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Abstract: Fuel cells are considered as one of the most promising methods to produce electrical energy
due to its high-efficiency level that reaches up to 50%, as well as high reliability with no polluting
effects. However, scientists and researchers are interested more in proton exchange membrane fuel
cells (PEMFCs). Thus, it has been considered as an ideal solution to many engineering applications.
The main aim of this work is to keep the PEMFC operating at an adequate power point. To this end,
conventional first-order sliding mode control (SMC) is used. However, the chattering phenomenon,
which is caused by the SMC leads to a low control accuracy and heat loss in the energy circuits.
In order to overcome these drawbacks, quasi-continuous high order sliding mode control (QC-HOSM)
is proposed so as to improve the power quality and performance. The control stability is proven
via the Lyapunov theory. The closed-loop system consists of a PEM fuel cell, a step-up converter,
a DSPACE DS1104, SMC and QC-HOSM algorithms and a variable load resistance. In order to
demonstrate the effectiveness of the proposed control scheme, experimental results are compared
with the conventional SMC. The obtained results show that a chattering reduction of 84% could be
achieved using the proposed method.

Keywords: PEMFC; QC-HOSM; step-up converter; DSPACE DS1104

1. Introduction

Under the decrease of fossil energy, the process of obtaining the necessary power to cover
the human needs is facing many problems. These have been identified in terms of cost, reducing
environmental pollution and lack of energy sources. Hence, scientists and researchers are aspiring to
balance these three directions in order to obtain the best solution and optimal results [1]. Fuel cells
are an ideal solution that can be used in many engineering fields, including transportation [2-5],
aircraft [6,7] and distributed generation [8-10], as well as stationary and mobile applications [11-14].
One of the most commonly used fuel cells is the proton exchange membrane fuel cell (PEMFC). It is
characterised by high power density, low-temperature operation (fast start-up), lightweight and zero
pollution [15,16]. However, the PEM fuel cells have a nonlinear characteristic, as their performance
changes with different operating conditions (pressure gases and temperature), where these latter lead
to significant changes in the PEMFC output power [17]. Therefore, to keep the PEMFC working at
an adequate power point, different approaches are suggested. For instance, in Derbeli et al. [18],
a proportional-integral (PI) and an SMC were proposed to maintain the fuel cell runs at an efficient
power point. The PI is characterised by its simplicity, but it is affected by the changes in the external
transactions and disturbances. Comparative results with the SMC have demonstrated that this latter is
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characterised by its durability, especially against changes in external factors and disturbances, and also
its ability to control the nonlinear systems. In Choe et al. [19], an adequate power point was achieved
through the use of proportional-integral-derivative (PID). This latter was designed to control the fuel
cell by adjusting the pulse width modulation (PWM) of the boost converter. Results have demonstrated
that the objective is attained through the proposed method with improved dynamics and high tracking
performance. In Andujar et al. [20], an analysis technique based on the small-signal model (S55M) has
been applied on a linearised fuel cell. However, the controller’s parameters are not suitable for all
operating conditions, and they must be manually changed for each variation. In Ahmadi et al. [21],
a maximum power point tracking (MPPT) based on a particle swarm optimization (PSO) controller
has been used to extract the maximum power from the fuel cell. Comparative results with perturb and
observe (P&0O) and SMC have shown the effectiveness of the proposed algorithm in terms of precision,
response time and ripple reduction. Authors of [22] used a variable step size fuzzy MPPT technique
so as to track the maximum output power from the PEMFC. Simulation results have demonstrated
that a ripple reduction of up to 70.93% could be achieved. In Hahm et al. [23], an incremental
conductance-based sliding mode (ICSM) was applied for a hybrid PV/PEMFC system aiming to
provide a usable voltage to feed a brushless DC motor. The proposed algorithm was compared with
P&O, incremental conductance (INC) and variable-step INC. Good results, such as high power intensity,
fast response time, good durability and viability, are obtained using the proposed ICSM algorithm.
Authors of [24], used a super-twisting algorithm (STA) to overcome the drawbacks of the conventional
SMC. Comparative results have shown the ability of STA in minimising the disturbances and the
chattering phenomenon. In Luta and Raji. [25], a fuzzy logic (FL) based on partial swarm optimisation
was designed so as to maintain the fuel cell operating at an adequate power point. However, high
power overshoot of 63.115% is obtained. In Becherif and Hissel. [26], an MPPT based on P&O was
applied on a PEM fuel cell system integrated with motocompressor. The results have shown that the
production power can be enhanced by more than 10% using the proposed technique. Authors of [27],
used two MPPT approaches based on fuzzy logic control (FLC) and P&O. Comparative results have
shown the effectiveness of the proposed FLC in terms of reducing the unwanted oscillations around
the operating power point. In Reddy and Sudhakar. [28], an MPPT-based neural network (NN) and
FLC are used to track the maximum power for different operating temperatures. The results have
shown that the proposed neural network MPPT has tracked the maximum power point faster than the
FLC. However, although authors of [18-28] proposed advanced algorithms, only simulation work
has occurred. Therefore, with respect to state-of-the-art, a real-time implementation of a high order
sliding mode based on QC is proposed to keep the fuel cell operating at an adequate power point.
Aiming to extract the maximum power from the fuel cell, the author firstly designed an MPPT-based
QC-HOSM algorithm. However, due to the integrated security system which protects the stack
from damage, the implementation of the MPPT could be a hard task. Thereby, the authors have
constructed an operating zone at which up to more than 91% of the maximum generated power could
be extracted. The effectiveness of the proposed algorithm is demonstrated through a comparison study
with conventional SMC. In addition, the stability of QC-HOSM is proven via the Lyapunov theory.

This paper is arranged as follows: Section 2 presents the model of the PEMFC. It includes the
properties of hydrogen cells and equations that explain their actions. The proposed QC-HOSM
algorithm and the stability proof, as well as the step-up converter operating principle, are presented in
Section 3. Section 4 explains the experimental system. The results and discussions are presented in
Section 5. Finally some conclusions are presented in Section 6.

2. Proton Exchange Membrane (PEM) Fuel Cell

Proton exchange membrane (PEM) fuel cell is a device that is capable of converting chemical
energy into electrical energy. It is considered as one of the best and smallest species thanks to the
energy it produces. As shown in Figure 1, a PEM fuel cell consists of an anode and cathode supplied
with hydrogen and oxygen, respectively. These two elements are separated by an electrolyte and two
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catalysts, that are usually made of platinum [29-31]. When the hydrogen enters the cell, the catalyst of
the anode separates it into protons and electrons. The membrane (Electrolyte) allows only the protons
to pass while the blocked electrons will pass through the bipolar plates, and generates a constant
electric direct current (DC). At the catalyst of the cathode, the electrons and the protons are combined
with the presence of the oxygen to form water and heat [32,33]. The reaction equations are given in
Equation (1)—(3) [27]:

Cell : 2Hy + Oy = 2H,0 )
Anode : 2Hy = 4H" + 4e~ )
Cathode : Oy +4H" 4+ 4¢~ = 2H,0 3)

Electrons

Bipolar plate
Fuel In =—p o® % <= Oxygen In
> o ®
@ o
‘0 Y @
S 0. Solid
Fuel Out <= Polymer —_— Produci ‘Water
Electrol; Heat
Catalyst LA | . Catalyst

Figure 1. Proton exchange membrane (PEM) fuel cell operation mechanism diagram.

The Nernst equation, which is given in Equation (4), shows the relationship between the
open-circuit voltage in the standard conditions (T,; = 298.15[K]), and the voltage of the fuel cell
(Ecerr), in different temperatures and pressures [34-38].

AG  AS R-T 1
Ecell = ﬁ - ﬁ : (T_ Tsd) + ﬁ : [ln(PHz) + E ’ ln(POZH' (4)
where, AS, AG, Pp,, Py,, T, R and F, are respectively the entropy losses (kJ/mol-K), the Gibbs
free energy (J/mol), inlet oxygen gas pressure at the cathode, inlet hydrogen gas pressure at the
anode, the fuel cell operating temperature (kelvin), the universal gas constant (J/K-mole) and the
Faraday’s constant (C/mol) [35]. By substituting these parameters by their values, Equation (4)
becomes as Equation (5) [34]:

R-T 1
Eee1 = 1229 —0.85-107% - (T — Tyy) + 5 [In(Py,) + 5 In(Po,)] (5)

The fuel cell terminal voltage is given in Equation (6) [34-38]:
VFCf = Ecett = Vact — Vonm — Veon (6)

where, Vict, Vonm, Veon are the drop in the open-circuit voltage of the fuel cell. They are also called
over-voltage, overpotential or losses.

The activation losses (V,¢t) occurs due to the energy of interaction between gases, especially
oxygen. Its equation is given in Equation (7) [36]:

Vot =61+ T- [82+83~l?l(coz)+84~ln(i)] )
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where, £1_4 are parametric coefficients, and C,; is the oxygen concentration in catalysts [36].

The ohmic losses (V,},,,) occur due to the creation of ohmic resistance in front of the transit of
electrons that takes place in the bipolar plates R;;, and due to the transit of protons through the
electrolyte R. [36]. The calculation of these losses can be done with the Ohm’s law as given in
Equation (8) [37]:

Vorm =1+ (Rm + RC) (8)

The concentration losses (V) occurs at high current densities, and also when the reaction gases
do not reach the electrodes sufficiently. These losses can be calculated using Equation (9) [37]:

I

]mux

VCOl’l = K- ln(l — (9)
where |, Jux and a are respectively the current density, the maximum current density and a
constant parameter.

The stack fuel cell power is obtained from Equation (10) [34,38]. Where, V,j; is the cell voltage,
N is the number of cells and Sy, is the PEM surface.

P: NfC'VFCf']'Spgm (10)
3. Electronic Power Interface

3.1. Step-Up Converter

The step-up converter, also named DC-DC boost converter, is widely used in many applications
such as photovoltaic, fuel cells and wind power systems [39—42]. As shown in Figure 2, a DC-DC boost
converter consists of inductance (L), switching element (transistor), a diode (D) and a capacitor (C).
It is an adaptation stage where it acts as an interface between the two elements, source and load.
Thus, it takes the input voltage and converts it to a higher voltage output. In addition, it ensures
through a control action, the extraction of the maximum power from the source. To this end, the stack
voltage must be set to equal the required value at which the maximum power could be attained.

Diode
Boh— —p—
l L
v Vin ‘1 Og —__C g Vout
d

Figure 2. DC-DC boost converter.

The relationship between the input and output voltage can be determined as Equation (11),

while D is the duty cycle [43].
1

1-D

DC-DC converter can operate in two different modes: continuous conduction mode (CCM) and
discontinuous conduction mode (DCM). However, in this work, the DC-DC converter is designed
based on the CCM. Figure 3 shows the signals of the voltage and current of the inductance (L) [44].
Thus, the operation of the CCM is divided into two distinct intervals. The first one, when the switch K
is “on” for a period of time t,,, the current passes from the source through the inductance, where it

Vout - : Vin (11)
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increases linearly to its peak I;,x. The second one, when K is “off” for a period of time ¢, i the current
flows through the inductance, the diode, the capacitor and the load. During this time, the power stored
in the inductance will be converted to the load. In this case, the output voltage will be higher than the
input voltage.

Ts

ton i toff ; ton

PWM

Vin

VL

Lo Vin-Vout
,peal

Figure 3. Inductance current and voltage signals in continuous conduction mode (CCM).

By using the Kirchhoff law in terms of switching command, the description of the boost converter
state-space can be represented as Equation (12) [35]:

x'l B 0 uzl
: - 1—u 1
X2 T TRC

where x = [x, xz]T, X1 represents ij, xp represents v, and u represents the converter control input.
The closed-loop system including the PEMFC, the converter, the controller and the load,
are presented in Figure 4

O -

X+ Vicy (12)

DC

Fuel cell stack

Qoo r

DC

Iref Control

Figure 4. Closed-loop system.
3.2. Quasi-Continuous High Order Sliding Mode Control (QC-HOSM)

The higher-order sliding mode has recently been developed by [45] according to the principle
of homogeneity [46]. This type of control belongs to the theory of systems with variable structure.
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It ensures the convergence of the state towards the origin in finite time. In this work, the QC-HOSM
has been applied to drive the step-up converter to hold the PEMFC at an optimal power point and to
ensure the reduction of the chattering phenomenon, as well as to prolong the PEMFC lifetime. In order
to design the controller, we consider the nonlinear system described by Equation (13):

x = f(t,x)+g(t,x)u (13)

where, f(t,x) and g(t,x) are nonlinear functions, u is a discontinuous and bounded command
depending on the state x and time f. The tracking error ¢, is defined by Equation (14), while x,
represents the desired current.

er = X1 — Xy (14)

The general formula of the sliding surface is defined by Equation (15) [47]:

d

5= (5

t
Ayt /0 edt (15)

where 7 is the system’s relative degree (n = 2), A is a positive constant chosen by the operator. It should
be noted that a large value of A implies a fast system response. However, very fast response can lead
to overshoot or even system instability. On the other hand, low value of A implies a slow system
response but this leads to decrease the overshoot. Thereby, the sliding surface also can be written as
Equation (16):

t
s—e + A / erdt (16)
0
Using Equations (12), (14) and (16), the surface derivative can be expressed as Equation (17):

1 X
§= z(VFcf—xz)+Aer+fu (17)

To design the QC-HOSM, the uncertain second-order system should be written as Equation (18)
S=1(x,t) +y(x, v (18)

where v = 1 is the command derivative, {(x, t) and y(x, t) are determined by Equation (19):

. 1
(VFcf—xz) FAe+ ¢ (f2-u+xp-1)

1 1. .
Vpcfx2)+/\( (Vpcf*x2)+L.X2 u)+L(x2~u+x2ou)

1xu
12

1
i — 1)k + Vics + A — D)x +AVFCf] + X2 (19)
<~

[ Y

e el e e e

(
[ u— 1 XQ + Vpcf + )\(u — 1)x2 + /\VFCf}
[

Assuming that ¢(x, t) and y(x, t) are bounded as Equation (20) [48]:
| $(x,8) [< Co,0 < Ko <[ 7(x,8) [< Ky (20)

where Cy, Ky, K,, are positive constants. The command law v is the sum of two components,
the equivalent component, and the discontinuous component. It can be written as Equation (21):

V = Veq + Vsw (21)
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where, v, is the equivalent control proposed by [47]. It is deduced from the relation of (§ = 0). Its main
role is ensuring that the system hits the sliding surface. The equivalent control can be expressed as
Equation (22):
1 , .

Veg = —% =Ty [(u —1)x% + Vpcr + A(u — 1)x2 + AVecy] (22)
Vs is the switching control. Its key aim is to ensure the stability and the convergence by holding the
system on the sliding surface. In this work, we propose the switching control as Equation (23):

§ + |s|V/2sign(s)

S RN =

where, the parameter « could be determined using the condition given in Equation (24) [48].

- Ky < Co (24)

In order to prove the stability, the following Lyapunov function is proposed: F = %s’z. The time
derivative of this function is calculated in Equation (25).

F = &
= s(p+v)
/1 L 1
- <L [ (0= 1)sg - Ve + Mu = 1)z + MVey] + szv>
/1 . :
= 3 <L {(u — 1)X2+VFCf+/\(”—1)x2+)‘VFCfD +

X 1 ) . §+ |s\1/zsign(s')
§—= <_x2 {(u—1)x2—|—Vpcf+/\(u—1)x2+)\VFCf} - W (25)

xo . $+|s|V/%sign(s)

_ —_X s — -
L s+ [s[172
X2 . .. s-sign(s)+|s|V/?
= —a-—-$-sign(s) -
L8 T g
x2 . s+ Is|t/?
= —a- s
L P e 1 Js)172
= —a- 7l
o L

< 0
F> 0and F< 0, therefore, according to the Lyapunov theory, the PEMFC system is stable.

4. Experimental Device Overview

The principal objective of this section is to validate the proposed QC-HOSM controller over a real
fuel cell system. First, the QC-HOSM is configured and installed in the Matlab/Simulink environment,
and then, it is loaded into the DSP card system for real-time operation. The experimental test bench,
including the FC50 fuel cell, programmable load resistance (BK-PRECISION), dSPACE DS1104 card,
workstation computer and step-up converter, are presented in Figure 5.
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1-Monitor f&

2-DC/DC boost converter
3-Electronic variable load
4-DSCPACE DC1104

5-Hydrogen flow meter
6-lithiumhydride cylindre,10 bar
7-Manometer

8-PEMFC 50W

9-controller board

Figure 5. Integrated experimental system.

The fuel cell FC50 stack characteristics are listed in Table 1. It is composed of ten cells that
are able to generate power up to more than 50 W at DC voltage equal to 5 V. It is alimented by a
hydrogen cylinder, which is linked to a manometer to reduce the inlet pressure. It also consists of
an external ventilator that provides oxygen and cooling to the stack. The controller board 9 is the
main component of the fuel cell auxiliaries. It plays the role of the distribution centre for all the data
among the fuel cell components such as the software, the hydrogen flow meter, the fans and the
temperature sensors. It has many functions such as measuring the system parameter, controlling
the fans, connecting/disconnecting load by integrated relay, communicating to the PC, providing
simple operation, protect the stack from short circuits and over-loads, as well as ensuring the safety of
the PEMFC.

The control of continuous systems in real-time is done using a PC connected to the dSPACE
DS1104 card, which has a powerful central processor MPC8240 with a frequency speed up to 250 MHZ.
It also contains eight digital to analogue converters (DAC) and eight analogues to digital converters
(ADC). These converters are related to a specific signal. As shown in Figure 6, whose supplied voltage
is between —10V and +10V. The dSPACE DS1104 uses two types of ADC: four multiplexed ADC
converters (ADC-C1 to ADC-C4) for the channels signals (ADCH1 to ADCH4), with 16-bit resolution
and signal-to-noise ratio SNR > 80 dB and four ADC converters (ADC-C5 to ADC-C8) for the channels
signals (ADCHS5 to ADCHS), with 12-bit resolution and signal-to-noise ratio SNR > 70 dB. In addition to
that, it has several interfaces, including digital input and output as well as incremental encoders. It also
has a DSP slave, the TMS320F240 DSP, which is used to generate the PWM signals. Where this latter
is used to control the step-up DC/DC converter. The control process is built through the following
three stages: construction of the control system using Simulink blocks, simulation of the system to
display the results in different scenarios and finally the execution of the model in real-time through the
DS1104 card.
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Table 1. FC50 fuel cell stack technical data.

Specific Properties Symbol Parameters
PEM fuel class FC50 PEM fuel cell
Dimensions Wx DxH 12 x10.3 x 13.5cm
Number of cells Ny, 10 Cells
PEM surface area Spem 25 cm?
Operating fuel H; Hydrogen gas
Cooling system - Integrated ventilator
Stack weight - 1150 g
Open-circuit voltage Voc 9V
Nominal stack voltage Viominal 5V
Nominal stack current Liominal 8 A
Maximum generated current Lnax 10 A
Nominal stack power Prominal 40W
Maximum generated power Prax 50 W
Operating temperature range T 15°C-50°C
Maximum start temperature Tstart 45°C
Inlet-Outlet pressure kit 15 bar - 1-15, 0.6 bar
Inlet-Outlet pressure kit 200 bar - 200, 1-15 bar
Hydrogen purity - 5.0 (99.99 %)
Hydrogen input pressure - 0.4-8 bar
Rated hydrogen consumption - 580 sml/min
Maximum hydrogen consumption - 700 sml/min

-1 ;
s > 0.5010.52 <l E
DS1104ADC_C8 Discrete FIR Filter 4
ADG > 0.5+10.Sz-1 5
' ) i
DS1104ADC_C7 Discrete FIR Filter 3 Low-pass Filter 3 -
0.5+0.5z-1 1 SRR =
Gl e A <
DS1104ADC_C5S Discrete FIR Filter 2 Low-pass Filter 2 A B ' » m
0.5+0.5z-1 T
ADC > > = >
1 0 > > ]
Saturation4 ;
DS1104ADC_C6 Discrete FIR Filter 1 Low-pass Filter 1 >[I ]

>
- g 4:'—» PWM Channel 1
_ Y > 3PWM Channel 2
- »{ Vout , ) PWM Channel 3
NPWM Channel 4
=S “ DS1104SL_DSP_PWM3

Iref QC-HOSM

Figure 6. Connection signals with DS1104.

The step-up DC/DC converter is constructed by the research-group-TEP192, Huelva University,
Spain. Its characteristics are listed in Table 2.
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Table 2. Step-up converter characteristics.

Components Symbol Parameters
Schottky Barrier Diode SBD MURF1560 GT
Input Capacitor Ciy 1500 pF
Output Capacitor Cout 3000 uF
Inductance L 6 uH
Max input-output current Linmaxs LoutMax 20-20
Max input-output voltage VinMaxs VoutMax 60-200 Volt
Insulated gate bipolar transistor IGBT HGT40N60B3
Switching frequency Fsw 20 KHZ

5. Results and Discussion

Figure 7 shows the FC50 current-potential (I-V) and current-power (I-P) characteristics curves
for different operating temperatures. According to this figure, it is notable that the FC50 performance
is improved by enhancing the temperature from 20 °C to 46 °C. This could be interpreted by the raise
of the membrane conductivity. However, for temperatures up to more than 46 °C, the membrane
starts to dry, which causes a lack of the relative humidity. As a consequence, a drop in the fuel cell
performance has occurred.

10 T T T T T T T T T 30
95
—o— T=26C°, Fans set at automatic mode. 25
9 —eo— T=33C", Fans setat automalic mode.
T=41C", Fans set at automatic mode.
T=20C’, Fans set at automatic mode.
8.5 A —0b— T=28C", Fans setat automalic mode.
\ —+— T=46C°, Fans set at automatic mode. 20
\\ —o— T=22C’, Fans set at automatic mode.
8 ‘: +- T=44C°, Fans set at automatic mode.
2 \ —0— T=36C", Fans setat automatic mode. z
& \’ —o— T=48C’, Fans set at automatic mode. <
East 415 5
= =
S X s
> RN ~
1+ \\ *
Y
NN
~_ 110
65
6+
-5
55
s 1 1 0
0 0.5 1 1.5 2 25 3 35 4 45 5

Current(A)

Figure 7. Graph showing the characteristics of current—potential (I-V) and current-power (I-P) for a
different temperature.

Aiming to hold the PEM fuel cell operating at an adequate power point, the MPPT algorithms
are used. However, due to the integrated security system which protects the stack from damage,
the implementation of the MPPT could be a hard task. Hence, it prevents the fuel cell to operate with
high currents in the concentration zone at which the locale of the maximum power. In other words,
the operating current which corresponds to the MPP could be near to the maximum generated current
at which the security system turns the fuel cell off so as to protect the membrane from the damage.
Therefore, it is not possible to achieve the MPP value experimentally. To deal with this condition,
the authors have constructed an operating zone, as shown in Figure 7, at which up to more than 91%
of the maximum generated power could be extracted.

In order to reveal the effectiveness, and the performance of the QC-HOSM control, load resistances
are varied from 20 Q) to 50 () at time t = 25 s, and from 50 Q) to 20 () at time t = 45 s. Furthermore,
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to find out the advantages of the proposed QC-HOSM algorithm, a comparison study is done with
conventional first-order SMC. The proposed controller coefficients used in this work are enlisted in
Table 3.

Table 3. Quasi-continuous high order sliding mode (QC-HOSM) gain parameters.

Parameters Value
A 0.5
o 0.1

Thus, Figure 8a shows the duty cycle signal for both algorithms. It is noticed that both of the
algorithms show a soft and smooth rise to the desired reference value. However, it is clearly shown
that the proposed QC-HOSM algorithm effectively overcomes the drawbacks of the conventional first
SMC by reducing its chattering phenomenon. Figure 8b,c show the FC50 current and voltage signals.
The effectiveness of both algorithms when experiencing significant changes in load resistance is clearly
demonstrated at t = 25 s and t = 45 s. Hence, at the instant t = 25 s, the SMC shows an undershoot
current of 1 A, and an overshoot voltage of 0.54 V. For the instant f = 45 s, an overshoot current of 2.1 A,
and an undershoot voltage of 0.96V. On the other hand, at the instant t = 25 s, the QC-HOSM algorithm
shows an undershoot current of 1.85A, and an overshoot voltage of 1 V. For the instant t =455,
an overshoot current of 3.63 A, and an undershoot voltage of 1.82 V. However, these undershoots
and overshoots appeared only for short durations and then, they converge to the reference value.
Thus, at the instant t = 25 s, the response time of the SMC and the QC-HOSM are only 0.33 s and
0.74 s, while at t = 45 s they are 0.42 s and 0.92 s, respectively. Therefore, high robustness against load
variations is achieved using both algorithms. The effectiveness of the proposed QC-HOSM over the
conventional SMC appears in its capability to reduce the oscillations. Hence, chattering reduction of
84% could be attained. Figure 8d shows the trajectory of the generated power. It is obvious that the
operating zone, which is already presented in Figure 7, is achieved with high robustness and global
stability of the closed-loop system. The chattering magnitude using the conventional SMC is in the
range of 20 W and 26.6 W, while it is only in the range of 22.57 W and 23.55 W using the proposed
QC-HOSM algorithm. It is therefore proven that the proposed algorithm succeeded in decreasing
the chattering effect, which will improve as a consequence of the fuel cell efficiency, lifetime and the
dynamic system behaviour.

ANy ]
\ \
\/A‘. V| [—smc
—— QC-HOSM
L
55

46
60

Current (A)

b

RTqc=0.74s

, i
~ || USqc=1.85A

| SSOsmc=1.49A| [ss0qc=0.224]

\ RTqc=0.92s
. )

T T
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——— QC-HOSM | 4
«—| 0Sqc=363A
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L
40 45 50
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Figure 9 shows the behaviour of the step-up DC-DC converter output voltage, output current
and output power, as well as the load resistance variation. According to this figure, despite facing
sharp resistance variation, the QC-HOSM shows gradual and smooth movements to the desired
voltage at which the system runs in the operating zone. Furthermore, high performances such
as low response-time, great robustness, high precision, as well as outstanding dynamic behaviour,
are achieved.
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Figure 9. Step-up converter output signals; (a) output current; (b) output voltage; (c) output voltage;
(d) load variations.

According to these results, it is noticed that the SMC and QC-HOSM show a good behaviour
against load resistance variations. However, it is clearly seen that the advantage of the QC-HOSM
is its effectiveness to reduce the unwanted oscillation (chattering effect) with significant value.
Thus, a chattering reduction of 84% is obtained which, as a consequence, will increase the accuracy
and the overall system efficiency.

6. Conclusions

The objective of this paper is to improve the performance of the PEMFC system by using a specific
control algorithm. The model of the entire PEMFC system has been established and studied so as
to facilitate its analysis. The PEMFC is interfaced by a high step-up DC-DC converter. This study
also presents the application of two non-linear control command approaches for regulating the
PEMEFC current. The first approach is the conventional SMC. However, although this latter has
given satisfactory results in terms of control robustness in a real-time, its chattering phenomenon still
bears a significant problem since it reduces the accuracy and the overall system efficiency. However,
to overcome these drawbacks, a QC-HOSM is proposed so as to maintain the robustness of the
conventional SMC and to enhance the efficiency of the overall system by decreasing the chattering
phenomenon. It has been demonstrated through experimental results that the proposed QC-HOSM
effectively keeps the system operating at the adequate power point even under large load resistance
variation. In addition, it has been clearly proven the effectiveness of the proposed algorithm over the
conventional SMC. Thus, a reduction of 84% in the chattering effect is achieved which, accordingly,
will increase the accuracy and the overall system efficiency.
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Abbreviations

The following abbreviations are used in this manuscript:

PEMFC proton exchange membrane fuel cell

SMC

sliding mode control

QC-HOSM  quasi-continuous high order sliding mode controllers
DSPACE Digital Signal Processing and Control Engineering

PI proportional-integral

PID proportional-integral derivative

PWM pulse width modulation

SSM small-signal model

MPPT maximum power point tracking

PSO particle swarm optimisation

P& O perturb and observe

ICSM incremental conductance sliding mode

INC incremental conductance

STA super twisting algorithm

FL fuzzy logic

PV photovoltaic

FLC fuzzy logic controller

NN neural networks

DC direct current

cCM continuous conduction mode

DCM discontinuous conduction mode

DAC digital to analog converter

ADC analog to digital converter
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