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Abstract

This research presents and compares the outcomes of experimental

implementations of different fuzzy logic control structures for a proton

exchange membrane fuel cell (PEMFC). These devices are well known for

their capability to transform chemical energy into electrical with low

emissions. Commonly, a PEMFC has a linkage with a boost converter

which allows a suitable end‐user voltage through a nonlinear control law.

Hence, the contribution in this sense is the experimental comparison

of two fuzzy logic strategies known as type‐1 and type‐2 that were

implemented in a PEMFC system. The approaches were embedded in a

control board dSPACE 1102 which also has the capability to acquire data.

The contrast of results showed capabilities improvement against distur-

bances in terms of error reduction, control signal, and robustness.
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1 | INTRODUCTION

Renewable energies resources (RES) are currently a
trending topic in terms of the replacement of fossil
sources commonly known for their harmful conse-
quences in the environment.1 Fuel cells are a suitable
RES device due to their efficiency which arises 60%,
which is one of the highest values in comparison with
photovoltaic panels (between 6% and 20%) or wind
turbines (around 25%).2,3 Currently, proton exchange
membrane fuel cells (PEMFC) are an innovative
technology in countries like China. Although that
is one of the major producers of industrial pollution
due to coal consumption which is around half of the
global demand, the installed capacity of PEMFC

had produced 46MW only in public transport in
2021.4,5

Commercial PEMFC output voltages can reach up to
50 V.6 However, this value is low for industrial
applications such as automotive which require more
than 10 times extra.7 Boost converters (also known as
“step‐up”) are known for these purposes where an end‐
user voltage is required to be higher than the one from
the source.8 Additionally, few elements define a boost
converter topology which concludes with advantages
such as simple design, low voltage stress, and high
efficiency.9 Moreover, a boost converter linked to
devices provides a system efficiency increase by the
design of an appropriate control law that can track the
required voltage or current.10
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Linear controllers from classic control theory had
been implemented by researchers in converters com-
bined with PEMFC. For instance, linear quadratic
regulator (LQR) is a strategy which the objective to find
a quadratic performance index through an offline
minimization to achieve a suitable control law for a
system.11 An example of a simulated PEMFC system has
been performed by authors Kodra and Zhang,12 where
they developed a high‐order plant for different time
scales and aimed to control the fuel flow with an LQR.
They were able to achieve suitable responses in terms of
flow control from the simulated hardware. Another
linear known linear approach is proportional‐integral‐
derivative (PID), which has been implemented for a
PEMFC aiming to control fuel cell flow in Woo et al.13

Results showed an acceptable regulation of fuel cell
reactants although the authors developed the strategies
without comparison to similar approaches. In terms of
boost converters, a PID was analyzed against advanced
controllers such as an internal mode controller (IMC) or
sliding mode control (SMC).14 They showed that a major
issue of PID was the tuning gain process because even
with suitable parameters, the behavior is unsatisfactory.
In the review made, the main issue related to linear
controllers applied to real‐time systems is the narrow
range of operation which limits the prior design and can
lead to an instability state which is undesirable.15

Moreover, linear controllers in boost converters tend to
yield an inconsistency related to the intrinsic nonmini-
mum phase.16

Boost converters have a nonlinear behavior due to
their switching states and perturbations,2 thus advanced
controllers need to be considered. Fractional‐order
proportional‐derivative‐integral (FOPID) is a nonlinear
extension of the conventional approach with extra orders
which induces more flexibility to achieve requirements.17

Authors in ref18 designed a cascade control for a DC‐DC
converter using a FOPID by facing the nonminimum
phase issue that boosts converters have. They showed
acceptable capabilities for disturbance rejection in a real‐
time implementation, although the parameter tuning had
to be performed offline through an optimization algo-
rithm. Nevertheless, this procedure can generate a
difference in the implementation due to scenario
variation. Actually, this design has certain disadvantages
related to: (1) if the primary process of the cascade
control owns a significant delay, it can degrade the
system performance19 and (2) FOPIDs are expensive to
produce for industrial purposes due to the fractional
approximation.20 The PID also has been proposed by
authors of21 where they used the fuzzy logic control
(FLC) for the parameter tuning process. Obtained results
have shown that the proposed method guarantees high

performance around the equilibrium point and under
parametric uncertainty. Besides, considerable improve-
ment in the response time and control robustness also
was achieved. A nonlinear control that can counteract
these issues is sliding mode control (SMC) which is
known for its robustness against uncertainties and
simple implementation.22 A simulated implementation
of SMC has been performed by authors of Abbaker
et al.,23 where they used it for oxygen supply regulated
with an estimation algorithm for the unknown dynamics.
Results showed sufficient robustness and performance
increase as well as a fast convergence. On the other hand,
an example of the implementation of SMC in a converter
has been shown by Huanfu et al.24 In this case, they
embedded an SMC to achieve the minimum input power
by phase angle control and voltage regulation. Experi-
mental results showed improvements in robustness and
settling time which were beneficial for device protection.
Nevertheless, a main drawback of SMC is chattering
which is the cost of the high robustness that is generated
by discontinuous control law.25 Several solutions had
appeared during the recent decades and probably the
most efficient one is the super‐twisting algorithm
(STA).26 This tool is a dynamic extension that generates
a continuous control integrated signal that shadows the
discontinuity of the SMC.27 A disadvantage of this
structure is the slow convergence and settling time
caused by the tuning gains.28 However, to speed up
the convergence, authors of Rakhtala and Casavola29

have proposed a cascade structure for the STA. A
comparison study with the conventional SMC, terminal
SMC, and adaptive SMC has shown the effectiveness
of the proposed structure in terms of accuracy and
convergence speed.

Another well‐known nonlinear approach is fuzzy
logic control (FLC), which essential feature is design
flexibility as it can be tuned by an expert with knowledge
of a particular system to be controlled.30 This can be
performed through simple definitions of rules that a
human emulates by linguistic rules.31 Not only it has the
capabilities to be used as a controller but also as a system
identification when mathematics tends to be complex.32

In the review made by Yang et al.,33 they found that FLC
is a well‐used structure that can provide better perform-
ance than conventional controllers and it can be used
with satisfactory outcomes in PEMFC systems. Authors
Samadi and Rakhtala34 have proven that FLC can show
great performance especially when it is applied to power
converters. Fuzzy structures were established by the
discoverer Lofti Zadeh, which are known as fuzzy sets
type‐1 and ‐2 (in control systems, these are known as
FLC‐T1 and FLC‐T2).35,36 The latter mentioned has the
advantage to handle uncertain definitions in which the
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designer has doubts and this ambiguity can be mirrored
numerically during the controller's initial configuration.
Fuzzy sets type‐3 also has been proposed by several
researchers.37–40 For instance, authors of Mosavi et al.37

have developed a fractional‐order control system based
on fuzzy type‐3. The proposed algorithm has been
compared with several control methods such as PID,
SMC, LQR, and passivity‐based control systems (PBC),
where the results have demonstrated significant superi-
ority of the suggested algorithm. Authors of Liu et al.38

have proposed an interval type‐3 fuzzy logic system (IT3‐
FLSs) combined with an online learning approach.
Obtained results have shown the high performance of
the schemed method when compared to some other
well‐known methods.

Therefore, based on the background research made,
the main contributions of this article are as follows:

• The implementation of FLC‐T1 and FLC‐T2 schemes
in a commercial PEMFC system linked to a boost
converter. Our intention is to track the desired current
and seek high performance in accuracy and generated
control signal.

• The experimental outcomes with an in‐depth com-
parative analysis of robustness, accuracy, and
response time. These are important features to be
studied because the improvement of these character-
istics is mainly connected to the system efficiency
enhancement.

The structure of this article is arranged as follows in
accordance with the structure from the figure Table of
Contents. Section 2 introduces the commercial hard-
ware involved that has been used in the experiments
with its details. Additionally, this was split in
Sections 2.2, 2.3, and 2.4 which, respectively, are about
(1) the model and performance index for control tuning,
(2) design details of FLC‐T1, and (3) further facts of the
extension to FLC‐T2. The experimental outcomes are
analyzed in Section 3. Finally, a summary of the work is
provided in Section 4.

2 | MATERIALS AND METHODS

2.1 | Employed hardware

In this research, we designed a platform for real‐time
experiments aiming at the implementation of controllers
which could enhance the system's performance.
The main device to be studied is a PEMFC from the
manufacturer Heliocentris whose model is FC50. This
PEMFC is fed with high‐purity hydrogen (99.999%)

compressed at 1MPa. The FC50 is capable to generate
5VCC as output voltage with a current between 8 and
10 A and a power above 40W. The security measures
designed by the manufacturer are the inclusion of a
safety circuit that controls variables like fuel supply,
oxygen, humidity, and stack temperature. Further details
are in Table 1.

We linked the PEMFC with a boost converter TEP‐
192. With the help of a metal‐oxide‐semiconductor‐field‐
effect‐transistor (MOSFET), we controlled the boost
converter through a pulse‐width‐modulation (PWM)
signal at a maximum frequency of 20 kHz. We used the
modeled circuit from Figure 1. The basic electric
elements of the circuit are an inductor (L), a capacitor
(C), a diode (D), a switching device (S1 ), and an external
load (R). The external load hardware is a single output
resistance for DC loads known as BK Precision 8500. It is
a digital programmable resistance that can be set
between 0.1 and 1000Ω. Also, it can handle a maximum
power of 120W and a voltage of 115 V at a top frequency
of 47 Hz.

Acquisition and control of the boost converter were
performed with a dSPACE MicroLabBox DS1202 as this
has the capacity to generate a PWM signal. This is a
flexible and trustworthy device for mechatronics research
and development due to its robustness for high‐
performance testing. The 100 signal channels that it
possesses for input/output, are able for digital, analog, or
PWM. The inner electronics is based on a dual‐core
processor with a maximum frequency of 2 GHz that is
linked with a programmable FPGA. DSPACE also
included the real‐time‐interface (RTI) platform to

TABLE 1 Heliocentris PEMFC FC50

Values

Heliocentris PEMFC FC50

Operating voltage 2.5–9 VDC

Operating current 0–10 A

Rated output power 40W

Open‐circuit voltage 9VDC

Boost converter TEP192

Inductance 6μH

Input capacitor 1500μF

Output capacitor 3000μF

Max. input voltage 60 V

Max. input current 30 A

Max. output voltage 250 V

Max. output current 30 A

NAPOLE ET AL. | 701
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generate C code in the hardware in an optimal way so
that the designer can focus on the Simulink interface
development. As previously mentioned, it also has the
capacity to acquire which is mainly done by Control-
Desk. The latter is a dSPACE software that records
information in real‐time and with further capabilities to
provide parameters tuning that were previously con-
figured in Simulink.

2.2 | Control designs

In this research, we aimed to design controllers which
could follow a reference current named Iref and
established in Derbeli et al.41 The involved structures
are an FLC‐T1 and FLC‐T2 which will be explained in
the following section. Major contrasts are in terms of
robustness, control signal, and capacity for tracking.
Therefore, we define the error in terms of the current to
be followed as Equation (1); in this expression, IL
represents the measured output current of the fuel cell
(which can be seen in Figure 1.

e I I= − .ref L (1)

The duty cycle d is driven by the MicroLabBox
through the PWM signal. Hence, it also has a straight
relation to the output (Vo ) and stack voltages (Vs ). This

implies that there are two diverse switching states that
are best described by the system of Equation (2).
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The previously mentioned relation is mirrored in
Equation (3), in which the duty cycle relates the stack
and output voltage sources.42 Applying Omh's law to the
previously defined equation, an equivalent resistance
where the duty cycle and the BK Precision 8500 come out
in Equation (4). This is an equivalent resistance that
changes with d. This relation allows changing the
resistance perceived by the PEMFC so that for high
values of the duty cycle, the equivalent resistance is
lower.43 It should be noted that the duty cycle must be
between 0 and 1 which may represent a restriction for
the control design.

V
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2

Out (4)

FIGURE 1 Hardware flow
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The embedded controllers had parameters that we
had to choose based on the desired performance. Because
in this case, the goal is the reference tracking of
the current, the error reduction was crucial. Hence, the
minimization of the integral of the absolute error (IAE)
is a tool that helps in tracking problems when variables
need to be changed in real‐time.44–46 The expression is
defined in Equation (5) where ei is the error in the ith
sampling, tΔ is the sampling time and N is the number of
samples chosen.47

 e tIAE = Δ .
i

N

i

=1
(5)

2.3 | Fuzzy logic type‐1

The fuzzy logic principle is based on rules and
constraints whose intention is to model the knowledge
of an expert on a specific system.48 The main structure is
explained in Figure 2. FLC‐T1 is characterized by three
main steps, that are features of a Mamdami system49,50:

1. Fuzzification: the inputs (which in this case had
been chosen as the normalized error and its
derivative) are initially crisp values and need to
be designated with fuzzy sets according to member
functions.51 Hence, type‐1 sets are defined as a set
A based on a universe X that belongs to a domain
[0, 1], such that ∈A x μ x x X= {( , ( )) }A and μA
range is between 0 and 1.52 Latter mentioned is
defined based on linguistic variables, which are
words or sentences that correspond with the
numerical values.53

2. Inference: is a rule‐based method where the main
logic from an expert is interpreted by If–then rules in
linguistic mode.54 The establishment of these rules is
defined in Table 2 which relates the condition of the
error and its derivative for consequent action. The
values, that range between −1 and 1, are established
and discretized as: negative big (NB, −1), negative
medium (NM, −0.66), negative small (NS, −0.33), zero
(Z, 0), positive small (PS, 0.33), positive medium (PM,
0.66) and positive big (PB, 1). The geometry and

values of Table 2 were achieved after several tries from
previous experiments.

3. Defuzzification: The process to get back to numerical
values is performed in this step where the mechanics
of (1) are inverted to return crisp values.55,56 Previous
rules are matched with discretized and uniform
constants in the range of [−1 1] (Table 2).

Additional details of FLC‐T1 are the gains KE1 and
KEd1 whose intention is to normalize the values of the
error and its derivative. This is mainly because the
fuzzifier process was developed with inputs of [−1, 1].
This is mainly because we configured the input
membership functions within overlapped symmetric
and triangular membership rules (shown in Figure 3).
On the other hand, the gain Ko1 aims to augment the
output value of the fuzzy signal generation process. The
mentioned gains were calibrated based on the minimiza-
tion of the IAE as we formerly explained.

2.4 | Fuzzy logic type‐2

Not only one of the disadvantages of FLC‐T1 is the
computational requirement when a behavioral description
is complex (translated as the increment of If–then rules) but
also when the expert knowledge is inappropriately defined.
In this sense, FLC‐T2 has been developed to consider
uncertainties of the system dynamics.57 The basic structure is
provided in Figure 4. The main difference in contrast with
FLC‐T1 comes in the definition of the membership rules
which have a defined uncertainty as an area instead of a

FIGURE 2 FLC‐T1 control structure

TABLE 2 FLC linguistic rules

Ė NB NS Z PS PB

E

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

NAPOLE ET AL. | 703
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linear relation; this can be seen in a comparison between
Figures 3 and 5.

The previous mentioned area is also known as the
footprint of uncertainty (FOU) and it is limited between a
lower and upper membership function for each case.58,59

During the experiments that we carried out, we
considered a 10% of uncertainty in respect to the
membership functions defined for FLC‐T1. This value

has already been considered in former investigations
where FLC‐T2 was involved.60

The defuzzification has an extra process in this case,
which is called “type‐reducer.” The name is mainly
because the intention is to “reduce” from FLC‐T2 to FLC‐
T1 by means of a center‐of‐gravity value calculation.61 In
this case, we used the “Karnik‐Mendel” algorithm whose
intention is to seek critical spots which could define the

FIGURE 3 FLC‐T1 membership functions

FIGURE 4 FLC‐T2 control structure

FIGURE 5 FLC‐T2 membership functions

704 | NAPOLE ET AL.
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centroid of an interval between both membership
functions.62 Also, this algorithm is commonly used in
research for its efficiency.63–65

3 | EXPERIMENTAL RESULTS

The explained controllers were embedded in the dSPACE
platform and the outcomes are described in this section.
A step load whose value varied between 20 and 50Ω, was
increased at t = 10.25s and decreased at t = 30.2s.

Hence, under these conditions and due to these
perturbations, we were able to analyze dynamics and
steady‐state performance. In regard to the parameters
obtained as a consequence of the minimization of the
MSE, RMSE, and RRMSE, these are summarized in
Table 3, where the parameters of the metrics are enlisted
in Table 4. As it is noticeable from Table 3, we used the
same parameters for the two fuzzy schemes proposed,
aiming to point out the features of each controller. On
the other hand, Table 4 proves the effectiveness of FLC‐
T2 over FLC‐T1 since it reduces the MSE, RMSE, and
RRMSE, respectively by 4.29%, 2.18%, and 2.18%.

First, our objective is to track a 4 A current on the
PEMFC and the waveforms of the experiments per-
formed are presented in Figure 6. Despite that, in this
case, the controllers followed a similar path, and the
improvements are noticed in a detailed numerical
comparison based on Table 5, Figure 6B–D. In regard
to robustness comparison, overshoots, undershoots, and
response times (RT) were compared.

TABLE 3 Parameters achieved for the fuzzy logic type‐1 and
type‐2 controllers

Parameters

K K,E E1 2 5

K K,Ed Ed1 2 0.02

K K,o o1 2 0.003

TABLE 4 Comparison of the different metrics

MSE (A) RMSE (A) RRMSE (A)

Value Difference Value Difference Value Difference

FLC‐T1 0.0884 – 0.2974 – 7.4343 –

FLC‐T2 0.0846 4.29% 0.2909 2.18% 7.2714 2.18%

FIGURE 6 (A) Stack current signal, (B) influence of the first load variation, (C) steady‐state oscillation, and (D) influence of the second
load variation

NAPOLE ET AL. | 705
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As Figure 6B presents, the overshoots for the FLC‐T1
and FLC‐T2 were 4.68A and 4.42A, respectively. This
means that FLC‐T2 reduced this feature by 5.6% in
contrast to FLC‐T1. Also, individual RTs developed a
significant enhancement: whereas FLC‐T1 presented
1.16s, FLC‐T2 trimmed this value to 1.09s. This implies
that FLC‐T2 still carried on with the best performance
trend since the difference was around 6.03%. We can also
analyze the undershoot demeanor when the resistance
moved backward to the initial value at 30.2 s. In this
sense, FLC‐T1 developed an undershoot of 2.445A
whereas FLC‐T2 provided a reduction until 2.441A.
Therefore, FLC‐T2 had an enhancement of 0.57% in
comparison to the alternative structure.

Response times had a higher difference to be
appreciated and to evaluate the speed of each algorithm.
These were achieved from Figure 6B by an estimation
between the overshoot and its establishment. Hence, the
FLC‐T1 accomplished an RT of 1.16 s and FLC‐T2

diminished the value at 1.09 s. This indicates a progress
of 6.03% when the FLC‐T2 was embedded.

On the other hand, steady‐state oscillations (SSO) were
checked as well. This is an important parameter because it
shows the capabilities of the controllers when a constant
reference needs to be followed when an external perturba-
tion (like the resistance change) is executed and how's the
variation along the time. In this case, the amplitude current
amplitude was evaluated as in Figure 6B. Hence, FLC‐T1
shows an average amplitude of 0.082A, and FLC‐T2 had a
significant decrease of 0.061A. Thus, FLC‐T2 was able to
improve a 25% in contrast to FLC‐T1.

Figure 7 shows other important variables acquired
during the experiment. The stack voltage and power are
represented in Figures 7A,B. For the two control structures,
power and voltage tend to have a constant performance of
around 5V and 20W, respectively. Nevertheless, there are
slight exceptions to the constants during the resistance
switching as would be expected. Also, we inspect if relevant

TABLE 5 Comparison of the evaluated features

Overshoot (A) Undershoot (A) SSO (A) RT (s)

Value Difference Value Difference Value Difference Value Difference

FLC‐T1 4.68 – 2.455 – 0.082 – 1.16 –

FLC‐T2 4.42 5.6% 2.441 0.57% 0.061 25% 1.09 6.03%

FIGURE 7 (A) Stack voltage signal, (B) stack power signal, and (C) duty cycle signal

706 | NAPOLE ET AL.
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values can cause spikes that may reach the PEMFC
shutdown generated by the security system when the
resistance was engaged. The evaluation of the formerly
mentioned figures shows that the voltage or current of both
controllers are in the range of the operating values which
were previously detailed in Table 1. Another detail to be
highlighted is a slight gap between the signals, which is
noteworthy during the first 10.25 s. This phenomenon is
produced since the experiments were carried out in
different moments and because the environment tempera-
ture changed, it induced this difference. It is also important
to take into account that slight amplitude differences
(especially during the resistance changes) in the stack
power and voltage are meaningful because the stack current
was the variable to be followed. Figure 7C is the duty cycle
generated as a control signal from the dSPACE platform. It
is important to verify that its value is between 0 and 1
without substantial changes. It can be seen in this figure
that the signal is between 0 and 1 whereas any vital shifts
are detected for both FLCs.

Finally, boost converter output variables are shown in
Figure 8. We recorded these to check if the control
structures could generate any damage to the device. The
output current of Figure 8A,B comprises values of
current and voltage which are in the acceptable range
of operation for both control structures when the
external resistance changes. In regard to Figure 8C

where the output boost converter power is detailed, it can
be seen that in a steady state, the output power is around
18W. This value differs from the one produced by
the PEMFC due to the electrical losses that the boost
converter components generate.

4 | CONCLUSIONS

In this article, we proposed a novel contrast of two fuzzy
set configurations employed in a PEMFC system linked
to a boost converter. The objective was to track a
reference current that could be configured by a user. The
control schemes that we used were fuzzy logic type sets
defined as FLC‐T1 and FLC‐T2.

It has been shown that FLC‐T1 is a control scheme
defined through expert knowledge of a system based on
membership functions and linguistic rules. On the other
hand, FLC‐T2 grants an extra degree with the inclusion
of uncertainty when there are hesitations in the
definition of the membership functions. This induces
an extra complexity as it is needed an additional step for
calculation known as “type‐reducer.” Both of these
structures had been designed and implemented in a
real‐time platform.

Our test rig platform was a commercial PEMFC
manufactured by Heliocentris whose model is FC‐50.

FIGURE 8 Boost converter output current, output voltage, and output power
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Since the voltage was low for an end‐user role, we
included a boost converter TEP‐192 in the hardware
configuration. Because the boost converter can be
controlled with a PWM signal, the generator of this
was through a dSPACE platform which also allowed the
acquisition of data for the postprocessing. Additionally, a
programmable load was added to the circuit to simulate
an external load. The used reference was settled as 4 A
with an external load change that began with a step‐up at
10.25 s that lifted from 20 to 50Ω and lowered back
at 30.2 s.

Experimental outcomes showed the advantages that
FLC‐T2 could develop in the implementation. These
were analyzed in‐depth for the variable to be followed
which was the stack current and we observed major
differences in robustness and response time. FLC‐T2
showed the best performance when the external resist-
ance value climbed in terms of overshoot and response
time. Also during the steady state and resistance fall, the
FLC‐T2 was still developing the most suitable demeanor
in terms of oscillation and undershooting.

On the other hand, we also recorded the stack voltage
and power. These showed a similar waveform in both
controllers where any complex situations that could
reach the PEMFC shutdown were seen. Also, the control
signal named as duty cycle was investigated and any
unpleasant behaviors were seen during its action.
Finally, the boost converter output variables were also
analyzed. They showed a good performance for the tested
situations in which certain differences that were
unrelated to the controllers' evaluation.

As future guidelines, the options can be related to
different type‐reducer algorithms for the FLC‐T2. This
can be a kick‐off to calculate the computational time that
each algorithm can require and thus, not only the control
performance can be contrasted but also an improvement
for hardware requirements can be presented. Additional
paths related to the adaptation of parameters of each
tested controller would increase the intelligence capabil-
ity of the controllers. Also, in this research, both control
algorithms were embedded for reference tracking but it
would be an interesting proposal to use them for
maximum power point tracking. This would highlight
the performance of the fuzzy controllers from another
perspective in terms of efficiency.
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