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Abstract: Proton exchange membrane fuel cells (PEMFC) are capable of transforming chemical energy
into electrical energy with zero emissions. Therefore, these devices had been a point of attention for
the scientific community as to provide another solution to renewable sources of energy. Since the
PEMFC is commonly driven with a power converter, a controller has to be implemented to supply
a convenient voltage. This is an important task as it allows the system to be driven at an operative
point, which can be related to the maximum power or an user desired spot. Along this research
article, a robust controller was compared against a fuzzy logic strategy (with symmetric membership
functions) where both were implemented to a commercial PEMFC through a dSPACE 1102 control
board. Both proposals were analysed in an experimental test bench. Outcomes showed the advantages
and disadvantages of each scheme in chattering reduction, accuracy, and convergence speed.

Keywords: fuzzy logic; fuzzy control; fuzzy set; sliding mode control; PEMFC; renewable energies

1. Introduction

Renewable energies are a trending topic nowadays due to the future of climate change.
In this sense, current main technologies that could replace conventional sources are pho-
tovoltaic systems (conversion efficiency of ≈20%), wind turbines (conversion efficiency
of ≈25%), and turbine generators (conversion efficiency of ≈30–40%) [1,2]. Nevertheless,
fuel cells are emerging technological devices that stand out over conventional renewable
energy options.

These devices have captured attention since they were discovered by William Grove
in 1838 when he realised a constant current can be obtained when two platinum electrodes
are immersed in a sulphuric acid solution and connected to sealed tubes with oxygen and
hydrogen [3]. Thenceforth, the attractiveness of fuel cells is still a trend in research as it is
expected that this technology could reach its maturity near 2030 [4]. Additionally, because of
the groundbreaking innovation of fuel cell electric vehicles (FCEV) and large capacity
stationary fuel cells (LCSFC), the interest has been growing exponentially since 2007 [5].
This is principally due to their emissions level that could reach up to 0% (depending on the
type and fuel) and a high efficiency that yields up to 60% [6,7].

Despite the types of available fuel cells, Proton exchange membrane fuel cells (PEMFC)
stand out as the production emissions are the lowest and it produces high energy densities
with sufficient robustness [8,9]. Still, their performance can be improved through the usage
of a power converter as its able to manipulate the output voltage which the end-user may
require [10]. Furthermore, as the PEMFC output voltage can vary according to the load
requirement, oxygen/hydrogen feeding, and temperature, it is highly endorsed to use a
control algorithm to follow an appropriate path.

Linear approaches can be a suitable first option for a shallow control of PEMFC.
For instance, Kodra and Zhong [11] produced a linear quadratic regulator (LQR) for a
modelled PEMFC where they controlled the feeding air and H2. Simulation outcomes
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showed suitable results in terms of settling time and overshoot reduction. A similar
strategy also based on flow control has been achieved by authors of [12], where they
used a linear parameter varying (LPV) model. In this case, the outcomes were gathered
experimentally where capabilities of dynamic response control were achieved. Despite
in real-time applications, the direct manipulation of gases for PEMFC can increase the
risk of accidents because of the sensitivity of H2 [13]. Additionally, accurate models of
PEMFC are mainly non-linear due to the dependence on partial reactancts pressures and
temperature [14]. On the other hand, linear strategies for converters tend to be useful
in proximity of an equilibrium point along a slow response; this implies that there are
numerous limitations for other operative setups [15]. For instance Belhaj et al. [10] showed
in a simulated PEMFC with a power converter, suitable results can be achieved provided
that an optimised PID ensures its work around an operative range. Therefore, non-linear
strategies can be a reasonable approach for real PEMFC systems.

In this sense, several nonlinear techniques had been developed for PEMFC with a
boost converter. Authors of [16], modelled a fuel cell where they used neural feedback
linearization, which was compared with a neural and adaptive proportional-integral-
derivative (PID) controllers. Simulated results showed that the proposed method had
better stability and reliability. Nevertheless, feedback linearization is known for its lack
of robustness at parameter uncertainties [17]. A well-known robust controller that can
tackle this issue is a sliding mode controller (SMC), which is also notorious for its fast
convergence [18]. Bjaoui et al. [19] analysed an SMC for maximum power point tracking
(MPPT) of a fuel cell with a boost converter; in this case, they obtained the results through
experiments where proper outcomes were reached in terms of performance and robustness.
Another example has been developed by Valderrama-Blavi et al. [20]; in this case, a boost
converter arrangement for a step-up DC-AC output was designed and a SMC controller
was embedded for plant order reduction. Experiments showed an increment of efficiency
of around 90%. However, major drawbacks of SMC are related to the chattering [21]. Even
though a solution to these disadvantages is the usage of high-order SMC, this implies
the employment of high order derivatives which induces an increment of noise in the
feedback [22].

On the other hand, fuzzy logic control (FLC) is another strategy in which its main features
reside in its simplicity of implementation and explicit configuration as it depends on expert
knowledge rather than on an accurate mathematical model [23]. Usually, human knowledge
is expressed through simple rules and membership functions, which can be symmetric or
asymmetric [24,25]. This tool introduced by Zadeh in 1965 [26,27] has been an example of
employment in decision making processes [28] and mathematical modelling [29,30]. Examples
of experimental tests on a converter had been developed by Ramalu et al. [31]. In this case,
they used a single ended primary-inductor converter (SEPIC) for MPPT and a FLC strategy
was embedded. The gathered results showed an enhanced performance in terms of over-
/undershoot reduction. Additionally, Harrag and Messalti made a study about the benefits
of using FLC in a PEMFC for performance enhancement [32]. They were able to show that
features like robustness improvement with reduction of response time and chattering in
comparison to conventional techniques.

In this research, an FLC and a conventional SMC are contrasted in a real-time PEMFC
system. The objective is the performance inspection of these structures in a constant current
following when a disturbance appears. The constant value can be a variable under the
requirements of an expert, which can be linked to an MPPT or a concerned efficient position.
This latter effect was simulated with programmable resistance during a specific time range.
Different phenomena were analysed, such as chattering, settling time, and robustness.

The arrangement of this article is as follows. Section 2 gives an overview of the used
hardware like the PEMFC, boost converter, programmable load, and real-time controller
board. Sections 2.2–2.4 are related to the controllers used with their details and tools used to
gather suitable parameters. Section 3 shows the obtained outcomes from the experimental
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implementation of the mentioned schemes with detailed analysis. Finally, major lessons
are summarised in Section 4.

2. Materials And Methods
2.1. Employed Hardware

A real-time platform was designed for the implementation of controllers and achieve-
ment of suitable performance of the system. Thus, a fuel cell Heliocentris PEMFC FC50 was
used and supplied with high-purity hydrogen (99.999% vol) from a compressed reservoir
at 1 Mpa. This device is able to produce above 40W with 5VCC output and a current rate of
8–10 A. Additionally, the manufacturer included a safety circuit to control the fuel supply
also linked to the oxygen, inner humidity, and stack temperature.

On the other hand, the converter used in the platform is a TEP-192 boost type. This
device possesses a direct control of the metal-oxide-semiconductor-field-effect transistor
(MOSFET) for switching that originates from a pulse-width-modulation (PWM) signal.
The maximum switching frequency is 20 kHz. This device is modelled in the electric circuit
of Figure 1. The involved elements are an inductor (L), a switching device (S1), a capacitor
(C), a load (R, as the BK Precision 8500), and a diode (D).

The device in charge of acquisition and generation of the PWM signal was a dSPACE
MicroLabBox DS1202, that is a common hardware used for mechatronics investigations
because of its robustness and performance. The inner configuration is based on a pro-
grammable field-programmable gate array (FPGA), with a clock that can achieve up to
2 GHz. The manufacturer included the ability to use this device under analogue, digital,
or PWM signals on 100 available channels. Furthermore, dSPACE included a Real-Time
Interface (RTI), a tool that helps in the C code generation and allows further concentration
on the process design.

To replicate a load in the circuit, a programmable resistance BK Precision 8500 was used.
This device is capable of being configured in values between 0.1 and 1000 Ω. In addition,
the operating voltage is in the range of 0–250 V and the current in 0–30 A. Further details in
regards to the described hardware are enlisted in Table 1.

Table 1. Heliocentris PEMFC FC50.

Heliocentris PEMFC FC50 Values Units

Operating voltage 2.5–9 VDC
Operating current 0–10 A

Rated output power 40 W
Open-circuit voltage 9 VDC

Boost converter TEP192

Inductance 6 µH
Input capacitor 1500 µF

Output capacitor 3000 µF
Max. input voltage 60 V
Max. input current 30 A

Max. output voltage 250 V
Max. output current 30 A

In regards to the employed software, Simulink was employed to design the proposed
control architectures, whereas MATLAB was used for data and signal processing. Addition-
ally, ControlDesk (from dSPACE) was used in real-time to verify the involved variables for
performance enhancement. A descriptive resume of the described hardware and software
is provided in Figure 1.



Symmetry 2022, 14, 139 4 of 14

Figure 1. Hardware flow.

2.2. Control Design

The main objective of this work is to track a reference current Ire f which was carried
out mainly with an FLC controller that has been contrasted with a conventional SMC. Main
comparisons are aimed to test the robustness of both controllers, a well-known feature
as it was previously described in background research. Hence, the error in terms of the
reference current is defined as Equation (1):

e = Ire f − IL. (1)

The output (Vo) and stack voltages (Vs) are related to each other by means of the duty
cycle d. This value is driven by the PWM signal generated by the dSPACE hardware. Thus,
this implies that there are two different switching arrangements that are modelled by the
following state-space of Equation (2). Further details about the derivation of this system
can be found in the research made by the authors in [33].

[
diL
dt

dVout
dt

]
=

[
0 −(1−d)

L
(1−d)

C − 1
RC

]
.
[

iL
Vo

]
+

[ 1
L
0

]
Vs

y =
[

0 1
]
.
[

iL
Vo

] (2)

Additionally, the main features of the PEMFC were useful for the following structures
to be explained. In this sense, Figure 2 is the relation between stack voltage and current
which was gathered experimentally. In this graph it can be seen that the fuel cell resistance
(RPEMFC) changes when the current is reduced and vice-versa. Moreover, this mentioned
resistance is related to the BK Precision (ROut) through the duty cycle of the expression
from Equation (3) [34]:

RPEMFC = (1− d)2 · ROut. (3)
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Figure 2. Characteristic dynamic curve of the fuel cell.

The proposed controllers have variables that had to be tuned. Thus, through Con-
trolDesk it is possible to change desired gains in specific ranges that can be glided manually
with the aim of achieving an objective. In regards to this goal, a real-time metric was
calculated in order to figure out a suitable performance. The minimization of integral of the
absolute error (IAE) was used in this case, and its mathematical expression is established
in Equation (4). This definition has terms like the error (ei), sampling time (∆t), and an
established number of samples (N):

IAE =
N

∑
i=1
|ei|∆t. (4)

2.3. Fuzzy Logic Control

This is a robust intelligent strategy as it has rules and constraints for mathematical
calculation during the process [35]. FLC works on the principle of expertise knowledge
about a system so that the parameters can be tuned based on previous experience [24].
In this case, a type-1 FLC was used (defined in Figure 3); this is a fuzzy set in which the input
goes though a fuzzification process. This method refers to values that are transformed into
fuzzy values in the range of [−1, 1] through overlapped symmetric triangular membership
functions which are exposed in Figure 4. Alternatives, like trapezoidal and Gaussian may
require higher computational resources because of the parameters increments and analytical
solutions, respectively [36].

These are also terms, such as negative big (NB), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM), and positive big (PB) [36,37].
These previous mentioned relationships are resumed in the assymetric Table 2. Later,
the evaluation of these values is conducted in the inference engine which is the point at
where the expert applies and tunes linguistic rules [38]. In this case, these rules are settled
conditioned variables in the form of IF-THEN structures [39,40]. The fuzzification set up
had been through singleton in uniformly discretized constants within the range of [−1, 1].

The structure presented in Figure 3, has the described blocks of FLC and gain like
Ke, KEd, and Ko. These are normalisation factors, which are tuned over the real system so
that the input and output ranges are in accordance to the previous specified values [41].
The suitable values of these gains were achieved through the minimisation of IAE as it was
previously presented in Equation (4).
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Figure 3. FLC Type-1 structure.

Figure 4. Membership functions.

Table 2. FLC linguistic rules.

E\Ė NB NS Z PS PB

NB NB NM NM NS Z
NS NM NM NS Z Z
Z NM NS Z PS PM
PS Z Z PS PM PM
PB Z PS PM PM PB

Based on Table 2, a stability proof is provided in order to show the logic of the chosen
rules. Taking into account the Lyapunov stability proof establishes that a system is stable
in a dynamic perspective provided that a definite positive function V exists such that
V(x) > 0, V(∞) = ∞, V(0) = 0 & V̇(x) < 0, ∀x 6= 0. Thus, this function is defined in
Equation (5) where E is a normalised error such that E = INre f − IN and its derivative is
Ė = − İN . Therefore, a Lyapunov function is defined and differentiated in Equations (5)
and (6):

V =
1
2

E2 (5)

V̇ = EĖ = −(INre f − IN) İN . (6)

Provided that Equation (6) is negative, thus, the system is asymptotically stable and
the error tends to a null value. Since Table 2 is symmetric, the following reasoning is
generated for one side of the table. Taking into account that the control action U is related
to the duty cycle, the following cases are analysed.
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• Case 1 (red cells from Table 2): ⇒ U > 0. In this situation, the duty cycle incre-
ment is positive. Equation (3) shows that an increment of d will decrease RPEMFC.
As RPEMFC = Vstack/Istack and according to Figure 2, the resistance is reduced when
the current increases. This means to move to the right of curve showed in the men-
tioned graph. Therefore, it can be concluded that İN and E will have positive values.
Thus, Equation (6) will be negative.

• Case 2 (green cell from Table 2): ⇒ U > 0. For this case, it is assumed that Ė is
negative while E is positive. Nevertheless, a positive increment of the duty cycle will
cause the same action as in Case 1 where İN yields to a positive, which is the same
sign as E. Consequently, V̇ < 0.

• Case 3 (orange cell from Table 2): ⇒ U = 0. In this instance, the control action is null
which implies that there is no change. Thus, since the derivative of the normalised error
is positive while the error is negative, it can be concluded that V̇ < 0. This reasoning
can be used as well in the table diagonal since it will drive to the same conclusion.

2.4. Sliding Mode Control

Based on the established error of Equation (1), thus, an integral sliding surface is
defined in Equation (7) where λ is a positive value:

s = e− λ
∫

e · dt. (7)

A control signal generated from a SMC approach is composed by an equivalent (ueq)
and a switching term (usw), that is expressed in Equation (8) [42]. The mechanics of this
controller is as follows: ueq aims to move the states to an equilibrium point by establishing
the condition ṡ = 0, which is the origin of a phase plane [43]. As it is expected that the
states will move through time, then the usw intention is to force the states to stay in the
sliding surface [44,45]. The latter is defined in Equation (9) as a first-order discontinuous
expression where K is a parameter to be tuned and high values can increase the response
time in exchange for strong oscillations that may induce hardware damage [22]:

u = ueq + usw. (8)

usw = −K · L
Vo
· sign(s) (9)

The derivative of the sliding surface ṡ can be calculated using Equations (1), (2),
and (7):

ṡ = ė + λe =
1
L
(Vs −Vo) + λe +

Vo

L
u. (10)

Based on the mentioned condition ṡ = 0 and the boost converter system from
Equation (2), the equivalent term is expressed as the following Equation (11):

ueq = 1− Vs

Vo
− λ · e · L

Vo
. (11)

To prove the stability of the SMC control signal which is obtained in (8), a positive
definite cost function as given in Equation (12) is designed according to the Lyapunov
second method criterion [46,47]:

V(s) =
1
2

s2. (12)
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To ensure that the cost function V is converging to zero in finite-time, its derivative V̇
must be negative definite. By using Equations (8)–(11), differentiating Equation (12) with
respect to time yields to:

V̇ = s · ṡ

= s
(

1
L
(Vs −Vo) + λ · e + Vo

L

(
− k · L

Vo
sign(s) + 1− Vs

Vo
− λ · e · L

Vo

))
= −k · s · sign(s) (13)

= −k · |s|
≤ 0.

Consequently, according to the Lyapunov theory, the asymptotic stability is ensured.
Besides, by using Equations (12) and (13), the following demonstration can be obtained:

1
2

d
dt

s2 = −k · |s|

1
2
·
∫ treach

t0

d
dt
|s|2 dt = −k ·

∫ treach

t0

|s| dt

1
2
·
∫ treach

t0

d
dt
|s| dt = −k ·

∫ treach

t0

dt (14)

|s(treach)| − |s(t0)| = −2 · k · t
∣∣∣treach

t0

treach =
|s(t0)|
2 · k .

Therefore, the system converges to the sliding surface s = e + λ
∫

e · dt in the finite
time t = treach, which implies that ṡ = ė + λe also converges to 0. From the previous
equation, the tracking error (defined by e = c · e−λt) tends asymptotically to 0.

3. Experimental Results

Both described control architectures were embedded and contrasted in the PEMFC
system were the outcomes are explained as follows. Thus, the load was used to induce
disturbances in the system, which occurred at 25 s and 45 s. During the first action,
the load step jumped from 20 Ω to 50 Ω, which was steady until 45 s (where the resistance
plummeted to the initial value). The controllers parameters were obtained by minimisation
of the IAE. Therefore, the SMC parameters K and λ were, respectively, 0.01 and 0.1; for the
FLC, the values of KE, KEd, and Ko were 18, 0.2, and 0.001, respectively.

The first graph to be analysed is the acquired current, which was the variable to be
followed. This is mainly because the controller objective is to keep the PEMFC current
at a constant value (which is related to a desired operative point) even when external
perturbations are presented. The whole experiment, which took 60 s, is split in three sub-
graphs as shown in Figure 5b–d. The programmable resistance has uncertainty in terms
of time response which can be appreciated in certain phase-delay in the results contrast.
Nevertheless, the results could still be analysed in terms of robustness and response times.

In the first action of resistance increment of Figure 5b at around 25 s, the SMC induced
an undershoot of 1.63 A whereas the FLC had a higher value of 1.79 A. This means that
the FLC has a robustness 9.81% lower than the SMC. A similar analysis can be done in the
settling time in which the FLC is 60% higher in contrast to the SMC.

The second action is depicted in Figure 5c where the SMC still carries the trend for the
fastest response. Nevertheless, the robustness is different in this case since the overshoot
value of the FLC is 3.76 A in comparison to the SMC, which is 3.03 A. This made a difference
of 24% of better performance for the SMC.

During the constant following, the situation has a diverse demeanour in terms of
absolute values. Figure 5 shows the current during the action of 50 Ω, which has an average
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of 4 A in both schemes but with different amplitudes. For instance, the SMC showed an
amplitude of around 0.61 A whereas the FLC enhanced this value as it produced 0.25 A,
which made a difference of 60% in contrast to the SMC. This implies that the chattering is
fairly reduced with the FLC approach.

Figure 5. (a) Stack current signal; (b) influence of the first load variation; (c) influence of the second
load variation; and (d) steady state.

In regards to the voltage, shown in Figure 6, the situation was similar as previously
analysed in the current. The SMC showed higher chattering along the whole experiment
but with slight better performance in the dynamic changes that were induced at 25 s and
45 s. The overshoot value of 1.06 V of the FLC against the 1V delivers a difference of 6%,
whereas the undershoot presented a difference of 2.4%.

The generated power of the system was acquired as well, and is shown in Figure 7.
At the first interruption of 25 s, the SMC behaved again better than the FLC as undershoot
values differed in 20%. The same situation happened at 45 s during the resistance reduction
where the overshoot was 17.5% higher with FLC in contrast to the SMC.

Finally, Figure 8 shows the boost converter duty cycle and output variables (current,
voltage, and power). These real-time responses show the impact consequence of the
load resistance at the previous analysed times. As previously, it can be seen that the
major advantage of the FLC is its capability to reduce chattering during steady states,
which allows an energy overspend. However, the SMC generates more robustness during
dynamical changes.

Previous analysis results are summarized in Table 3 in terms of numbers. In this case,
the overshoot, undershoot, response time and oscillation had been established as it had
been the most important features to be highlighted.
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Figure 6. (a) Stack voltage signal; (b) influence of the first load variation and (c) influence of the
second load variation.

Figure 7. (a) Stack power signal; (b) influence of the first load variation and (c) influence of the
second load variation.
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Figure 8. (a) Duty cycle signal; (b) boost converter output current; (c) boost converter output voltage;
and (d) boost converter output power.

Table 3. Comparative results.

Current (A) Voltage (V) Power (W)
SMC FLC SMC FLC SMC FLC

Overshoot 3.03 3.76 1 1.06 5.8 6.82
Undershoot 1.63 1.79 1.65 1.69 6.61 7.98

Response Time 0.5 0.8 0.5 0.8 0.5 0.8
Oscillation 0.61 0.25 0.33 0.14 2.2 0.9

4. Conclusions

This research depicted a comparative analysis of two control algorithms aimed to
enhance the performance of a PEMFC during a constant reference following disturbances.
Additionally, the usage of a real system constraints theoretical ranges of power and duty
cycle.

The objective was to maintain a constant current following that can be associated to a
user-desired operative point or an MPPT. This target usually has inconveniences, such as
external disturbances as analysed. SMC was chosen for its capabilities in robustness and
fast response. FLC is known for its expertise involvement so that the tuning can be made
from a personal perspective.

A programmable load was adopted to simulate an peripheral charge which affects
the circuit. In addition, commercial hardware was used to generate a real environment
where the proposed control structures were embedded with a dSPACE controller board in
real-time. The latter mentioned device was also used for acquisition of signals and further
processing with MATLAB.

Both control architectures were implemented where several interesting points were
highlighted. For instance, it was shown that the SMC provided suitable capabilities in
terms of robustness. In this sense, SMC had better robustness during dynamical changes,
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such as sudden load variations. Additionally, another suitable observed feature was the
fast response. These aspects were noticed in variables such as current, voltage, and power.

Despite the dynamical changes, the SMC was superior in terms of performance,
the FLC promoted an attractive efficacy during the constant following. In this case, for SMC,
it was already known that its main disadvantage is related to the chattering generation,
which was observed in the outcomes. Thus, FLC reduced this feature, not only providing
better accuracy but also an energy reduction which could enhance system efficiency.

To conclude this research, future perspective lines are based on different branches
of the analysed control structures. For instance, a study of a FLC Type-2 with different
inference algorithms can be an interesting comparison. Additionally, the FLC used in this
case had the aim to track a constant reference, thus it would be intriguing to implement the
same algorithm for MPPT where the reference is a variable.
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