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In response to the escalating challenges posed by climate change, the global energy sector has witnessed a
paradigm shift towards sustainable alternatives. The promising fuel cell technology known as the proton ex-
change membrane fuel cell (PEMFC) has found widespread use in a variety of mobile and stationary applications.
This paper presents a super-twisting sliding mode (STSM) control for maximum power point tracking (MPPT) on
the proton exchange membrane fuel cell (PEMFC) system incorporated floating interleaved boost converter
(FIBC). This work aims to extract the maximum power from the PEMFC by means of robust control in
conjunction with FIBC to improve current ripple. The proposed controller is designed for the PEMFC system by
combining the STSM and MPPT methods. The designed MPPT control tracks down the maximum power point of
the system, and the corresponding current values act as the reference values for the STSM controller. The results
show that incorporating the PEMFC with the FIBC can result in current ripple reduction when compared with a
traditional interleaved boost converter (IBC). The obtained results demonstrate the capability of the PEMFC

closed-loop control system to maintain the system’s robustness under fuel cell parameter variations.

1. Introduction

The environmental crisis has become a concern for people all over
the world. From the environmental perspective, the main reason that
caused the climate change and pollution problem is the use of fossil fuels
as energy production in many applications. Therefore, clean and green
energy becomes core to dealing with the inescapable reduction of fossil
fuels [1-3]. Sustainable energy like solar, wind, geothermal, biomass
and fuel have been used to supersede the fossil fuel which caused the
pollution issue [4-6]. Hydrogen fuel cells are a type of renewable energy
that can produce energy by converting chemical elements into elec-
tricity without involving the combustion of fuel [7,8]. Thus, hydrogen
fuel cell energy is regarded as one of the most promising power gener-
ators offering clean energy and system robustness [9,10]. Hydrogen
energy can help to reduce carbon emission in the atmosphere since the
ways to make hydrogen is either carbon-free or significantly less de-
mand on carbon [11,12]. After the pandemic, countries are working
hard to meet their Sustainable Development Goals (SDGs). Hydrogen
fuel cell energy has been essential in achieving this goal. Hydrogen
energy can always be related to Goal-7 of the SDGs, which is affordable
and clean energy. Several studies have been done to find the links be-
tween SDG and the hydrogen economy. There is a research study that
claimed that hydrogen energy is a game-changer and how the hydrogen
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economy can help in the success to achieve Goal-7 [13]. The government
of India wants to increase its renewable energy capacity to 500 GW by
2030 and get 50 % of its energy from renewable sources, which is in line
with SDG-7. The main goal of SDG-7 is to make clean, modern energy
affordable for every family by 2030 and to double the rate of energy
efficiency improvement around the world. Hence, it showed that many
countries had taking action in achieving SDG-7 and hydrogen energy
will surely be a main part of this achievement [14,15].

Since a single fuel cell produces such a low voltage, stacks of fuel
cells are usually connected in series to boost the voltage level. The fuel
cell’s output voltage will be significantly affected by the load require-
ment due to the fuel cell’s non-linear voltage-ampere properties. To get
the required output voltage, a DC/DC converter must be applied in be-
tween the fuel cell stack and the DC load [16]. For mobile and stationary
applications, PEMFC fuel cells are the preferred technology. This is
primarily due to its zero-pollutant fuel, low operating temperature, and
great power efficiency [17]. According to the results of some experi-
ments, PEMFC systems work better and last longer when operated at
their maximum power point (MPP) [18]. However, internal and external
variables influence the fuel cell device’s efficiency. Internal factor is the
cell flooding and membrane break conditions. External factors are the
external features that will have an indirect effect on the fuel cell system’s
durability. Overshoot and undershooting in a fuel cell system and ripples
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in the current and load changes are all external variables [19].

Numerous studies have shown an increase in efficiency by combining
the power converter with the fuel cell technology. Due to the fuel cell
stack’s low voltage, a power converter must be connected to the system
to guarantee adequate energy conversion from the system to the load.
Therefore, a power converter interfaces the fuel cell stack and the load
bus. Many applications and systems use power converters like buck
converters, boost converters, buck-boost converters, and DC-link voltage
regulators [20-22]. However, the IBC is getting more attention from
researchers because of its advantages compared with other power con-
verters. Inhibition of voltage and current ripples is one of the primary
benefits of the IBC, which contributes to the system’s longevity [23,24].
However, the IBC provides the same voltage step-up ratio as the boost
converter. Therefore, many researchers have researched the other type
of converters with lower voltage stress based on the interleaved boost
converter structure. The FIBC is a type of boost converter that has been
the subject of extensive study due to its high voltage gain and low
voltage stress characteristics. It can achieve the same voltage gain at a
more appropriate duty cycle [25]. The power converter will usually be
implemented into a mathematical model as a dynamic system based on
its circuit structure to adapt well to the control theories in various
applications.

Nevertheless, many control methods have been implemented in the
PEMFC system and the results are discussed in terms of various aspects.
Classical linear control like PI and PID control is commonly used when
designing the DC/DC converter. However, the PEMFC system’s non-
linear properties mean that linear management approaches cannot
handle disturbances and uncertainties. Recent research and discussion
in the PEMFC system have focused on non-linear control methods such
as Fuzzy Logic Controller (FLC) [26], Data-driven Method [27], Particle
Swarm Optimization (PSO) [28] and Sliding Mode Control (SMC) [29,
30]. The PEMFC method frequently employs the use of SMC. Because of
its high system robustness [31], and in particular because of its advan-
tages in minimizing the chattering effect that happens with traditional
SMC, the STSM controller has gained a lot of attention in recent years.
The non-linear SMC is applied to an IBC and PEMFC system to increase
system efficiency and longevity [32]. Overcoming the system’s power
quality and guaranteeing the fuel cell system functions under an
appropriate powerpoint were addressed in a study that used a
super-twisting algorithm (STA) to determine the efficacy of robust
high-order SMC [33]. In the PEMFC system, another author provided
research comparing the effectiveness of first-order SMC and the STA in
reducing chattering and increasing the system’s lifetime under varying
resistance loads [34]. STSM and the PI controller in an interleaved boost
converter are compared concerning response time and the effect of
overshoot and undershoot inhibition [35]. To make the FIBC more
resistant to fluctuations in circuit parameters, researchers developed a
switch fault diagnosis technique based on SMC [36]. A robust model
predictive control (MPC) is demonstrated on a FIBC with different un-
certainties [37]. A novel fault remedy was given in a study to address the
problem of excessive input current ripple when a switch fails in a FIBC
[38].

The purpose of this study is to use the PEMFC dynamic model and
robust control in the DC/DC converter. The PEMFC system’s MPP can be
located with the aid of the STSM. The reference current estimator’s job is
to locate the MPP, and the values of the resulting currents will be used as
the controller’s reference current. This article shows how well the sug-
gested controller holds up against variations in oxygen and hydrogen
partial pressure, two fuel cell parameters that are prone to uncertainty.
The IBC and FIBC system efficiencies will be compared to evaluate the
efficiency of the findings. Following is a summary of this study’s major
contribution:

(1) A robust control and dynamic model of the PEMFC is imple-
mented and incorporated with a FIBC.
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(2) The performance of the PEMFC is considered during the con-
struction of the STSM controller combined with the MPPT
controller.

(3) The simulation validation is established under fuel cell variations
to identify the system’s efficiency which can help to achieve the
SDG-7.

This study has been separated into the following parts. The PEMFC
modeling is described in section II. The modeling of IBC and FIBC are
discussed in Section III. The PEMFC system’s control architecture is
presented in Section IV. The findings and analysis of the project are
presented in Section V. Section VI provides a summary of the study’s
conclusions.

2. Modeling of PEMFC

Fig. 1 demonstrates the PEMFC system’s control design. Using the
MATLAB/Simulink software, the efficiency of this control system is
examined.

Fig. 2 illustrates a PEMFC, an electrochemical energy converter de-
vice that transforms chemical elements into electricity while producing
heat and water.

Fig. 3 shows a PEMFC with two electrodes. The two electrodes are
the anode and the cathode, an electrolyte membrane separating them. In
the operation system, the fuels that used to generate electricity is the
hydrogen and oxygen gas. The anode part of the fuel cell is responsible
for splitting the incoming hydrogen atoms into electrons and protons.
Electrons’ motion is blocked, so they can’t cross the electrolyte barrier,
allowing only protons to pass through. As a result, electricity will be
generated as electrons travel to the external circuit. Water and heat are
produced as a byproduct when oxygen entering the cathode side reacts
with electrons from the external circuit [39].

Anode : 2H,—4H" + 4e
Cathode : O, + 4H' + 4e~—2H,0 €))
Cell : 2H, + 0,—2H,0

The PEMFC’s mathematical model is given to explain the logic
behind the system’s design. Fuel cell efficiency can be affected by a
number of variables, including temperature, supplied partial pressure,
stack voltage, and load current. The IV and PV characteristic curves can
be formed by applying the mathematical expression related to the var-
iables of the fuel cell system. The IV and PV curve is presented under a
single cell and operated at normal temperature and supplied pressure.

The overall output voltage of the fuel system is expressed as [40]:

Vec =Ecet — Vact — Vorm — Vieone 2

In which the Vi is the fuel cell open circuit voltage, E..; represents the
reversible cell potential, and the rest represents the three losses in the
system, respectively. In practice, as shown in Fig. 4, the PEM fuel cell
potential value is less than the ideal theoretical potential due to the
losses that occurred. The three main losses are the activation loss Vg,
ohmic loss V,pu, and the concentration loss Veon respectively.
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Fig. 1. Control design of PEM fuel cell.
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Fig. 4. Ideal and actual IV characteristics curve of PEMFC.

The reversible cell potential, E,y is the electrical energy produced by
the PEMFC and it is also the ideal output voltage. The E.; theoretical
expression is described as follows:

E.1=1.229 — 0.85 x 1073(T — 298.15) 4-4.3085 x 10> x T In(Py,)
+0.51n(Po,)
3

where T is the cell operating temperature, Py, and P, are the partial
pressures of hydrogen and oxygen in the fuel cell’s supplied in (atm).

The activation losses (V) are a type of loss that occurs when there is
an interaction between the gasses, especially the oxygen gas. To calcu-
late the activation overvoltage in the fuel cell, the equation is given as
follows:

Vo =€1 +82T+83T1r1 C02 +E4T1HI (C))
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where €; — ¢4 are the parametric coefficients, CO, is the oxygen con-
centration that appears in the catalyst, and I represents the fuel cell load
current. The oxygen concentration CO; is calculated by:

Po,

Co, = 2 ()

(—498)
T
5.08 x 10%

Due to the proton and electron transfer mechanism, the ohmic losses
(Vonm) are taken placed from the proton resistance R,, and the electron
resistance R.. The ohmic losses are expressed as:

Vohm = I(Rc + Rm) (6)
and
1l

where the p,, is the specific resistance of the membrane, A is the active
area of the membrane, and [ is the membrane thickness. The solution can
be written as:

2 2.5
1+0.03 (ﬁ) +0.062 (ﬁ) (ﬁ) }

4.18(T—303):|

¢0.6343</§)e{ !

181.6

where ¢ is the water content of the membrane.

The concentration losses (Vconc) results from the drop of reaction
gasses concentration during the reaction process. The equation of the
concentration losses is presented as follows:

wm:Bm<1fJL) ©)

Jma.x

where B is the constant value based on the fuel cell type, J and Jyq, are
respectively represent the current density and maximum current den-
sity. The following expression can be used to determine the current
density J:

g1 (10)

All of the above formulae can be used to compute the fuel cell stack.
The fuel cell stack voltage equation is expressed as follows:

Vistack = Neent Ve an

where N represents the total amount of fuel cell cells. The following
demonstrates the PEM fuel cell’s power source:

P stack =I Vsmck (12)
3. Modeling of dc-dc converters
A. Interleaved Boost Converter Model (IBC)

The interleaved boost converter (IBC) is a DC/DC converter with a
multilevel of the standard boost converter. In Fig. 5(a), the topology of
IBC is illustrated. This type of converter has advantages in ripple
reduction and better fault-tolerant ability due to its interleaved struc-
ture. The figure clearly shows that the IBC has two pairs of inductors
I (i=1,2), diodes D; (i=1,2) and switches S; (i=1,2) together with
one capacitor C and a load resistance R. The duty ratio’s effect on the
voltage at both the intake and output is shown as follows:

Yo _ ! a3)
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Fig. 5. (a) IBC topology, (b) FIBC topology.

where V, and V;, are the output voltage and input voltage, respectively.
The d(t) represents the duty ratio.

For a two-phase IBC, there are two states for each switch: the open
and close. By considering all working principles under the open and
closed states, the mathematical expression of the IBC can be obtained.
For example, when S; is closed and S, is opened, the equations of
inductor and capacitor according to Kichhoff's law are expressed as
follows:

dl;y (t)
L i = +Vin(t)

L0 v ) 1 v a
dv,(t) Vo(t)

Cc dt —IL2(t)_ R

An average model of the IBC’s state space is computed for additional
planning work. The average state-space model for this converter can be
obtained by assuming that all converter stages have the same duty cycle.
Following is a presentation of the typical state space model:

d;  1-d(t) 1

&L et 1s)
dvozlfd(t)i:l'_iv

dt c 4" RC°

Understanding the ripple effect is important in this part since the
current ripple is an important issue that will influence the lifespan of the
fuel cell system. The current ripple Al;, of the IBC is expressed as:

Vo

A =1rd00 - d(o)

(16)

where f; is the switching frequency.

The IBC contains two states of operation. Hence, the two states’
differential stages of the duty ratio are combined and presented. The
equations of the Al and AV, are presented as follows:

Vo
ﬁd(t)(l —d(t) 0<d(t) <05
Al = a”n
Yo (dt) - 0.5)(2 - 2d(1)) 0.5 < d(t) < 1
fiL
and
P, d(t)(d(t) - 0.5)
fv.C o) -1 0<d(t)<0.5
AV, = P 18)
v £(d1) —05) 05<d(t) <1

B. Floating Interleaved Boost Converter Model (FIBC)

The floating interleaved boost converter (FIBC) can be formed as two
boost converters combined with parallel input and series output, as
shown in Fig. 5(b). From the figure, it showed that the topology of the
FIBC has two capacitors C; (i = 1, 2), two inductors ; (i = 1, 2), two
diodes D; (i = 1, 2), and two switches S; (i = 1, 2). Vj, represents the
voltage input, V, as the output voltage and resistor R as the load resis-
tance. The interleaved structure of the converter makes it beneficial in
several aspects, such as it can provide a better fault-tolerant ability and
better reduction in the ripple effect. The FIBC’s high voltage gain ca-
pacity is complemented by the fact that it reduces voltage stress on the
semiconductor. It’s more efficient than a standard interleaved boost
converter, allowing for the same voltage gain at a lower duty cycle [41].

Kirchhoff’s voltage law is used to obtain the output voltage as
follows:

Vo = Ve1 + Vea — Vitak 19)

where V¢ and V¢g are the voltage across C; and Cy respectively. The
Viack 1S the Vi, of the fuel cell system.

The input source current is obtained by applying Kirchhoff’s current
law to the circuit. The equation is presented as follows:

IL :Il +12 :ILl +IZ :ILl Jr (ILZ 710) (20)

where I, is the output current at the load, I;; and I}, are the current flow
across the inductor L; and inductor L, respectively.

To simplify the design process, the condition is given that the con-
verter is symmetric between modules, it is assumed that

L] = Lz = L, C] = C2 = C7 d] (t) = dz(t) = d(t) (21)

where d;(t) (i =1,2) is the duty ratio.
After all the losses are ignored, the converter voltage gain can be
presented as follows:

V, 1+d(1)
Vsmck B 1- d(t)

(22)

The proper inductor sizing is guaranteed by using the presented
continuous conduction mode (CCM) operation. There are two operation
modes in this converter. First, when the switch S; (i=1,2) is ON, the
energy is stored in the inductor L; and the capacitor C; will be discharged
through another capacitor and load. When the S; (i=1,2) is OFF, the
inductor L; and the energy source will charge the capacitor C; through
the diode D;. The model of the FIBC is shown as follows [42]:

dILlil

T_L_l(vm -1 -di()Va)

1
= i((dl(t) +1)Vin + (di(t) = 1)V,)

dy 1,

it L, (1 = dz(t))Ve2)
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1
= 57 (@0 + 1) Vi + (da(0) = 1)V)

dvg 1
d;: :a((l —di () — L)
_1 1-d I I
= (1= di(O)h — L)
dVe, 1
dt(': :C—z((l —dy(t)12 — I,)
1
- awm-1) @2

The inhibition of ripple effects AL, plays an important role in
extending the fuel cell stack lifespan. The current ripple is the difference
between the stack current’s highest and lowest values. The fuel cell stack
current ripple is written as:

ind(t)

Al = f i (24)

where f; represents the switching frequency.
Due to the structure of FIBC, a phase shift of 7 will occur between the
switches and the input current ripple Al;, can be described as follows:

Vo d(1 —d(®)(1 —2d(1)) ) _ d() < 05
fiL (1+d()* '
My @ awreds - 1) @
7L (11 d0)? 05<dt)<1

The peak-to-peak voltage ripple of the system is expressed as follows:

_id(t)

AV, =
c ﬂc

(26)

where i, is the average value of the load current I,.

One of the advantages of FIBC is its ability to voltage and current
stress reduction. Therefore, the voltage and current stresses of the con-
verter are summarized and recorded in Table 1.

4. Implementation of the PEMFC control system

This part demonstrates the implementation of the PEMFC control
system. The control design aims to ensure constant output results when
applying the FIBC in a PEMFC system. The PEMFC is a non-linear sys-
tem. Therefore, PI and PID controller is not suitable to use as a controller
during the occurrence of disturbances and uncertainties. Thus, a
robustness control, SMC is designed to control the PEMFC system. This
research implements a STSM controller based on the MPPT technique.
The robustness of the system is analyzed under fuel cell partial pressure
variations. There are two steps in this control design. The first is to use
the MPPT method with a reference current estimator (RCE) to determine
the fuel cell system’s peak power output. The maximum current values
obtained in this way will be used as a reference for the fuel cell system.
The second stage is to create a STSM controller that allows the current

Table 1
Converter component stresses.

Component Current stress Voltage stress
Inductor Iin x

1+D
Capacitor X Vo

1+D

Diode Iin Vo

1+D 1+D
Switch Iin Vo

1+D 1+D
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values to drift toward the reference current and reach the MPP extrac-
tion level regardless of the partial pressure variations of the fuel cell.

A. Reference Current Estimator (RCE)

The reference current estimator (RCE) is a type of MPPT method to
determine the Iq which is the reference current I, under different
operating conditions. PEMFC performance is sensitive to hydrogen and
oxygen partial pressure that is provided. To study the effect of the
hydrogen and oxygen variations in the fuel cell system, several tests are
carried out and the maximum power Ppg, and its corresponding
maximum current I, is recorded in Table 2. The recorded values will
be used to generate a MPPT curve. The MPPT curve is built using the
Matlab Curve Fitting Toolbox (CFT), as shown in Fig. 6.

As mentioned the collected data of Ppq, and I,,qy is imported into the
CFT and will be tested under various types of fit categories to obtain the
best-fit curve for the MPPT. The equation of the best-fit curve will be
formed as follows:

1

Inax = <P”—“*) ' @)
a

where the coefficient values and the goodness of the fit are shown in

Table 3.

The working principle of RCE is explained and shown in Fig. 7. By
forming and observing several projections of the MPP curve (blue
curve), the PEMFC system can reach its desired point, the maximum
power of the system from its original operating point. In general, when
the operating point Py, is with the Iy;. The tracking control will start to
project the Py; on the MPP curve which indirectly changes the Ip; to Ip2
and at the same time, the operating power point will move to Py,. The
same process will be repeated several times until the MPP of the system
is reached which means when the MPP curve intersects with the P-I
curve of the PEMFC system [43].

B. Super-twisting Sliding Mode Control (STSM)

Super-twisting sliding mode (STSM) is a 2-order SMC, which con-
tains all the advantages of the conventional SMC and chattering
reduction. It can generally maintain the system’s robustness against
uncertainties and disturbances and provide high accuracy in the system
tracking process. The main feature of the STSM is that it does not require
information about the time derivative since the design process only
needs to know the sliding variable. This will make the controller’s design
process more straightforward and can be widely applied in many ap-
plications. In this research, the STSM is used as a controller to make sure
the PEMFC operates at an efficient powerpoint. The STSM controller will
generate a control signal u(t) for the switch S; (i=1,2) after obtaining
the sliding surface e = I — I,s. The control law u(t) is expressed as [43]:

u(t) =w (t) +uz(t) (28)
with

u(t) = —k; fs;gp(s)dt (29)
Uy(t) = —kals|’sign(s)
where ki, k; and p € (0,1/2] are the parameters decided by the
designer. The necessary circumstances for the convergence of the sliding
surface can be derived [44]:

Table 2
Ppax and Ipyg, values obtained from the PEMFC model.

Pip=0.02 atm, Pp=0.04  Py»=0.2 atm, Pp=0.4  Pp=2 atm, Ppy=4
atm atm atm

Prax  39.42 49.78 60.45

Inae 8.2 8.4 8.6
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Fig. 6. MPPT curve.

Table 3
The goodness of fit and coefficient values of the fitting function.

The goodness of the fit

SSE: 0.4574 R-square: 0.9979 Adjusted R-square: 0.9959 RMSE: 0.6763
Coefficients
a = 3.069e-07 b=28.878
60 T T T T
Po3

50 - Py 1
_ 40 B
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B3
(o)
o

20+ 1

P
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Fig. 7. RCE operating principle.
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The STSM'’s final control rule is derived from the descriptions above.
Fig. 8 depicts the phase trajectory of the super-twisting sliding mode
control.

A\ 4
%)

Fig. 8. Phase trajectory of STSM.
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5. Results and discussions

MATLAB/Simulink is used for modeling purposes to test the effi-
ciency and stability of the system. Table 4 displays the PEMFC model
parameters and Table 5 displays the IBC and FIBC parameters.

A. PEM fuel cell model

Examining the PEMFC system’s efficiency is a top priority. It is tested
under various operating circumstances. The performance of the fuel cell
device is shown in Fig. 9 for a range of operating temperatures from
298.15 K to 373.15 K, with the hydrogen partial pressure set at 0.2 atm
and the oxygen partial pressure set at 0.4 atm. According to the graph,
the fuel cell’s output voltage increases as the working temperature rises.

The fuel cell’s operating partial pressure also affects its efficiency.
The polarization curve at various operating conditions of hydrogen
partial pressures (shown in Fig. 10) ranges from 0.02 to 2 atm, while the
oxygen partial pressure ranges from 0.04 to 4 atm. To generate the
characteristics curves, the temperature of the fuel cell is set at 298.15 K.
The results showed that when the supplied partial pressure is high, the
output voltage produced by the fuel cell is also high. Therefore, the
results validate that the efficiency of the fuel cell system is improved
when the operating condition of temperature and partial pressure is
increased.

B. Control Results

Att=1sandt=2s, the hydrogen and oxygen partial pressures are
monitored to determine the system’s activity (see Fig. 10). The initial
partial pressures of hydrogen and oxygen are 0.02 atm and 0.04 atm,
respectively. Both the hydrogen and oxygen partial pressures are
adjusted to a range of 0.02-0.2 atm and 0.04-0.4 atm, respectively, at
t=1s. At time t = 2 s, the provided hydrogen and oxygen partial
pressures will change from 0.2 to 2 atm and 0.4-4 atm, respectively.

The PEMFC device and the converter designs for the IBC and FIBC are
verified further in a simulation setting using MATLAB/Simulink. In
Fig. 10, the outcomes of two scenarios where the partial pressure is
changed: one att =1 s and another att = 2 s. Fig. 11 shows the results of
the fuel-cell-controlled IBC. To test how well the system can function to
provide efficient power despite variations in hydrogen and oxygen
partial pressure, a simulation is run using the controller of the MPPT
method based on STSM. Fig. 11(a) and (b) show the efficiency of the fuel
cell voltage and current as well as the output voltage and current at
different fuel cell partial pressures. Fig. 11(c) and (d) demonstrate the
fuel cell system’s maximum power point and its output power, respec-
tively. Fig. 12 presents the results of FIBC under the same conditions as
IBC for comparison.

According to the results, both of the converters can retain the

Table 4
PEMFC parameter values.
Symbol Value Unit
E, 1.229 \%
R 83.143 Jmol 'K!
F 96485.309 Cmol™!
T 298.15 K
A 162 cm?
W 23
l 175 x 107 cm
B 0.1 \%
R, 0.0003
Jmax 0.062 Acm™!
Neat 10
£ 0.9514 \Y%
£ —0.00312 V/K
£3 ~7.4 x107° V/K
£ 1.87 x 107* V/K
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Table 5

Circuit parameter of the converters.
Symbol Value Unit
L 69 mH
R 20 Q
c 1500 UF
fs 5 kHz

system’s stability and ensure the system tracks down the maximum
power point. In a particular simulation, the two types of converter
function differently. Table 6 provides a list of results for the quantitative
performance of the output voltage. The following conclusions could be
obtained from Table 6: (i) The voltage ripples are significantly reduced
by using FIBC when partial pressure changes; (ii) IBC has better inhi-
bition in the voltage undershoot; (iii) FIBC has a faster response time
than the IBC. Overall, it can be said that the FIBC has a close effect on the
IBC in voltage undershoot inhibition when the fuel cell partial pressure
varies and has significant advantages in disturbance rejection.

According to Table 7, both the IBC and the FIBC have satisfactory
ripple current decreases in fuel cells in response to hydrogen and oxygen
partial pressure changes. The chattering impact of the SMC is the root
cause of this problem. The STSM controller, as a higher-order sliding
mode, can minimize the chattering effect in some circumstances. How-
ever, it cannot be completely removed. When compared to the IBC, the
FIBC can provide better performance in reducing the fuel cell current
overshoot under the condition of fuel cell partial pressure variations.
However, there isn’t a clear constraint in any research or effort
regarding the present overshoot and undershoot; it is still important to
ensure the values are kept as low as possible to retain the fuel cell
operating performance. This is because large overshoot and undershoot
will provide the possibility of false protection in the fuel cell system
when the current surpasses the maximum current protection value in a
short period of time.

The FIBC shows that it is a better selection to work with the PEMFC
system because it combines the capabilities of two converters regarding
fuel cell current and output voltage. Strong robustness is demonstrated
by the FIBC, particularly regarding the response time and ripple effect
inhibition effectiveness. Although there are some shortcomings, such as
the output voltage overshoot reduction, when compared to the IBC, the
overall performance is still satisfactory and meets the requirements of
the fuel cell system.

6. Conclusion

This research discusses and develops a comprehensive mathematical
model of the PEMFC incorporated with DC/DC converters. Additionally,

i)yPH2=0.002/P02=0.004 — P(i)/PH2=0.002/P02=0.004
i)PH2=0.02/P02=0.04 P(i){PH2=0.02/P02=0.04
P
Py

16

—V
Vi
V(iyPH2=0.2/P02=0.4 i)/PH2=0.2/P02=0.4

====V(i))PH2=2/PO2=4 i)yPH2=2/PO2=4

70

= = =
o N b

Fuelcell Voltage (V)
[ee]

4 6
Fuelcell Current (A)
(a)

Fuelcell Power (W)
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a controller is designed for maximum power tracking of the PEMFC
system. MATLAB/Simulink is used to build and test the complete system
driven by the MPPT technique based on the STSM controller. The IV and
PV characteristics curve examines the fuel cell’s performance at
different operating conditions. The results are proven through simula-
tion that the MPPT method based on the STSM controller provides
satisfactory tracking performance with respect to the maximum power
point. With the obtained maximum power point, the STSM controller
can select the corresponding reference current values to reach the
required maximum power point. To test the system’s robustness, the
proposed controller’s performance is a test subject to the uncertainties of
the PEMFC parameters. Furthermore, the controller designs are carried
out with two different types of converters: the IBC and FIBC. It is clearly
shown that both converters can maintain the system’s stability when
working with the proposed controller. However, FIBC showed strong
robustness under fuel cell partial pressure variations in terms of the
ripple inhibition effect, response time, and current overshoot compared
to the IBC. Using the proposed converter with the proper controller on
the PEMFC system ensures the system’s efficiency and makes it become a
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Time (sec)
2
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.
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Fig. 10. Oxygen and hydrogen partial pressure variations.
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Fig. 9. (a) PV and IV curve at different operating partial pressures, (b) PV and IV curve at different operating temperature.
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Fig. 11. Simulation results with IBC controller. (a) Fuel cell results, (b) output results, (c) input power result, (d) output power result.
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Fig. 12. Simulation results with FIBC controller. (a) Fuel cell results, (b) output results, (c) input power result, (d) output power result.

Table 6
Quantitative performance of the output voltage.

Converter Response time (ms) Voltage undershoot (V)
IBC 69.485 0.99
FIBC 67.192 1.946

Table 7

Quantitative performance of the fc current ripple.

Converter Current ripple (mA) Current overshoot (mA)
IBC 11.73 25.35
FIBC 11.17 18.92

system that can be used to achieve the SDG-7 goals.
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