3, the regulatory action
and reaching the equilibrium point occurs as quickly as
possible under the projected robust adaptive controller and of
course, the LMI-MPC technique performs the control process
in a similar way and only in more time. The nonlinear adaptive
method introduced in the [49], although it is able to perform
regulation, but its performance in terms of time and quality is
not comparable to the two proposed robust adaptive and LMI-
MPC methods.

Figure 4 also shows the state of x, or Methanogenic
Microorganisms. The performance of the controllers on the x,
state is exactly the same as their performance on the x; state,
and the behavior of the x, state is exactly the same as the x;
state. It is important to note that in the x, state, all controllers
are able to perform regulation and achieve the control goal in
less than 15 seconds, and of course, the proposed adaptive and
LMI-MPC techniques have performed the regulatory action in
about two seconds.

Figure 5 also shows the behavior of the x; state or the
Substrate Concentration under the three control methods used
in this study. From this figure, it is clear that the fastest
regulatory with the best stable response and the shortest
settling time occurs under the proposed adaptive method, and
the x5 state also reaches its equilibrium value in the fastest
possible time. Unlike x; and x, states, LMI-MPC and non-
linear adaptive methods are able to perform the regulatory
action of x5 state in almost the same time and at the same
speed, and of course, it is important to mention that under the
LMI-MPC method, the state of the system initially moves
away from its equilibrium value, and then with the passage of
time, the regulatory action takes place. All three figures 3, 4
and 5 show that the lowest settling time, the highest regulatory
speed, the stability of the states and the lowest regulatory error
of all states are obtained by applying the planned robust
adaptive control method and LMI-MPC and non-linear
adaptive methods are placed in the next ranks, respectively.
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Figure 3. Trajectory of x; state or Anodophilic under three
robust adaptive (planned), LMI-MPC and nonlinear adaptive

control methods
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Figure 4. Trajectory of x, state or Methanogenic
Microorganisms under three robust adaptive (planned), LMI-
MPC and nonlinear adaptive control methods

As it can be seen from the above Figures, the planned robust
adaptive control scheme is able to reduce the effects of
disasters and track the desired functional values in the fastest
possible time, and it shows a much higher ability than the other
two techniques for improving the transient and lasting
response. For a better understanding of this concept, the
regulatory error values obtained from the application of
control methods, according to the definition of error criteria,
are given in Table 1. The definition of error criteria used for
this study are ISE (integral square error), IAE (integral
absolute error), ITSE (integral time square error) and ITAE
(integral time absolute error).
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Figure 5. Trajectory of x5 state or the Substrate
Concentration under three robust adaptive (planned), LMI-
MPC and nonlinear adaptive control methods

Table 1. Error values of fuel cell system states under three
robust adaptive (planned), LMI-MPC and nonlinear adaptive
control methods

Controllers State ISE IAE ITSE ITAE

Robust X1 0.9894 | 0.9854 | 0.2430 | 0.4832
Adaptive Xy 0.8975 | 0.5983 | 0.0895 0.1193
Control X3 0.0495 | 0.1037 | 0.0025 0.0854

Xq 8.9555 | 8.7089 | 19.1430 | 36.5688
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Nonlinear x, | 8.6535 ] 5.8522 | 8.5180 | 11.6213

‘Zdaptwe X3 | 0.4606 | 0.9413 | 0.2190 | 0.9137
ontrol

x; | 2.0540 | 2.0266 | 1.0416 | 2.0039

LMI MPC x, | 1.7773 | 1.1847 | 03508 | 0.4677

x; | 1.6079 | 1.7821 | 1.0314 | 1.6604

As it is clear from Table 1, the error values obtained under
the application of the planned robust adaptive technique are
significantly lower than the error values obtained from non-
linear adaptive and LMI-MPC methods and this huge error
difference is clear and obvious from the point of view of all
four defined error criteria.

5. CONCLUSION

This study aimed to optimize the performance of the
microbial fuel cell system in the conditions of disturbance and
uncertainty presence. Considering the destructive effects of
disturbance elements as well as the serious impact of
environmental changes on the accuracy of the model, the
design of a robust control approach was presented to mitigate
these effects. Bearing in mind the completely non-linear
dynamics of the microbial fuel cell, which is affected by
chemical reactions, plus the concentration and density of
materials and microorganisms for energy production and
wastewater treatment, this paper presented a novel robust
adaptive control method by utilizing the capabilities of
adaptive and sliding mode techniques. In order to guarantee
the stability and to assurance the extraction of more power
from the fuel cell, adaptive and sliding mode robust techniques
were used in a combined scheme and along with guaranteeing
stability, overcoming adversities caused by uncertainty and
disturbance effects were also met. The simulation results
showed the high skill and ability of the planned method in
meeting the control objectives and improving the transient and
permanent responses of the system states. Optimizing the
selection of controller parameters by meta-heuristic and
inventive methods along with considering the effects of noise
and of course practical limitations on the control signal can be
a suitable path for future studies.
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