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1. Introduction

Carbon dioxide emissions are a concern for the developed world because of their adverse
environmental and health impacts. The increase in the world's population and the increase in
energy demand pose a problem in increasing harmful emissions from conventional electricity
generation. Today; all eyes are on hydrogen energy, part of the chemical composition of water
H>0. Hydrogen is characterized by its lightness, rapid diffusion and combustion. Its burning is
a source of energy. Energy is essential to our daily lives and meets the world's growing needs,
while reducing carbon dioxide emissions is the crucial issue of our time. When we look at the
history of global energy policies, we can clearly notice that a different source is chosen every

few decades, reflecting our creative evolution over time [1].

Energy changes with time, and society evolves with it. In January 2017, the World Hydrogen
Council, a global initiative to use hydrogen as a new energy, was established with the
participation of 13 leading companies in the world in the fields of energy, transport and
manufacturing. In September 2018, 53 new companies joined the initiative; many hopes
complicate the expansion in the use of hydrogen energy. On 23 October 2018, the first

international conference on the prospects for the use of hydrogen gas was held in Tokyo [1].

Fuel cells, more generally, the hydrogen sector is an interesting way to valorize the chemical
energy contained in various fuels, with a very good efficiency, in the noble form of electrical
energy. There are six fuel cell technologies currently available in the market differ from each
other in terms of the chemical nature of the electrolyte, the operating temperature and the choice
of fuel [2][3]. These types of fuel cells are: Solid Oxide Fuel Cell (SOFC), Proton Exchange
Membrane Fuel Cell (PEMFC), Alkaline Fuel Cells (AFC), Phosphoric Acid Fuel Cell (PAFC),
Molten Carbonate Fuel Cell (MCFC) and Direct Methanol Fuel Cells (DMFC) [2][3]. One of
these is considered the best due to its multiple advantages such as: delivers clean energy, a low
operating temperature, a high overall efficiency in cogeneration (electricity and heat) up 60%,
fast start-up. The PEM fuel cell occupies a wide space in several applications like mobile,

residential, electric vehicle and space applications [4-6].

The energy produced by the PEMFC is closely related to a set of factors such as the partial gas
pressure of hydrogen and oxygen, the stoichiometry, the cell temperature and the water
membrane content (WMC) [7]. However, under constant operating conditions, we only find
one point on the Power-Current curve, which shows the maximum power point (MPP), where

the PEMFC system produces it’s the maximum power. Hence, a MPP tracking (MPPT)
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algorithm is wanted for the PEMFC system to raise the efficiency. In the In our study[8], we
present a review of some representative studies on fuel cell MPPT in the last decade, in which
has seen a huge development of the MPPT controller for fuel cell power systems, among them:
Perturbation and Observation (P&O)[9], Incremental Conductance (IC) [10], Eagle Strategy
(ES) [11], Extremum seeking control (ESC) [12], Fuzzy Logic Controller (FLC) [13], Particle
Swarm Optimization (PSO) [14], Sliding Mode Control (SMC) [15], Artificial Neural
Networks (ANN) [16], etc.

Power electronic interfacing circuit is called power conditioning unit. It is necessary for PEM
Fuel Cell based systems to condition its output DC voltage. It converts the DC voltage to AC
voltage. The FC source is connected to the load or grid through inverter which must be

synchronized with the grid in terms of voltage and frequency (Fig. 1).

Fig. 1. Grid-connected fuel cell power system.

The major technical contributions of this paper are:

— . Enriching the literature with new technology by using stateflow chart for design the

algorithm of MPPT and the inverter.

. Reducing the response time, overshoot, oscillations around MPP and ripple.
— . Improvement the performance of PEMFC

— . Decreasing the fluctuations/disturbances allow increase the life of the PEMFC.

. Showing the Vss IC MPPT as robust technique under variations operating conditions

(temperature and water membrane content) compared to Fss IC MPPT.

The remaining of this paper is organized as follows: section 2 describes the PEM fuel cell

modeling. The DC-DC boost converter, the MPPT control algorithm as well as the DC-AC
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converter are presented in sections 3, 4 and 5, respectively. The main results and discussion are
given in section 6. While section 7 gives the main conclusions are set out in giving some

perspectives for future works.

2. Description and Modeling of PEM Fuel Cell

The overall chemical reaction in the fuel cell stack is located in each primary cell. Therefore,
the primary cell requires several of basic constituents and has mechanical, chemical and
electrical properties specific to ensure a good performance in the fuel cell stack. The polymer
electrolyte membrane fuel cell particularly (PEMFC) is composed generally the principal
elements following: electrolyte (membrane), electrodes (anode and cathode), diffusion layers
and bipolar plates [17].

PEMFC is an electrochemical device that produces electricity, heat and water from two
separated chemical reaction and this is done only by presence two chemical elements hydrogen
and oxygen [18]. The hydrogen used as a fuel is introduced on the side of the anode, while

oxygen as an oxidant is introduced on the side of the cathode (Fig. 2).

O;
Hz
D
- +
Output Unused Output Unused
H, ) O, +H,0

Fig. 2. PEM Fuel Cell.

The set of these Oxydo-Reduction reactions of hydrogen and oxygen respectively are illustrated

below [19], [20]:

The half-reaction of oxidation of hydrogen will be as follows:
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H, - 2H* + 2e~ (1)
The half-reduction reduction of oxygen will be as follows:

0, + 4e™ - 2072 (2)
The overall reaction taking place at the fuel cell can be summarized as:

H, + %02 — H,0 + electricalenergy + heat 3)
Each cell voltage can be defined by the well-known expression given by [21]:

VFC = Enernst - Vact - Vohmic - Vconc (4)

The output cell voltage which expressed by the equation of Nernst is expected to decrease even
further as a function of current being provided, owing to unavoidable losses. There are three
types of voltage losses inside PEMFC namely the activation, ohmic, and concentration voltage

losses.

Enemst 1s the reversible open circuit voltage depending on temperature (T), oxygen pressure (Po2)

and hydrogen pressure (P2), in which approximated by [22]:
Enernst = 1.229 — (8.5 x 107*)(T — 298.15) + (4.385 X 10~ 5T[In(Py,) + 0.5In(Py,)] (5)
Vet 15 the activation voltage drop occurs in anode and cathode, given by the Tafel equation

[22], [23]:

Vace =81+ & - T+ & T-In(Coz) + &4 - T - In(igc) (6)
where &; (i - 1 10 4) are parametric coefficients for each cell; irc is the cell current and Co; is the

oxygen’s concentration defined by:

Po

— 2
Co, = (5.08x106)xexp(——=)’ ()

Vonmic 18 the ohmic linear voltage drop proportional to electric current, occurs due to the ionic
resistance of the polymer membrane to the flow of protons as well as the resistance of the
electrode materials and the bipolar plates resistance to the movement of electrons approximated

by [24]:

Vonhmic = Rohmic-Irc (8)
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where irc is the cell current; Ronmic 1S the sum of the contact resistance R. and the membrane

resistance Rm considered defined by:

181.6X

1+0.03x(iFTC)+0.062x(%)Z(iFTC)2'5]
i

[cp—0.634—3x(TC)]exp(4.18x(T—$))

¢
Ry = X = )
where ¢ is the thickness of membrane (cm), § is the cell active area (cm?) and ¢ is membrane
water content.
Veone 18 the concentration voltage drop from the transport of hydrogen and oxygen

approximated by [25]:

i (10)

RT
Veone = T %F ln(]- -
where R is universal gas constant, F is Faraday’s constant, k is number of electrons participating
in reaction and I, 1s the maximum current density.
The parameters values of constants mentioned in the above equations are listed in Table 1

Table. 1 PEM fuel cell modeling parameters.

Parameters Value Unit
F 96485.309 C/mol
R 8.3144 J/mol K
£, -0.9514 A%

£, 3.12x10° V/K
&, 7.4x107 V/K
&, -18.7x107 V/K
Rc 0.0003 Q

¢ 0.0178 Cm

S 16 cm?

K 2 /

By substituting all sides of equation 4 with their expressions into the equations 5, 6, 8 and 10,
the characteristics curves (V-I) and (P-I) of the PEMFC are shown in Figures 3 and 4 were
established for operating conditions constant at a temperature of 25°C and membrane water

content equal to 14. Table 2 gives the parameters of the 5.5kW PEM fuel cell:
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Table. 2 PEM Fuel Cell Parameters.

Parameters Value
Maximum power at MPP (W) 5500
Cell open circuit voltage (V) 1.29
Number of cells 500
Cell active surface (cm?) 16
Hydrogen partial pressure Hz (bar) 2.6
Oxygen partial pressure O (bar) 0.3

Fig. 3 5.5kW PEMFC V-I Characteristic.

Fig. 4 5.5kW PEMFC P-I Characteristic.
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The characteristics curves of PEMFC voltage and power given in both Fig. 3 and Fig. 4, are
nonlinear functions of PEMFC current, the power increases gradually to the maximum power
point produced by this model and then decreases.

Fig. 5 and Fig. 6 present the characteristic (P-I) of the fuel cell system according to the
variations of temperature and membrane water content, respectively. From these both
characteristics the output power of the PEMFC is a nonlinear function of current and it is highly
influenced by the operating conditions temperature and membrane water content. Each curve
has a MPP at which the fuel cell array operates with the highest efficiency. Thus, the use of

MPPT controller is necessary.

Fig. 5 5.5kW PEMFC P-I Characteristic under temperature variations.

Fig. 6 5.5kW PEMFC P-I Characteristic under MWC variations.
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3. DC-DC Boost Converter

The elevator chopper or boost converter is used as an interface between the photovoltaic
generator and the inverter; their components are the inductances, capacitor, the diode and the

thyristor (Fig. 7).

Fig. 7. DC-DC Boost converter.

Boost converter circuit operation can be divided into two phases according to the state of
opening and closing of the thyristor as given in equation bellow:

5= {0 Thyristor open

1 Thyristor closed (11)

The application of the Kirchhoff laws on the equivalent circuit of the Boost converter for a
period of operation [0-Ts], gives the following equation [25]:

dVpc _ i . o
i G (ipc — 1)

di 1
= Vee = (1= §)Vour) (12)

dVou 1 ) .
th = C_z ((1 - S)lL - lout)

where (ipc, Vrc) and (iout, Vour) are input and output current and voltage; respectively; ir is the

inductance current, Ci, C and L are capacitances and inductance values.

The output voltage is given as a function of the input voltage and the following duty cycle

according to the following equation [26]:

%4
Vour = % (13)
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The capacitor and the inductor must be properly dimensioned to maintain a voltage at its

terminals and current constant with a tolerated ripple.

— VEcXD (14)
Al xFs
Vout XD
C= —_Jout™” (15)
AVoutXFsXRpoad

The simulations were performed on boost converter with the following parameter values

mentioned in Table 3:

Table. 3 DC/DC Boost Converter Parameters.

Parameters Value
Inductor L (mH) 2
Capacitor C (uF) 200
Switching frequency Fs (kHz) 10

4. MPPT control algorithm

Several techniques have been developed to determine the MPP. In this simulation, a boost
converter is used as a maximum power point tracker. The control signal is generated to control
the switch state. The control circuit adjusts the duty cycle of the switch control waveform for
maximum power point tracking. The variable step size incremental conductance MPPT
controller is introduced for PEMFC to improve the drawbacks of the conventional fixed step
size IC MPPT and represented in three points are: high oscillations around MPPT, slow

dynamic response with overshoot and ripple [27].

The output current and voltage of the PEMFC are measured to calculate the conductance and
the incremental conductance. The tracking MPP from the P-I characteristics correspond to the
extent to which the relationship is achieved the derivative of PEMFC output power in relation

to current [28]:

dp _

®_g (16)

Equation (16) can be rewritten as:
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dP _ d(IxV) av _

S=C0=v+ixT=0 (17)
(S =-1atMPP
{i—‘l’ > — 2 atleft of MPP (18)

li—\: < - % at right of MPP

The Stateflow chart implementation of the IC MPPT is presented in Fig. 8

Fig. 8. Stateflow chart of the IC MPPT.

The calculation of the step size is given by:
D(k)=D(k—1) + .| (19)

where D(k) and D(k-1) are the duty cycle at instants k and k-1; a is the fixed step size; dP and

dI are power and current change.

The equation (19) implemented in Matlab using Stateflow chart is presented in Fig. 9
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Fig. 9. State flow Equation (19).

5. DC-AC Converter

The role of the three-phase inverter is to pass the continuous electrical power to the grid. The
output of the inverter can take three voltage levels depending on the DC source voltage and
switch states. Voltage inverters can be controlled according to several strategies. At high
frequency, they are controlled in pulse width modulation. Pulse width modulation (triangle sine)
is realized by comparing a modulating low frequency bung (reference voltage) with a high
frequency carrier wave of triangular form. The switching times are determined by the
intersection points between the carrier and the modulator, the switching frequency of the

switches is fixed by the carrier (Fig. 10).

Fig. 10. State flow DC-AC.
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6. Results and discussion

As first step in this simulation is the design of PEMFC by the determination of numbers of cell
and the active area. The highest voltage of a PEMFC cell is approximately 0.5V and the current
density is 1.4A/cm?, this voltage and current density corresponds to the maximum power
delivered by the PEM Fuel Cell. We have developed a fuel cell which has 500 numbers of fuel
cells connected in series with active area about 16cm?. This number of cells corresponds to five
stacks connected in series, each stack is an assembly of 100 cells in series. The stack produced
maximum power reaches 5.5kW, the output current; voltage and power are shown in Figures

11 to 13.

Fig. 11. Output Voltage.

Fig. 12. Output Current.
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Fig. 13. Output Power.

Fig. 14. Duty cycle value.

The output of PEMFC is fed to the two-level inverter via DC/DC boost converter. The boost
converter output voltage is shown in Fig. 15 that provides approximately 520V, which
controlled through IC variable step size MPPT to adjust the duty cycle (Fig.14); while the grid
voltages is shown in Fig. 16 The inverter fed by DC bus whose voltage between its terminals
approximately equal 520V. The technique pulse width modulation is used to controller the

switches of inverter. The three delivered voltages take the closest shape that sinusoidal.
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Fig. 15. Output Voltage of Boost Converter.

Fig. 16. Output Voltage of the two-level Inverter.

6.1 Case of temperature variations

Under constant pressure of H2/O2 and water membrane content, we evaluate in this part the
different results of simulation with temperature changing as illustrated in Fig. 17.

Fig. 18 shows the output power using fixed step size (Fss) and variable step size (Vss) IC
MPPTs in case of temperature variation. It is clearly that the operating temperature affected the
PEMEFC performance. Therefore, the PEMFC is sensitive to variation of temperatures and leads

to improvement its performance when recording a rise in the operating temperature.
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Fig. 17 Cell temperature variations.

Fig. 18 PEMFC output power in case of cell temperature variation.

6.1.1 Dynamic performance in case of temperature variations

Fig. 19 present the output power from the interval 0-0.2s corresponding to T=280K. From this
figure, we can see the algorithm Vss IC MPPT has good performance than Fss IC MPPT in
terms of convergence time to reach the output power corresponding (4413w) with 0.004s for
Vss IC MPPT instead of 0.1s for the Fss IC MPPT algorithm. In addition, the Vss IC MPPT
presents one overshoot reach at 2381W compared to Fss IC MPPT presents two overshoot

2381W and 1947W before to stabilize.
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Fig. 19 Response time and overshoot of PEMFC output power for the interval 0-0.2s.

6.1.2 Static performance in case of temperature variations

Fig. 20 present the output power from the interval 1.8-1.82s corresponding to T=320K. The
figure illustrates the ripple for both used algorithms. The algorithm Vss IC MPPT shows fewer
ripples compared to the Fss IC MPPT; in which, , we can see the ripple about the maximum
power (4954W) reaches at its maximum 5w for Vss IC MPPT, while for Fss IC MPPT reaches
at 18W.

Fig. 20 The ripple of PEMFC output power for the interval 1.8-1.82s.
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6.1.3 Output Voltage of Boost Converter and Inverter in case of temperature variations

Fig. 21 and Fig. 22 showed the output voltage of boost converter and the inverter in case of cell
temperature variation respectively. From both figures, we can see clearly the effect of

temperature variation, in which the voltage increased with raises of temperature.

Fig. 21. Output Voltage of Boost Converter in case of cell temperature variation.

Fig. 22. Output Voltage of two-level Inverter in case of cell temperature variation.
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6.2 Case of water membrane content variations

In this part, we change in the water membrane content value as illustrate in Fig. 23 with keeping
both temperature and pressure constant to evaluate the tracking capability of the Vss IC MPPT

controller.

Fig. 23. Water Membrane Content variations.

Fig. 24 shows the corresponding output power.

Fig. 24 PEMFC output power in case of Water Membrane Content variations.
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Like changes of the operating temperature inside PEMFC, the variations of water membrane
content affect the PEMFC performance as shown in Fig. 24. Therefore, the PEMFC
performances increases or decreases dramatically with variation of the membrane water
content. The rising of water membrane content will improve the maximum output power. When
(WMC = 07), the corresponding maximum output power is 3479 W; while it increasing to reach
5500W at WMC = 14. In addition, from Fig. 24, similar as noticed in the case of temperature
change, globally both MPPT controllers track the corresponding output power in case of

membrane water content changing.

6.2.1 Dynamic performance in case of water membrane content variations

Fig. 25 present the output power from the interval 0-0.2s corresponding to WMC=7. From this
figure, the algorithm Vss IC MPPT makes the PEMFC system deliver its maximum power in
less time compared to the Fss IC MPPT algorithm. After 0.004s the PEMFC system with Vss
IC MPPT reaches at its maximum power 3478W instead of 0.01s to reach the maximum output
power corresponding 3478 W with Fss IC MPPT. In addition, the Vss IC MPPT presents good

performance in terms of overshoot compared to Fss IC MPPT.

Fig. 25 Response time and overshoot of PEMFC output power for the interval 0-0.2s.
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6.2.2 Static performance in case of water membrane content variations

Similarly to the case of temperature change, the generated ripple with Fss IC MPPT algorithm
under water membrane content change is higher than Vss IC MPPT as presented in Fig. 26.
From figure, we can see the ripple about the maximum power (5503W) reaches at its maximum

Sw for Vss IC MPPT, while for Fss IC MPPT reaches at 24W.

Fig. 26 The ripple of PEMFC output power for the interval 2.48-2.52s.

6.2.3 Output Voltage of Boost Converter and Inverter in case of water membrane content

variations

Fig. 27 and Fig. 28 showed the output voltage of boost converter and the inverter in case of
water membrane content variations respectively. From both figures, we can see clearly the
effect of water membrane content variations, in which the voltage increased with raises of

temperature.

7. Conclusions

The PEMFC stack is developed in this studied using DC/DC boost converter with two-level
inverter and power system parameters. This model would be useful to define the structure of

grid connected environment. The IC variable step size MPPT is used for controlling the duty
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cycle in order to maintain the PEMFC stack operating at it maximum power and delivered the
desired DC voltage that would feed the grid through inverter after conversion. The PWM is
adopted to deliver the switching pulses of the DC/AC inverter. These controllers facilitate
developing a fuel cell based power conditioning system so that PEMFC stack can be connected

to any grid for meeting power requirements.

Fig. 27. Output Voltage of Boost Converter in case of WMC variations.

Fig. 28. Output Voltage of two-level Inverter in case of WMC variations.
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