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Abstract

Microbial fuel cells are one of the most important elements in the renewable energy supply chain. To increase the efficiency
and performance of the fuel cell, designing a suitable control method is essential to achieve reliable performance and output
stability. By considering the parametric uncertainties on the microbial fuel cell model as well as nonlinear terms, this paper
presents a novel finite time adaptive sliding mode control method that achieves optimal performance of fuel cell in a finite
time and also ensures the stability of the closed loop system. Sliding mode method without linearization or elimination of
nonlinear terms has been used as a robust method to overcome uncertainty effects and guarantees proper operation of the fuel
cell in the presence of the effects. The finite time convergence of the states is also assured by using of the proposed method.
Furthermore, it uses an adaptive method to determine the sliding mode control coefficients which eliminates the necessity
to know the upper bound of uncertainty. Finally, the simulation results show the efficiency and stability of the proposed

method in different operating conditions.

Keywords Adaptive Method - Sliding Mode Control - Finite Time - Microbial Fuel Cell - Parametric Uncertainty

1 Introduction

Responding to the growing need for energy requires increas-
ing attention to renewable resources. These resources play an
important role in reducing environmental pollution and fossil
fuels [1, 2]. Given the need to reduce emissions for energy
in the coming years, attention to clean energy is an unstop-
pable approach, and this has been repeatedly reminded by
[3, 4]. Overall, the development of clean energy is critical
for preventing global climate change and global warming.
Currently, wind energy [5, 6], solar energy [7], biomass [8],
geothermal energy [9], biodiesel and hydraulic energy [10,
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11] are the most important sources of renewable energy to
extract clean energy.

Due to economic and environmental considerations, bio-
energy production has been widely considered, and in the
meantime, microbial fuel cell (MFC) is the most important
tool for generating electricity using the ability of microor-
ganisms [12]. The microbial fuel cell achieves four effective
functions including electricity generation, hydrogen produc-
tion, wastewater treatment and biological oxygen demand
(BOD) biosensors [13]. In view of the above, the micro-
bial fuel cell is one of the best tools for generating electri-
cal energy along with other useful functions, and recently,
numerous studies have been conducted for its analysis and
control [14-19].

One of the important fields about MFC is the design of
a suitable control method for achieving stability and opti-
mal performance in different operating conditions. To date,
various models have been proposed to describe the actual
performance of the microbial fuel cell system [20-24]. It
is clear that the proposed models are not able to accurately
describe the MFC behavior and anyway, there are uncertain-
ties in the models. The next issue is the need to pay attention
to the nonlinear behavior of MFC in different operating con-
ditions. Therefore, in the controller design, it is necessary
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to consider the nonlinear terms in the studied models away
from linearization. Due to the high efficiency of the robust
controller in various applications [25-32], the use of this
approach is necessary to cover the mentioned effects.

So far, various control methods have been considered
for MFC control including the method of backstepping [33,
34], adaptive sliding mode [35], fuzzy proportional integral
derivative (PID) [36], adaptive fuzzy [37], model predic-
tive control [38], on/off and PID [39], gain scheduling [40],
sampled-time digital control [41] and so on. Each of the
mentioned methods has advantages and disadvantages. In
backstepping and adaptive backstepping methods, compu-
tational complexity is the most important problem and other
methods also suffer from linearization, uncertainty and other
problems. The most important goals pursued in this study
are the achieving to the desired output, proper operation, sta-
bility guarantee and finite time control of MFC in the pres-
ence of model uncertainty and considering nonlinear effects.
Finite time control makes it possible to achieve the desired
output specifications in a limited time [42—44], not infinite,
and during this limited time, which is pre-adjustable and
predictable, the system state variables converge exactly to
the equilibrium point. Moreover, the combination of sliding
mode control method with adaptive method has been used
to achieve the desired output characteristics, of course, the
adaptive method is also used to determine the coefficients of
the sliding mode control method. For unknown upper bound
of uncertainty, applying the adaptive method can overcome
the limitation and of course, the control signal obtained from
the proposed method causes the non-linear system state vari-
ables follow the desired output completely after a finite time
and with zero error. Accordingly, this paper is arranged as
follows: In the second section, the mathematical model is
presented for MFC under study. Descriptions of the actual
MEFC system and the model used are given in this section.
The third section describes the proposed control method.
This section includes the class of the MFC system providing
a finite time sliding mode method by using of an adaptive
method to determine its coefficients and ensure the stability
of the closed-loop system. In the fourth section, the simula-
tion results obtained by using of proposed method on the
sample MFC are given. The fifth section also includes the
conclusion and the direction of future studies.

2 Microbial Fuel Cell Model

Microbial fuel cells are bio-electrochemical systems that
convert chemical energy into electrical energy by catalytic
reaction and the use of microorganisms as catalysts. Various
models have been proposed to describe the performance of
microbial fuel cells and to investigate the impact of a number
of factors on their behavior [20-24]. Several parameters such
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Fig. 1 Single chamber MFC with proton-exchange membrane (PEM)

as substrate concentration, voltage, current and output power
affect the performance of microbial fuel cells. A schematic
of the overall performance of a microbial fuel cell is shown
in Fig. 1.

From a control point of view, several kinds of models
have been considered to explain MFC behavior. In this
paper, the single chamber single population MFC control
model is used to design the controller. According to [35], the
state space equations of this model are as follows:

1N
K +x

s 1

! K€+x1

In the above equations, x, represents the substrate concen-
tration and x, represents the concentration of biomass. 01‘1
defines specific bacterial growth maximum value, Y states
biomass growth, K identifies half-saturation constant, C,
specifies the substrate concentration, K, > 0 states the Bac-
teria decay coefficient and u is the control input. The reader
can refer to [33, 35] for more information about the model
used.

3 Finite Time Adaptive Sliding Mode Control

In this part, a finite time adaptive sliding mode controller is
designed to control the states of the microbial fuel cell sys-
tem, which has the advantages of sliding mode control, finite
time mechanism and adaptive algorithm. First, a terminal slid-
ing mode controller is designed for finite time stability of the
fuel cell system. It is necessary to determine the upper bound
of uncertainties in problem with the terminal sliding mode
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design. To eliminate this shortcoming, an adaptive method has
been used to estimate the upper bound of parametric uncer-
tainty and also to determine the sliding mode control coeffi-
cients. A schematic of the proposed control method is shown
in Fig. 2. Now the controller design steps are described. Let’s
define the error as follows:

€ =X~ Y 3)

€ =Xy~ Xy “)

where x,; and x,, are arbitrary equilibrium points. By deriv-
ing the error, it is obtained

— oty 2

él —x1u+CS0u—)'C1d 5
ks+.x1 ( )
_ o1 1% 1 .
e =0 k +x = (0 = Du— kyey — kyxpy = %pg —ut (6)
s 1
By definition
U=u;+u, @)
XX
filt,x) = —9_1Y_1ﬁ — XU+ Uy — Xy (8)
s 1
1 X1*2 .
fHltx)=—0"" = — (x, = Du—u, —kye, —kx,; — x
2 k. +x ( 2 ) 1~ Kg€y = KgXoq — Xoq

©))

System error equations are rewritten as follows:

V@) =5, 08,0 + 5,050 = iy =2
1 2

687

& =f(t,x) —u, an
By selecting the sliding lines as follows

51(1) = ¢e1(9) (12)

5,(8) = e5(9) (13)

To stabilize the error system, we select the control vectors
u, and u, as follows:

1 N
w (1) = —(—kye; — kyel — fisgn(s,)) (14)
uy(1) = ke, + kyel + fosgn(s,)) (15)

where v = ’;’, p,q >0, fl and f2 are adaptive estimators for

sliding control benefits to eliminate uncertainty and nonlin-
ear effects of the system.

Now to prove the stability, Lyapunov function is candidate
as follows.

1 1 1~ 1~
V() = Es%(t) + Esg + Eff + 5fz2 (16)
where
f1 =fi —f1
fz =/ —fz

It is obtained by deriving the Lyapunov function and sub-
stituting u; and u,.

= _kle% _kzele‘l) —k3€§ _k4eze; +S1(t)(fl (17)
N N 1an 1~n
~ysen(s, )+ 5200, = fasen(5x0) = ify —
1 2
é; = fi(t,x) + cyu, (10) By simplifying the above equation is obtained.
Fig.2 Schematic of the pro- References
posed control method Finite Time Control Signal Output

Controller
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V(1) < —kje2—kye e} — ksed — kyepel + |5, (0| | (2. 0)]
~fis1(0sgn(s10) + [s,0| ot )] = Fasa(n)segn(s,(0))

I I
_/1_1f1fl _/I_ZfoZ
< — kel —kye €] — kyes — kyenel + fi|s (O] + 5,0

1oa 1~
_/l_lf‘f‘ —/1—2f2f2

(18)
Now by defining the adaptive laws as follows.
hi =20 (19)
b= 4|50 20)
It is obtained.
V(t) < —k, e% — ke e] — k3e§ — kyesel 21

Thus, the designed control law guarantees the stability of
the MFC system under the above mentioned uncertainties.

Lemma 1 ([45]).

Assume that there exists a continuous positive definite func-
tion V(¢) that satisfies the following differential inequality:

V< —p,V—p,VONVt>t, (22)

where p; > 0, p, > 0, and 0 < ¢ < 1, then V(#) converges
to the equilibrium point in finite time 7, defined by

o VI=e(t)) + p
<1y + L 2 (1) + £, (23)
p1(1-0) P2

Lemma 2 ([45]).
Suppose 7, 7,, ..., 7,and 0 < h < 1 are all positive con-
stants, then the following inequality holds.

(112+T22+...+T3)2h < (112}1+r22h+...+13h)2 24)

Consider the following Lyapunov function candidate:
1 1
V= Esf(z) + Esg (25)

The time derivative of the Lyapunov function V given by
(25) results in

V< —kle% — kye €| — k3e§ — kye,el + |e; [fl + |62[f2 (26)

where the facts that

72
lei|fi < e + ﬁ 27)
1
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where
7= Zmin(k1 —cp, ks — C2> (30)
i N 5
3= —+ —
3 4c, 4,
Using the following inequality
kyeV !+ kyebt! <min(ky, ky) (e +e5t")
Smin(kz, k4) (ef + e%) B
minlipky) (L + 1) < v
< mm( 2 4) 561 + 562 SV
€29

where Lemma 2 is applied and y, = 2min(k,, k;)is a positive
constant, then (26) can be further expressed as

v+1

Then (32) can be reworked as the following two
structures:

) c
V< —<y1 - 73)V — pVOI2 (33)
V< % G Yo+D/2

SNV —\"n- VO+D/2 (34)

From (33), if(y1 - 7) > 0, then the finite-time stability

is still guaranteed by using Lemma 1, which implies that V
converges to the region V < ¢3 /7, in finite time, and hence,
the sliding manifold s will converge to the region

3
lIs]l <
2min (kl —cp, k3 — c2) (33

) > 0, then the

finite-time stability is still assured by using Lemma 2, which
indicates that V converges to the region V < (c3 / y2)2/ D
in finite time, and thus, the sliding manifold s will converge
to the region

in finite time. From (34), if (y2 —

]
Yyo+h/2
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(36)

2/(v+1)
c
lIsll < —
Zmin(kz, k4)

in finite time. Therefore, the sliding manifold s will reach the
region ||s|| < A in finite time.

kl = 10,k2 = 1,k3 = 10,k4 = 1,].1 = 1,}.2 :1

Scenario 1 The system parameters don’t have uncertainty. In
this case, the system model fully describes the behavior of
the system. The simulation results in this scenario are shown

Isll < & = min - , =
2min(k1 —cp,ky — cz) 2min(k2, ky

2/(v+1)
) >

37

4 Simulation Results

In this section, we simulate the fuel cell system using the
proposed control method. One of the control objectives in
relation to the fuel cell system is to track the reference con-
centrations of substrate and biomass to achieve the desired
output voltage. Achieving this goal has been considered by
examining various control criteria. Also, to prove the perfor-
mance of the designed controller, the results obtained have
been compared with the adaptive backstepping and the adap-
tive sliding mode controllers [34, 35]. For this purpose, we
consider 2 different scenarios. Also, the controller param-
eters presented in this paper are selected as follows.

Fig.3 Performance of a sub-
strate concentration b biomass
concentration

3

in Figs. 3 - 5. Figure 3 shows the system states in tracking the
reference concentrations for substrate and biomass. Figure 4
shows the control signal obtained from the three controllers,
and Figs. 5 shows the output voltages of the anode, cath-
ode, and MFC. However, as shown in Fig. 3, the finite-time
adaptive sliding mode method provides faster convergence
to the reference value than other methods. In Fig. 4, the
control signals obtained from the three methods show that
the proposed method in the paper has a high amplitude in
the first moments, while over time, it tends to zero quickly,
and of course the control signals obtained from the other two
methods, despite the relatively large amplitude in the initial
moments, move at a slower speed towards the limited values.
The output obtained for the anode, cathode and MFC also
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Fig.4 Control Signal

Fig.5 Voltages of single cham-
ber a Anode, b Cathode, ¢ MFC
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Fig.8 Voltages of single cham-
ber a Anode, b Cathode, ¢ MFC
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Table 1 The percentage of Controller State Overshoot Undershoot

overshoot and undershoot

values of all responses for both Adaptive sliding mode Substrate concentration (mg/L) - -
the controllers in Scenario 1

Biomass concentration (mg/L) - -
Anode voltages (V) - -

Cathode voltages (V) - -
MEC voltages (V) - -
Adaptive backstepping Substrate concentration (mg/L) 0.63 8.25
Biomass concentration (mg/L) 2.40 0.08
Anode voltages (V) - 0.02
Cathode voltages (V) - 0.02
MEC voltages (V) 0.01 -
Finite time adaptive sliding mode Substrate concentration (mg/L) - -

Biomass concentration (mg/L) - -
Anode voltages (V) - _
Cathode voltages (V) - —
MEFC voltages (V) - —

indicate that the proposed method has a higher convergence 6! =04 ift <40
speed than the other two methods. It gives a constant output { 6! = 0.38 ift > 40
voltage without overshoot and without undershoot.
The simulation results under the above-mentioned uncer-
Scenario 2 In this scenario, a parametric uncertainty is con-  tainty are shown in Figs. 6 to 8. As can be seen from Fig. 6,

sidered as follows. the proposed method provides a higher convergence speed

@ Springer
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Table 2 The percentage of Controller State Overshoot Undershoot
overshoot and undershoot
values of all responses for both Adaptive sliding mode Substrate concentration (mg/L) Unstable
the controllers in Scenario 2 Biomass concentration (mg/L)
Anode voltages (V)
Cathode voltages (V)
MEFC voltages (V)
Adaptive backstepping Substrate concentration (mg/L) 2.45 8.27
Biomass concentration (mg/L) 2.40 0.02
Anode voltages (V) 0.004 0.02
Cathode voltages (V) 0.003 0.02
MEC voltages (V) 0.01 0.002

Finite time adaptive sliding mode

Substrate concentration (mg/L) - -
Biomass concentration (mg/L) - -
Anode voltages (V) - -
Cathode voltages (V) - -
MEFC voltages (V) - —

without overshoot-undershoot, while the backstepping
method has a behavior with overshoot-undershoot and with
a lower convergence speed. The control signals similar to the
previous scenario are shown in Fig. 7. The anode, cathode
and MFC output voltages are also shown in Fig. 8, respec-
tively. As can be seen from the figure, the proposed method
provides a stable output without any overshoot-undershoot
at a high convergence rate, while the output voltages fluc-
tuates in the adaptive backstepping method. Also, the out-
put obtained from adaptive sliding mode method moves
towards instability. In addition, the MFC has the highest
output voltage under the finite time adaptive sliding mode
method which is another reason for the superiority of the
proposed method.

To show the advantage of the proposed control technique
in terms of transient state behavior of the system, its over-
shoot and undershoot is compared in Tables 1 and 2. As can
be seen from the tables, under the planned controller, the
states of the system experience smoother behavior without
overshoot and undershoot.

5 Conclusion

In this paper, a new robust finite time control method is
presented based on adaptive algorithm and terminal slid-
ing mode control approach. The proposed method offers
the following advantages simultaneously:

(1) Covering the effects of uncertainties (2) Covering
nonlinear terms without removing or linearizing (3) Ensur-
ing finite time stability (4) Achieving the desired MFC oper-
ating points without overshoot and undershoot in the system
response (5) Eliminate the chattering effects of the sliding

mode method using the adaptive method to determine its
coefficients (6) No need to know the upper bound of uncer-
tainties in the system. The simulation results show that the
proposed method offers higher convergence speed, lower
chattering, and response without overshoot and undershoot
as well as better stability than the other two methods. Also,
the error of tracking the reference values in this method is
less and the simulation results show the robustness of the
proposed method against the uncertainties in the system.
Considering the effects of noise and disturbance as well as
limitations on actuators and states can be a good path for
future studies in this field.
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