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ABSTRACT
This paper presents the air breathing fuel cell (ABFC) power system and its investigation for industrial applications. The ABFC actual 

behaviour is realized through the development of an empirical model by considering activation polarisation, ohmic polarisation and mass 

transport effects. The developed stack model feeds the power conditioning unit of the proposed power system. This paper will throw light on 

the usage of GaN wide bandgap (WBG) material based power semiconductor devices (PSDs) that are used to build 5-level cascaded H-

bridge multilevel inverter and a boost converter. This in turn enhances the energy efficiency of the entire FC power system. These WBG 

PSDs present the phenomenal properties such as high saturated drift velocity, wide bandgap and high critical breakdown field. This 

multilevel inverter is implemented for facilitating a quality AC output besides offering the voltage control. The investigation is carried out with 

the development of power conditioning unit hardware setup besides the fabricated FC module for the validation the developed ABFC model.   
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1. INTRODUCTION

    A fuel cell is an electrochemical device that utilizes 

hydrogen and oxygen to generate electrical power, the by-

products are water and heat. The fuel cell [FC] generates 

power as long as the fuel is supplied. In fuel cells, there is no 

combustion process and operates silently [1]. The fuel cells 

can realize the integration of renewables into electricity 

systems. The fuel cells present the following advantages. 

• High efficiency

• High reliability

• Scalability and flexible siting

• Durability

• Modularity

    The anode and cathode reactions of FC are given by Eqs. 

(1)-(3). 

    2H2 → 4H+ + 4e- (1)                                                         

 O2+4H++4e-
→2H2O  (2)                

Overall reaction: 2H2+O2→2H2O + Electricity + Heat        (3)                    

ABFC does not utilize auxiliary fan as required in other fuel 

cells realized with forced convection and results in reduced 

weight and volume of system, and hence pertinent for their 

commercialization in industrial applications. A single FC 

produces an output voltage of 0.5 V to 0.7 V at the specified 

operating conditions [2]. Moreover, the FC performance 

highly relies on temperature, humidification, flow rate, 

pressure, and also reactant feed to the FC including the load 

dynamics. Nowadays, the required fuel cell power lies in the 

range of few kW to MW. To get desired power and voltage 

levels, a series connection of several FCs is realized by 

forming a fuel cell stack. Many times, step-up converters are 

used for boosting the FC stack voltage. Importantly, the DC-

DC and DC-AC power conditioning unit (PCU) plays a key 

role for enhancing the lifetime of the FCs. The WBG 

semiconductor materials exhibit the phenomenal properties 

such as high saturated drift velocity, wide bandgap and high 

critical breakdown field. These properties have led to the 

development of promising SiC and GaN based PCUs for 

improving the energy efficiency of the entire FC power system 

[3]. The selection of PCU along with proper closed loop 

control attains the robustness of a FC against the current 

ripples. The allowable FC current ripples are strictly less than 

5% of the rated current. The 1-Ø or unbalanced 3-Ø ac loads 

generates a large second harmonic ripple current in the inverter 

dc link. It is important to filter these harmonics before their 

transfer from the dc bus to the FC stack.  Furthermore, the 

multilevel converters are attractive in renewable energy 

supported applications such as industrial drives, distributed 

generation and power quality. The DC-AC converters play a 

prominent role while interfacing the FCs to the grid especially 

in case of a distributed generation [4]-[7]. This paper presents 

the modeling and experimental validation of an ABFC power 

system for industrial applications. The investigation is carried 

out with the development of GaN based PCU hardware setup 

along with a fabricated FC module for validating the 

developed ABFC model. Section 2 and Section 3 present the 

proposed power system and modeling aspects with validation, 

whereas Section 4, Section 5 and Section 6 explore the PCU 

design, experimental results and conclusions. 

2. MODELING OF ABFC POWER SYSTEM

     The different blocks of the proposed power system are as 

follows: 
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• ABFC stack MATLAB/Simulink model.

• GaN based DC-DC and DC-AC converters.

 Figure 1 highlights the schematic of the proposed power 

system.  

Fuel Cell

 Stack

DC - DC

Converter

Multilevel 

Inverter

Industrial 

Applications

Figure 1. Block diagram of the overall ABFC power system   

3. ABFC MODEL IMPLEMENTATION AND 

EXPERIMENTAL VALIDATION

3.1. Implementation of Stack Model 

   The hydrogen/oxygen FC has the standard potential of 

1.229 V at STP (25oC and 1atm).  However, the deviation from 

the equilibrium potential is due to ohmic, activation and 

concentration losses. Eqs. (4)-(10) realize the ABFC output 

voltage [2], [8].  

Fuelcell Opencircuit Activation Ohmic ConcentrationV V V V V= − − −
    (4) 

Opencircuit Nernst CrossoverV V V= −
      (5) 
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Where F, R, V, PSat, p and P are the Faraday’s constant 

(C/mol), Gaseous constant (J/mol.K), cell voltage (V), 

saturation pressure of water, partial pressure and pressure of 

hydrogen in bar. The activation loss is modelled according to 

Eq. (11). 

  Activation

0

RT i
V ln( )

F i
 =


 (11) 

By considering the internal losses in Eq. (12), the activation 

losses are: 

cr
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+
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     (12) 

Eqs. (13)-(18) present the ABFC ohmic loss.  

Ohmic OhmicV i*r =
      (13) 
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  (14) 
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 Where ∆V, AC, L, r, ρ, i and T are the overpotential (volts), 

cell area (cm2), membrane thickness (cm), ohmic resistance 

(Ω-cm2), specific resistance (Ω-cm), current density (mA/cm2) 

and cell temperature (K). GDL means gas diffusion layer. 

Figure 2 presents the development of MATLAB/Simulink 

model of an ABFC based on Eqs. (4) - (19). Figure 3 to Figure 

6 shows the sub blocks of the MATLAB/Simulink model 

highlighting the various losses of the FC. Table 1 shows the 

simulation parameters taken from the data sheets of respective 

manufacturers and also literature [2], [8]. ,  and λ are the 

charge transfer coefficient, conductivity of membrane (S/cm) 

and water drag coefficient. 

Table 1. FC nominal specifications 

Figure 2. The MATLAB/Simulink model of the fuel cell 

stack 

Specification Value 

ρ of GDL 0.0017 Ω-Cm 

Thickness of GDL 0.036 Cm 

ρ of Graphite 0.00231 Ω-Cm 

Thickness of Graphite Flow 

Channel 

0.1 Cm 

LMembrane 0.0178 Cm 

λ 12 

icr 3 mA/Cm2 

Contact Resistance 30 Ω-Cm2 
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Figure 3.   ABFC MATLAB/Simulink model for Open Circuit Voltage 

Figure 4.    MATLAB/Simulink model for Activation Loss 

of an ABFC 

Figure 5.  ABFC MATLAB/Simulink model for Ohmic Loss 

Figure 6.    MATLAB/Simulink model for Concentration 

Loss of an ABFC 

3.2.   Implementation of Stack Model 

The fabrication consists of 5 cm2 active area FC membrane 

electrode assembly (MEA), having 1mg/cm2 Pt/C (40%) 

catalyst loading, and hydrophobisation at anode and cathode 

with    electrolyte membrane of Nafion - 117. Table 2 shows 
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the experimental exchange current density (io) and charge 

transfer coefficient (α) values. Figure 7 shows 850e FC test 

setup and the measured polarisation characteristic of the FC 

are shown in Figure 8. Figure 9 highlights the validation of 

simulated FC voltage characteristics with that of 

experimentally measured values at 45oC. A good match is 

observed between the attained characteristics. 

Table 2. ABFC electro chemical parameters 

      Figure 7.  Fuel cell test System 

Figure 8.  ABFC Polarisation characteristic 

         Figure 9.  ABFC Validation at 45oC 

4. GALLIUM NITRIDE BASED POWER 

CONDITIONING UNIT

Recently, power conversion using multilevel inverters is 

fulfilled for electric utility and drives applications [9]-[11]. 

These converters are suitable to visualize a near sinusoidal 

voltage from different DC power sources such as solar PV 

cells, hydrogen energy, batteries and ultra-capacitors. The 

total harmonic distortion depends on the output voltage levels. 

Nowadays, there exits the three commercial multilevel 

converters namely diode clamped, cascaded H-bridge (HB) 

and flying capacitor multilevel inverter (MLI) topologies. The 

flying capacitor MLIs are effective in high band-width and 

high switching frequency applications. The cascaded H-bridge 

type is used in reactive power compensation, uninterruptable 

power supplies etc. The diode clamped MLIs are designed for 

conveyors, fans, pumps and back-to-back applications. 

However, the cascaded HB MLI is widely used as it needs less 

number of components, eliminates the need of a bulky 

capacitor and reduced size compared to the other MLIs. But, 

based on the level, they need more number of isolated voltage 

sources. The schematic diagram of a GaN cascaded HB MLI 

is depicted in Figure 10.  

Hybrid FC/

PV/SC 

System #1

Hybrid FC/

PV/SC 

System #n

Hybrid FC/

PV/SC 

System #2

V01 V03
Phase a

V02

 Figure 10. Schematic diagram of cascaded HB MLI 

This paper highlights the application of a carrier based 

alternative phase disposition (APOD) sinusoidal pulse width 

modulation (SPWM) technique for voltage control as well 

α IO

     25 o C 0.974  0.973 mA/ cm2 

     45 o C 0.638  1.6812 mA/ cm2 
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minimizing the harmonics. For N levels, (N – 1) carrier 

waveforms exists, and each carrier is out of phase with its 

accompanying carrier by 180°. The input dc voltage for the 

cascaded HB MLI comes from a FC stack via boost converter. 

The GaN boost converter should have a high voltage gain for 

boosting the lower stack voltage. Figure 11 shows the 

schematic of a wide voltage-gain boost converter with voltage 

conversion ratio given by Eq. (20).  

Out

In

V 1

V 1 D
=

−
      (20) 

Figure 11.  Schematic diagram of a GaN DC-DC boost 

converter 

Table 3 shows the boost converter and GaN multilevel inverter 

design specifications. 

Table 3.  Boost converter and multilevel inverter design 

specifications 

5. RESULTS AND DISCUSSION

The experiment is performed on a GaN based 5-level 

cascaded HB MLI which is fed from a boost converter. Figure 

12 shows the experiment setup of prototype power 

conditioning unit along with a 3-Ø resistive load. Figure 13 

shows the experimental results for fuel cell stack voltage and 

also the voltage mode based boost converter output voltage 

(230 V). The output voltage has a ripple of less than ±5 %. 

Figure 14 (a) and Figure 15 (a) show the comparison of 

simulation and experimental results for the line-line output 

voltage waveform of a 5-level cascaded HB MLI at 

modulation index of 0.9. The corresponding total harmonic 

distortion (THD) plots are shown in Figure 14 (b) and   Figure 

15 (b) with THD values of 18.22% and 20.4%. For getting still 

lower THD, it is important to increase the output level at the 

penalty of increased cost of the multilevel inverter. The GaN 

MLI ensures an efficiency of 98.6% and the boost converter 

with 97.9%. This aggrandizes the overall efficiency of the 

ABFC power system. 

Figure 12.  Experimental setup of the proposed power 

system

Figure 13.  Experimental voltage waveforms of fuel cell 

stack voltage and boost converter output voltage 

Parameter Value 

GaN Boost Converter 

Fuel cell stack voltage (or) 

Boost converter input voltage 
30 ~ 45 V 

Output voltage 230 V 

Inductor (L) 200 µH 

Capacitors (C) 0.016 µF 

Switching frequency 100 kHz 

GaN Cascaded HB MLI 

DC link voltage 230 V 

Carrier frequency 2 KHz 

Load resistance/phase 100 Ω 

Output power 200 W 
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(a) 

 

(b) 

Figure 14. Simulation results of a three phase GaN 5-level 

cascaded HB MLI. a) Line-to-line voltage. b) Line-to-line 

voltage THD 

(a) 

(b) 

Figure 15. Experimental results of a three phase GaN 5-level 

cascaded HB MLI. a) Line-to-line voltage. b) Line-to-line 

voltage THD 

6. CONCLUSIONS

This paper emphasizes the modeling, validation and 

implementation of an ABFC power system. The developed 

model has shown a good match with the experimental results. 

The FC stack feeds the GaN based PCU that comprises of step-

up boost converter and 3-Ø 5-level cascaded HB MLI. The 

experimental results are validated with the simulation results 

for both the line voltage and THD waveforms. This multilevel 

inverter is well suited as a part of the PCU for most of the FC 

powered power system applications. The GaN based PCU 

ensures an efficiency of more than 96%.  This is extremely 

helpful in enhancing the overall efficiency of the  ABFC 

power system. Here, the proposed power system 

implementation is limited to low power applications. The 

research work can be extended further with increased power 

ratings. Moreover, in distributed generation, a much focus is  

required on the application of regenerative fuel cells for 

storing the energy generated by the other important renewable 

energy sources. 
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