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Abstract 
Hydrogen-based hybrid renewable energy systems (HRES) are rapidly advancing 
since they use green technologies for power generators and for back-up-power gen-
erators to satisfy the increasing energy demand with minimal greenhouse gas emis-
sions. Combining current renewable energy technologies with energy storage sys-
tems can promote energy security, decentralize the electrification process, and ex-
pand access to electricity in remote and/or localized areas. Unlike battery-based 
HRES, hydrogen-based HRESs are advantageous since they have faster energy re-
sponse, and they do not require periodic charging and discharging. 
 
The goal of this project was to explore and evaluate the ability of a hydrogen-based 
HRES consisting of a solar energy system, wind energy system, and a proton-ex-
change membrane fuel cell (PEMFC) stack to meet the local energy demand in Fu-
kuoka, Japan under different weather conditions with and without the battery stor-
age system. The feasibility of hydrogen storage was also studied for the PEMFC 
stack and battery back-up HRES. MATLAB and Simulink were used to model the 
performance of this HRES using the PEMFC stack as the back-up generator with 
and without the battery storage system.  The system was evaluated using meteoro-
logical data from four different weather scenarios, each for a span of 72 hours, that 
occurred in Fukuoka, Japan: 1) Clear days, 2) High wind speed days, 3) Cloudy days, 
and 4) Raining days.  
 
The results indicated that connecting the PEMFC stack to the HRES with the bat-
tery storage system could satisfy the load demand in all four weather scenarios with 
an added advantage of a consistent supply of output power from the PEMFC stack 
if the supply of hydrogen fuel to the stack was met. Additionally, the battery helped 
this configuration to reach a reference voltage of 12V, which is important for the 
HRES to function optimally. The PEMFC stack also positively impacted the SOC of 
the battery. These results imply that using a dual energy storage configuration con-
sisting of a PEMFC stack and battery could potentially reduce the battery size due 
to reduced power requirements from the battery. Lastly, an HRES with just the 
PEMFC stack as back-up showed large fluctuations in the DC bus voltage that pre-
vented the system from responding accurately to the various energy generation 
sources. In summary, real-time data validation helped to confirm if the use of 
PEMFC stack is a viable and reasonable back-up storage option for HRES. 
 

Keywords  Hybrid renewable energy systems, fuel cell, hydrogen, energy storage 
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Symbols and Abbreviations 
Symbols 
 

R Gas constant 8.3145 J/(mol K) 

F Faraday’s constant 96485 s/mol 

∆ho Standard enthalpy of change of water 241.83 × 103 J/mol 

α Charge transfer coefficient 

z Number of moving electrons 

N Number of cells in the fuel cell stack 

E Output potential from PEMFC stack 

Td Stack settling time 

Pstd Standard pressure 

Tstd Standard temperature 

En Nernst voltage 

Eoc Open circuit voltage of a fuel cell 

io Exchange current density 

ifc PEMFC stack current 

Rohm Ohmic losses in the PEMFC 

A Tafel slope 

𝜂act Activation overpotential 

Kc Voltage constant at nominal condition of operation 

PH2 Partial pressure of hydrogen inside the stack  

PO2 Partial pressure of oxygen inside the stack  

PH2O Partial pressure of water vapor in the stack  

Pfuel Absolute supply pressure of fuel  

Pair Absolute supply pressure of air  

x% Percentage of hydrogen in the fuel 

y% Percentage of oxygen in the oxidant 

w% Percentage of water vapor in the oxidant 

k Boltzmann’s constant 1.38 x 10-23 J/K 

h Planck’s constant 6.626 x 10-34 Js 

∆G Activation energy barrier 

∆G0 Activation energy barrier at standard state pressure and tem-

perature 

Ecell Fuel cell potential 

E0cell Fuel cell potential at standard state pressure and temperature 

E0 Cell reaction’s ideal standard potential 

T Operation temperature 

Kc Voltage constant at nominal condition of operation 

Vlpm(fuel) Fuel flow rate  

Vlpm(air) Air flow rate  

Vlpm,air,nom Nominal air flow rate  

Tnom Nominal temperature 
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Pair,nom Nominal air pressure 

inom Fuel cell nominal current 

Uf,O2,nom Fuel cell nominal utilization factor for air 

𝜂stack Efficiency of PEMFC stack 

I Solar cell output current 

Io Solar cell diode saturation current 

IL Solar cell photocurrent 

Rs Series resistance in solar cell 

Rsh Shunt resistance in solar cell 

a Modified diode ideality factor 

Isc Short-circuit current 

Voc Open-circuit voltage 

Imp Maximum power point current 

Vmp Maximum power point voltage 

PW Wind kinetic power 

PT Mechanical power of wind turbine 

AT Rotor swept area 

𝜈w Wind velocity 

CP Power coefficient of wind turbine rotor blades 

λ Tip speed ratio 

β Pitch angle 

R Rotor radius of the wind turbine 

Ld d-axis inductance 

Ra Armature/stator resistance 

Lq q-axis inductance 

Ld d-axis inductance 

ωm Rotor angle velocity 

id d-axis current 

υd d-axis voltage 

υq q-axis voltage 

iq q-axis current 

Lab Phase-to-phase inductance 

Te Electromagnetic torque 

λf Amplitude of flux induced by the rotor permanent magnets in 

the stator phase 

Jeq Combined inertia of rotor and load 

Tf Shaft static friction torque 

F Combined viscous friction of rotor and load 

Tm Shaft mechanical torque 

Ɵ Rotor angular position 

VDC DC voltage 

Vmax Maximum voltage 

IRMS RMS current 

Imax Maximum current 
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D Duty cycle 

L Inductance 

∆Irip Ripple current of inductor 

∆Vrip Ripple voltage of capacitor 

Vout Output voltage 

Vin Input voltage 

𝜂 Efficiency 

fs Sample frequency 

Iout(max) Maximum output current 

C Capacitance 

Uf,H2 Utilization factor of hydrogen 

Uf,O2 Utilization factor of oxygen 

Uf,O2H2 Utilization factor of hydrogen and air 
 

Abbreviations 
 

HRES Hybrid renewable energy storage system 

PV Photovoltaics 

WT Wind turbine 

ESS Energy storage system 

AC Alternating current 
SOC State-of-charge 
DC Direct current 
LCOE Levelized cost of energy 
MPPT Maximum point power tracking 

P&O Perturb and observe 

PI Proportional integral 

TSR Tip speed ratio 

PMSG Permanent magnet synchronous generator 

RMS Root mean square 

MOSFET Metal-oxide-semiconductor field-effect transistor 

SOFC Solid oxide fuel cell 

MCFC Molten carbonate fuel cell 

AFC Alkaline fuel cell 

PAFC Phosphoric acid fuel cell 

PEMFC Proton exchange membrane fuel cell 

LHV Lower heating value 

JMA Japan meteorological agency 

RSME Root-mean-square error 

BESS Battery energy storage system 
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1 Introduction 
 

As the world’s demand for energy is increasing rapidly due to advancing 
technologies, development of complex infrastructure, and cities with a boom-
ing population, so is the dependency on renewable energy sources and energy 
storage systems. Obstacles such as limited transmission infrastructure, iso-
lated locations with complicated terrain, and areas with fewer occupancy 
make electrification of these remote locations challenging and expensive due 
to energy losses resulting from reduced efficiencies and high supply-chain 
costs. Microgrids and hybrid renewable energy systems (HRES) are cost-ef-
fective alternatives to expensive power grids especially in remote locations. 
The sporadic and unpredictable nature of renewable energy sources, such as 
irradiance and wind, cannot be fully relied upon for a constant and uninter-
rupted supply of energy. Additionally, voltage fluctuations and harmonic dis-
tortion through AC systems, such as inverters, can also damage the grid [1]. 
 

Although the concept of the microgrid is not new, in recent years, mi-

crogrids have gained significant traction due to the initiation of several new 

projects globally. A microgrid is a small, localized hybrid power generation 

system that can manage, with multiple switches and controls, the energy 

loads of multiple generators. With microgrid systems, the energy demand 

can be satisfied with local plants that work in a coordinated manner without 

incurring large voltage drops or reduced reliability in the system. Systems 

like these can also contribute to grid-independence for sites with critical 

power needs that are unable to build a complex grid infrastructure. By hy-

bridizing the current renewable energy technologies with energy storage de-

vices, it will not only improve energy reliability but will also decentralize the 

electrification process and provide increased energy access to local and/or 

isolated locations [1]. With local renewable energy resources, the power sys-

tems are eco-friendly and cost-effective, without heavily investing in unreli-

able grid infrastructure. In the future, these renewable energy systems can 

make the dependence on fossil fuels obsolete and unnecessary [2].  

 
HRESs use established and reliable technologies and energy sources in 

combination to either connect in an off-grid system or an on-grid system. In 

Figure 1, the HRES provides energy to a household load with power gener-

ated from natural energy sources (wind or solar), and from back-up power 

generators (battery bank or a fuel cell stack). The back-up power generator 

can help to compensate for the intermittent fluctuations in the natural energy 

sources.  The HRESs offer several advantages in that they can provide a con-

tinuous and balanced supply of energy at low maintenance cost, reduce the 

need for fossil fuels, reduce environmental pollutants, relieve distribution 

and transmission congestion, provide economic viability and feasibility even 

in remote locations, and provide great flexibility for further innovations and 

growth. 
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Figure 1. Concept of HRES in individual homes [3]. 

 

Despite the advantages offered by HRESs, there are some limitations in 

terms of their optimal usage. The current HRES technologies are not so effi-

cient and hence, there is a constant demand for new innovations to harness 

the benefits of renewable energy sources more effectively. Notably, their low 

efficiencies can create significant hindrances to the large-scale implementa-

tion of HRESs. The other challenges with current technologies are high cap-

ital and installation costs. This is because these systems include multiple ex-

pensive components with limited scalability that are difficult to deploy in 

some terrains, less reliable, show low performance in the current energy stor-

age units, and are less effective in real-time energy management and com-

munication between different energy sources.  

 
Furthermore, the components in a HRES work more efficiently when 

there is a back-up power system or an energy storage system such as diesel 

generators and/or batteries. The issue with diesel generators is that they do 

not use clean energy and contribute to emissions thus contradicting the cur-

rent sustainable energy goals. Also, relying mainly on diesel generators will 

incur high energy costs due to the constant fluctuations in fuel price and op-

erational costs [2]. The next choice of back-up generation technologies are 

batteries, which, when used along with diesel generators, perform superiorly 

without the need for being bulky or oversized. However, some of the large 

capacity batteries can be expensive. Although batteries are promising storage 

technologies, they have limited lifespan and round-trip efficiency. If incor-

rectly disposed of, batteries also pose a negative environmental impact [4]. 

 

Due to the non-dispatchable nature of renewable energy systems, there 
is a need for systems with long-term storage capabilities, such as the 
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hydrogen-based fuel cell stacks. Fuel cell stacks are being used to provide 
power to not just vehicles, homes, and businesses but also in critical care fa-
cilities such as hospitals and data centers during power outages. Unlike bat-
teries, fuel cell stacks do not require periodic charging, making them ideal for 
use when batteries run low on stored energy. There are multiple advantages 
for including hydrogen-based storage systems in off-grid HRES: they help 
reduce the levelized cost of electricity (LCOE), avoid the need for bulky bat-
teries with large capacities, and can be the most cost-effective option in re-
mote locations when used in conjunction with batteries. Fuel cell stacks re-
duce the overall cost of HRESs due to the long-term storage capabilities and 
high efficiency [2].  
 

The deployment of HRESs must evolve at an accelerated pace due to 
the increasing energy demand and the growing consensus to reduce the con-
sumption of fossil fuels. Due to the unpredictability of wind and solar irradi-
ation and other resources, it is necessary to find ways to design and imple-
ment HRES microgrids that have low capital and maintenance costs and are 
highly reliable and efficient. The focus of this research was to study the fea-
sibility and significance of using a DC bus hybrid system in which the main 
power generators are solar panels and wind turbines, with batteries and/or 
proton exchange membrane fuel cell stacks as the back-up power. This will 
be investigated further by answering the following the questions: 

 
1. How effective would it be to use a PEMFC stack as a back-up power 

system in an HRES to satisfy the load's demand under different 
weather scenarios? 

2. What are the advantages of using a PEMFC stack in conjunction 
with battery storage system under various weather scenarios? 

3. How feasible will it be to store hydrogen to fuel the PEMFC stack as 
a back-up power system? 

 
To answer these questions, MATLAB/Simulink was used to model and 

evaluate the performance of a HRES with a PEMFC stack for back-up power 
with and without the DC battery using meteorological data from different 
weather patterns in Fukuoka, Japan.  
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2 Literature Survey and Research Contribution 
 

HRESs have attracted a lot of attention in the research field, especially 
since the power generation and storage from fuel cell stacks are quite reliable 
and can reduce the dependency on bulky batteries, making it a cost-effective 
option. Significant models and designs that work with HRES, including hy-
drogen-based ones, are described below: 
 

• Dursun E. and O. Kilic proposed a solar-wind-proton exchange mem-

brane fuel cell (PEMFC) stand-alone system to design an HRES that 

powers the load continuously with minimal to no fluctuations. Gel bat-

teries have also been proposed as other storage devices. One of the main 

advantages of using a PEMFC as a back-up power source is that it is not 

affected greatly by geographical location or meteorological conditions 

and hence can be widely used. Using PEMFC also increases the reliabil-

ity of energy supply by providing a continuous power supply. However, 

as the authors have acknowledged, the membrane used in the PEMFC is 

expensive and the excess charging and discharging of the battery bank 

can degrade the battery components. The battery bank was oversized to 

provide a continuous power supply with no fluctuations to the load and 

enhance the PEMFCs membrane lifetime. Their findings were that the 

fuel cell stack was not only an ideal power generation system, but this 

system helped enhance the battery bank’s energy efficiency [5]. 

 

• Yugesh et al. modeled a solar-wind-fuel cell system with power flow 

modulation using fuzzy logic in MATLAB and Simulink. The secondary 

power source was the battery. The authors used a battery management 

system controlled by a fuzzy logic controller to store excess power and 

use it during power deficiencies. According to the DC load requirement, 

fuzzy logic control would intelligently help in the battery charging and 

discharging. The control of the breakers using fuzzy logic helped to en-

sure minimal wastage of power while achieving the load’s demand [6]. 

 

• Shaqour et al. proposed a stand-alone HRES with a low level of com-

plexity in terms of the maximum power point tracking (MPPT) that con-

sisted of three PV modules, a wind turbine, a lead-acid battery, an in-

verter, and two controllers. A Perturb and Observe (P&O) controller 

managed the PV and wind turbine, and a PI controller worked with the 

battery charging and the inverter. MATLAB/Simulink was used to eval-

uate the performance of this system under variable weather conditions 

using two different modes of battery charging, the bulk mode, and the 

float mode, for an integrated building model in Kasuga, Japan. The re-

sults showed that an efficient battery charging control configuration 

could eliminate the need for a battery converter without forfeiting high-
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quality power output [7]. However, installing these systems in large 

buildings may incur high costs and hence may not be economically via-

ble. 

 

• Rahman et al. proposed an unconventional HRES system without a bat-

tery storage device with a PV cell as the main power source, a fuel cell 

stack as back-up source, and a control device for switching the power 

between the PV system and the fuel cell stack. The load demand was al-

ways supplied with uninterrupted power [8]. 

 

• A novel HRES model that used a PV as the main source of energy along 

with a hybrid storage system, namely Lithium-ion battery for short-

term, and hydrogen system (fuel cell stack and electrolyzer) as long-

term was studied in the paper by Moller et al. This model of a decentral-

ized energy system created with MATLAB/Simulink used an electrolyzer 

to produce hydrogen in case of PV overproduction. The hydrogen was 

subsequently stored in a hydrogen tank via a compressor. If the energy 

demand exceeded the supply from the PV source, a fuel cell stack was 

used for the reconversion of hydrogen to energy. To respond to rapid 

load changes, a short-term lithium-ion battery was necessary. Based on 

simulations, the authors claimed that this system could provide ade-

quate power to last for an entire year [9]. 

 

• Studies by Jacob et al., used an in-depth modelling and dynamic simu-

lation as a first step to evaluate a stand-alone hybrid renewable mi-

crogrid system for remote residential areas. The microgrid system con-

sisted of a PV system, wind turbine, battery, and a DC load. Unlike many 

of the previously published models where the authors based their eval-

uation and conclusion solely on simulations, Jacob et al. developed and 

performed real-time experimental validation for a stand-alone hybrid 

renewable microgrid system in Fukuoka, Japan, using the meteorologi-

cal dataset for four different weather conditions, namely, sunny, cloudy, 

rainy, and windy. This lab-scale system was equipped with an integrated 

hardware and software configuration necessary for running real-time 

simulations. Using high-precision data acquisition devices and a logging 

sample time of 1 second, the authors showed that this microgrid model 

accurately represented the dynamic changes in a hybrid DC microgrid 

system [1]. 

 

Table 1 presents a summary of papers that conducted computational and/or 

experimental validation to evaluate different HRESs and back-up systems. 
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Table 1. Compilation of recently published research papers that used com-

putational and/or experimental validation to evaluate different HRESs with 

back-up systems. 
System 
Type 

Objective Methodology Outcome Ref-
er-

ence 

Solar-

Wind-

Battery-

Fuel cell  

To boost the fuel cell efficiency 

and provide continuous power 

with no fluctuations in the load. 

 

Used MATLAB/Sim-

ulink control algorithm 

and established power 

management strategies 

to check the battery ef-

ficiency and SOC and 
surplus power from the 

rest of the power 

sources. 

PEMFC was proven to 

be an ideal generation 

system, and the overall 

system enhanced the 

battery bank’s effi-

ciency. 

[5] 

Solar-

Wind-

Fuel cell 

To modulate and control the flow 

of power efficiently and effec-

tively, charging and discharging 

the battery storage system. 

Used fuzzy logic for 

control in 

MATLAB/Simulink. 

Achieved constant 

working of the load, lit-

tle to no wastage of 

power, and constant 

power supply. 

[6] 

Solar-

Wind-
Battery-

Inverter  

To implement a well-defined con-

trol scheme for a standalone 
HRES that had low complexity in 

terms of Maximum Power Point 

Tracking (MPPT) by using a lim-

ited number of components, thus 

making it cost-effective without 

compromising the high-quality 
power output. 

Used a P&O controller 

for the PV and wind 
turbine MPPT control 

and a PI controller for 

the battery charging 

and inverter system in 

MATLAB/Simulink. 

Produced a building-in-

tegrated system and 
tested the system for 

two scenarios: 1) varia-

ble weather conditions 

using meteorological in-

formation from Kasuga 

City in Japan, 2) varying 
the battery charging 

modes. 

 

[7] 

Solar-

Fuel cell 

To energize the load mainly 

through the control of the solar 

energy system but use the back-

up power generator fuel cell when 

the load demand has not been sat-

isfied. 

Used the solar cell de-

sign as the main supply 

and the fuel cell as the 

back-up source; the 

control device enabled 

the power switching 
between the PV and 

the fuel cell. 

The load was able to get 

an uninterrupted supply 

of power. 

[8] 

Solar-

Battery-

Electro-

lyzer-

Fuel 

cell-
Heat 

pump 

To create a novel HRES system 

with PV and a hybrid storage sys-

tem consisting of a Li-ion battery 

for short-term and a hydrogen-

electrolyzer for long-term power 

storage to have an uninterrupted 
power supply in the residential 

sector. 

Used time series data 

for a whole year of en-

ergy flow, weather 

data, and heat profile 

for the inputs of the 

model and produced a 
main set of equations 

to find the properties 

of the energy compo-

nents in 

MATLAB/Simulink. 

Using the simulation, it 

was possible to analyze 

and show that this 

HRES, along with a hy-

brid storage system, 

could provide adequate 
power for a year in resi-

dential areas. 

[9] 

Solar-

Wind-

Battery 

Using a lab-scale system to model 

and validate data from a HRES 

with a solar-wind-battery system, 
and apply the data to validate the 

load of this system under realistic 

weather conditions in Fukuoka, 

Japan. 

Implemented P&O 

method controller for 

MPPT control and bat-
tery charge and dis-

charge control. 

Control and supply of 

energy to the load was 

possible under four dif-
ferent weather scenarios 

in Fukuoka, Japan. 

[1] 
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In the literature survey from the previous section, some systems were 
modeled with the battery system as the primary energy storage system with 
complex controllers that must ensure a constant power supply to satisfy the 
load demand. The reason the current research uses the PEMFC stack in con-
junction with the battery back-up source is that these fuel cells do not require 
charging and discharging of power during fluctuating meteorological condi-
tions and hence, can guarantee a continuous and reliable power supply under 
any weather condition. This is a major advantage of using PEMFC as a stor-
age system versus bulky batteries. Additionally, PEMFC stacks do not require 
complex algorithms to charge and discharge like batteries. Other systems in-
clude expensive equipment and/or applications to overcome the changes to 
supply power during fluctuating weather conditions and hence, may not be 
economically feasible.  
 

This research gives the scientific community insights into the behavior 
and dynamic power simulation of the HRES with the PEMFC stack. The focus 
is on evaluating the feasibility and significance of the role played by the 
PEMFC stack as a back-up energy system. In addition, this research con-
ducted a real-time validation by using the meteorological data from Fukuoka, 
Japan. 
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3 Fundamentals of Hybrid Renewable Energy Sys-

tem Components 
 

3.1 Hybrid Renewable Energy System Configurations 
 

HRES are capable of either operating in parallel with the utility grid or 

as a stand-alone system where the local demand is satisfied with local supply. 

The three main configurations of microgrids are as follows: AC, DC, or com-

bined AC/DC. The type of configuration depends on what type of bus, AC or 

DC, couples with the rest of the system components [1]. In Figure 2, the DC 

bus line is connected to a sample wind-solar HRES. The photovoltaic (PV) 

system and the energy storage system (ESS) are coupled to the main DC bus 

using DC/DC converters whereas the wind turbine (WT) is coupled to the DC 

bus via an AC/DC converter. Depending on the output voltages of each sys-

tem, a buck, boost, or buck-boost converter can be used to properly connect 

the energy sources to the DC bus line. The ESS will require a bi-directional 

converter for the system to allow the charging and discharging of the ESS. 

Finally, this system can send power to a DC load or an AC load, which re-

quires a DC/AC converter. In each of these configurations, other renewable 

energy sources can be connected using appropriate electrical converters. 

Similarly, if the main bus line is an AC bus, the PV, WT, ESS, and other tech-

nologies must be connected via appropriate converters, as shown in Figure 

3. Table 2 shows the main advantages and disadvantages of using the DC bus 

configuration versus the AC bus configuration. 

 

 
Figure 2. An example of a DC-Bus configured HRES [10]. 
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Figure 3. An example of AC-Bus configured HRES [10]. 

 

Table 2. The advantages and disadvantages of DC bus configuration ver-

sus AC bus configuration [10]. 

 Advantages  Disadvantages  

DC bus  
configuration  

Simple system configuration 
and no synchronization chal-
lenges as in AC systems  

Losses due to power conver-
sion systems, especially when 
converting the wind turbine's 
AC power to DC power and 
then back to AC  

AC bus  
configuration  

If one source is disconnected, 
the other sources can continue 
operating since each source is 
coupled to the AC bus using a 
separate power converter (im-
provement of system reliabil-
ity)  

Synchronization issues with 
the grid voltage and frequency 
with multiple renewable en-
ergy sources  

 
The third system configuration type, as shown in Figure 4, is the dual 

bus-connected wind-solar HRES, where an AC bus and DC bus are used. The 

renewable energy sources that output DC electrical energy are connected di-

rectly to the DC bus, while the ones that output AC electrical energy are con-

nected directly to the AC bus. This improves the overall efficiency of the sys-

tem by reducing the number of converters and losses related to power con-

version while improving the flexibility of combining multiple different energy 

sources and load increases. 

 
 

Solar Wind Storage Other RE 

DC/AC 

Converter 

Bidirectional 
Converter 

AC/AC 

Converter 

Appropriate 
Converter 

AC/DC 

Converter 

AC 

Load 

DC  

Load 

AC 
Bus 



19 

 

 
Figure 4. An example of a dual-bus configured HRES [10]. 

 

 

3.2 Solar Energy 
 

Solar energy can be produced with technologies called photovoltaics 
(PV) which are composed of doped semiconductors that convert the sun’s ir-
radiation to electricity. These semiconductors are called solar cells, which are 
p-n junction devices, that, when combined in series, create a solar panel, with 
additional structural components and bypass diodes. When the sun’s irradi-
ation composed of photons hits the solar cell, charge carriers (electron-hole 
pairs) are generated in the p-n junction device, which are then separated due 
to the electric field produced due to doping and concentration of carriers at 
the junction. The holes flow away from the junction through the p-region 
while the electrons flow through the n-region and pass through the circuit. 
These electrons are used to drive an electric circuit. Finally, the electrons re-
combine with the holes at the p-region [11]. The working principle is depicted 
in Figure 5. 
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Figure 5. Basic function of a solar cell [12]. 

 
The PV panel can be modeled with an equivalent circuit, also known as the 
ideal single diode model, as shown in Figure 6. To calculate the output power, 
voltage, and current of the solar panel, the equivalent circuit can be trans-
lated to equations that typically require five key parameters. The following 
equations are found using Kirchoff’s Current Law. The five parameters that 
calculate the current delivered to the load (IDC) are diode saturation current 
(Io), photocurrent (IL), series resistance (Rs), shunt resistance (Rsh), and 
modified diode ideality factor (a) and are dependent on cell temperature and 
irradiation. The diode helps to represent the p-n junction. The resistance Rs 
represents the internal electric loss in the cell from contact resistances and 
metal electrodes, and Rsh represents leakage current losses. 
 

 
Figure 6. Equivalent circuit model of PV panel [13]. 

 

 

 𝐼 = 𝐼𝐿 −  𝐼𝐷 − 𝐼𝑠ℎ (1) 

 𝐼𝐷 =  𝐼𝑂 [𝑒𝑥𝑝 (
𝑉 + 𝐼𝑅𝑆

𝑅𝑠ℎ
) −  1 ]  (2) 

 𝐼𝑠ℎ =  
𝑉 + 𝐼𝑅𝑆

𝑅𝑠ℎ
 (3) 
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 𝑎 =  
𝑛𝑘𝑇𝑁𝑠

𝑞
 (4) 

 𝑃 =  𝐼𝑉 (5) 

 
These parameters and more are determined by laboratory testing of the 

solar panel. The graph in Figure 7 shows a general I-V curve where the short-
circuit current (Isc) intersects at 0V, open-circuit voltage (Voc) occurs at 0A, 
and the maximum power point occurs at Imp and Vmp. The maximum power 
point is the maximum power attainable from the solar cell at that particular 
temperature and irradiation. These four parameters can be found in the 
datasheet of the solar panel. 

 

 
Figure 7. Solar cell characteristic I-V curve [14]. 

 

In order to extract the maximum power from the solar panels, a maxi-
mum power point tracker must be used since the temperature and irradiation 
that the panel is subjected to will change. The following graph in Figure 8  
shows an example of how a solar panel’s output changes depending upon the 
irradiation and temperature. As seen in the power versus voltage curves, as 
the temperature increases with constant irradiation, the maximum power 
point tends to decrease since the voltages decrease. It also shows that as the 
irradiation decreases, the maximum power point tends to decrease since the 
current will decrease with decreasing irradiation. 
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Figure 8. Solar panel characteristics at different irradiations and tempera-

tures [15]. 
 

3.3 Wind Energy 
 

3.3.1 Wind Energy Conversion 

 

The other major renewable energy technology is the wind turbine which 
transforms kinetic energy from the wind to mechanical energy using wind 
turbines and power electronics that convert that mechanical energy to elec-
trical energy. Figure 9 gives the life cycle of the wind resource. Wind rotates 
the rotor blades creating mechanical energy, which then turns the main tur-
bine producing the electricity that gets inputted into the grid. The following 
equations show how the wind kinetic power (PW) and the rotor swept area 
(AT), the imaginary area through which the power flows through, are calcu-
lated. These parameters are then used for the mechanical power extracted PT. 
 

 
Figure 9. Wind energy conversion process and technologies [16].  
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 𝑃𝑤  =  
1

2
𝜌𝐴𝑇𝑣𝑤

3  (6) 

 𝐴𝑇 =  𝜋𝑅2 (7) 

 𝑃𝑇 =  𝑃𝑤 × 𝐶𝑃 =  
1

2
 𝜌𝐴𝑇𝑣𝑤

3 𝐶𝑃 (8) 

 
The power coefficient of the rotor blades, CP, affects the power extraction, PT. 
The Cp depends on another important factor called the tip speed ratio (TSR), 
λ, the ratio of the blade tip speed to the wind speed, and β, the pitch angle. 
Both factors can be calculated using the equations below and are used in the 
Simulink wind turbine model.  
 

 𝐶𝑝 = 𝐶1 (
𝐶2

𝜆𝑖
−  𝐶3𝛽 − 𝐶4) 𝑒

−𝐶5
𝜆𝑖 + 𝐶6𝜆 (9) 

 
where the coefficients C1 is 0.5176, C2 is 116, C3 is 0.4, C4 is 5, C5 is 21, and 
C6 is 0.0068. 
 

 𝜆𝑖 =  (
1

𝜆 + 0.08𝛽
−

0.035

𝛽3 + 1
)

−1

 (10) 

 
and  
 

 𝜆 =
𝜔𝑤𝑡𝑅

𝑣
 (11) 

 
 

The TSR is calculated by multiplying the rotational speed of the wind turbine, 
ωwt, with its rotor radius, R, divided by the wind velocity, υ [1]. 
 

In the power curve shown in Figure 10, PT and PW are functions of wind 
speed, where the typical cut-in, rated, and cut-out wind speed values are 
shown. Below the cut-in wind, the wind turbine produces negligible power; 
between the cut-in and cut-out wind speeds, the turbine power reaches the 
rated power and is regulated by aerodynamic control until wind speeds get 
higher than cut-out wind speeds, which is when the turbine has to switch to 
parking mode to ensure the safety of the turbine [16]. 
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Figure 10. Characteristic power curve of a wind turbine [16]. 

 
3.3.2 Permanent Magnet Synchronous Generator (PMSG) 

 

A common wind generator that is used is called the permanent magnet 
synchronous generator (PMSG), as it can work without a gearbox and excita-
tion. Although PMSGs provide high power density, reliability, minimal rotor 
losses, compact size, and high efficiency, the drawback is that its speed-in-
creasing gear is frequently prone to trouble and maintenance requirements. 
In Figure 11, a general double-fed system and a direct drive system are shown. 
The double-fed system is based on a wound-rotor induction generator that 
uses the power converter of an excitation capacitive component to control the 
rotor side current frequency. By doing so, it is possible to build a constant-
frequency power-generating system that is not vulnerable to changes in the 
rotational speed of the wind turbine [17].  
 

The equations below were used to develop the dynamic electrical model 
for the PMSG [1]:  
 

 
𝑑

𝑑𝑡
𝑖𝑑 =

1

𝐿𝑑
𝑣𝑑 −

𝑅𝑎

𝐿𝑑
𝑖𝑑 +

𝐿𝑞

𝐿𝑑
𝑝𝜔𝑚𝑖𝑞 (12) 

 
𝑑

𝑑𝑡
𝑖𝑞 =

1

𝐿𝑞
𝑣𝑞 −

𝑅𝑎

𝐿𝑞
𝑖𝑞 −

𝐿𝑑

𝐿𝑞
𝑝𝜔𝑚𝑖𝑑 −

𝜆𝑝𝜔𝑚

𝐿𝑞
 (13) 

 
With round rotors, the phase inductances are calculated as such and do not 
have any function variation: 
 

 𝐿𝑑 = 𝐿𝑞 =
𝐿𝑎𝑏

2
 (14) 

 
For the PMSG model, the electromagnetic torque is calculated as shown be-
low: 
 

 𝑇𝑒 = 1.5𝑝[𝜆𝑓𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞] (15) 
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Finally, the mechanical speed, ωm, is related to the electromagnetic torque 
via the equations below. Tm represents the mechanical torque, and the Pm is 
the power directly captured from the wind system [1, 18]: 
 

 
𝑑

𝑑𝑡
𝜔𝑚 =

1

𝐽𝑒𝑞
(𝑇𝑒 − 𝑇𝑓 − 𝐹𝜔𝑚 − 𝑇𝑚) (16) 

 𝑇𝑚 =
𝑃𝑚

𝜔𝑚
 (17) 

 

 
Figure 11. Wind power generation system [17]. 

 
 

3.4 Battery Energy Storage 
 

An energy storage system (ESS) is often used as the back-up energy 
when other renewable energy generation sources are collectively unable to 
meet the supply for the load. There are several classifications of energy stor-
age systems, such as mechanical, electrochemical, chemical, electrical, ther-
mal, etc. These storage systems are exceedingly useful for reducing CO2 and 
fossil fuel usage. For on-grid solutions, ESS can stabilize unpredictable out-
put from renewable energy sources caused by climate conditions and/or 
work via load sharing with conventional power plants in case the demand for 
power is not met with renewable energy sources. For off-grid systems that 
are fully equipped with renewable energy generators, it would not only help 
in reducing the use of fossil fuels, but with a proper home energy 
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management system, it would be possible for consumers to actively play a 
role in reducing energy consumption [19]. 

 
Most commonly, a battery energy storage system (BESS) is used in 

HRESs. The BESS is composed of batteries with multiple cells that have com-
patible voltage and capacity, called the battery management system. A bat-
tery management system is used to operate batteries to increase their lifetime 
and balance their varying states of charge (SOCs). Additionally, the thermal 
management system for the battery (B-TMS) helps to control the cell tem-
peratures in order to keep them at a safe, operable level with appropriate 
ventilation and air-conditioning within the battery pack [20]. 
 

For the BESS, round-trip efficiency and response time are important 
parameters to be considered along with lifetime and cycling. Round-trip ef-
ficiency accounts for power conversion energy losses and parasitic loads like 
heating, cooling, electronics, etc., all of which work together to allow the 
BESS to operate. The response time is vital to help with variability-damping. 
For example, for solar systems, passing clouds tend to affect the solar output 
rapidly, and so a BESS with a fast response time will be key in keeping up 
with the changes in the output. The lifetime and cycling, including charging 
and discharging, depth of discharge, and environmental conditions of the 
BESS, also need to be taken into account since these greatly affect the lifetime 
and capacity of the BESS. The optimal would be to maximize the depth of 
discharge (DOD) in order to minimize the BESS capacity. The DOD is the 
ratio of the full charging/discharging cycle, where 100% is a full cycle [21]. It 
is advantageous to avoid over-discharges at high discharge rates since this 
can harm the performance of the battery and reduce its lifetime, especially if 
this is recurrent. [22]. The SOC is complementary to the DOD, such that if 
the DOD increases, SOC decreases [21]. 

 
In this report, the type of BESS used is based on the lead-acid battery, 

since these are the most commonly used batteries in vehicles and other ap-
plications requiring high load current. These batteries have a service life of 
around six to fifteen years of 1500 cycles, and a DOD and cycle efficiency of 
80% to 90%. This project has used the lead-acid battery in its simulation 
model [19]. The chemical equation for the lead-acid battery is as follows: 
 

PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O 
 

A basic diagram of a lead-acid battery is shown in Figure 12. The main com-

ponents are a porous lead dioxide positive plate, finely divided lead as the 

negative active material, and aqueous sulphuric acid as the electrolyte [23]. 
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Figure 12. Lead-acid battery components and reaction [23]. 

 

3.5 Power Electronic Converters 
 

Power electronics are vital for the whole HRES to run smoothly and 
safely. The main purpose of power electronics such as buck or boost convert-
ers is to ensure that the output electricity is transformed into a compatible 
input depending on where the input is needed, such as into the grid. Some-
times and at some points in the system, the signal needs to be transformed 
from a DC signal to an AC signal or visa-versa. There are also points in the 
system where the voltage or current needs to be adjusted to be compatible 
with the downstream technologies. The following power electronic convert-
ers are commonly used in HRES and other systems to achieve appropriate 
currents and voltages. 
 
3.5.1 Rectifier 

 

A rectifier is used to convert an AC signal to a DC signal. For wind tur-
bines, this can be used to convert the output AC power to a DC signal if the 
system is a DC system. As shown in Figure 13. The AC output from the PMSG 
has to be converted to DC via a rectifier since the HRES in this project is a 
DC HRES [1]. 

 
 

 
Figure 13. Use of a rectifier to convert wind turbine AC power to be com-

patible with DC load [24]. 
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A full-wave rectifier uses the following equations to calculate the average out-
put DC voltage in equation (18) and the root-mean-square (RMS) current 
from equation (19) [25]. 
 

 𝑉𝐷𝐶 =
2

𝜋
𝑉𝑚𝑎𝑥 (18) 

 𝐼𝑅𝑀𝑆 =
𝐼𝑚𝑎𝑥

√2
 (19) 

 

3.5.2 Buck Converter 

 
Buck converters are DC-DC converters that are useful when it comes to 

transforming a high output voltage to a lower input voltage while increasing 
the current. The buck converter consists of switches, typically a MOSFET for 
switching control, a diode, an inductor, a capacitor, and a resistor load. When 
the switch is ON and the diode is in reverse bias mode, the current flows, and 
the charge gets stored in the capacitor. Then the switch turns OFF, and be-
cause the inductor current cannot instantaneously change and the magnetic 
field collapses, a voltage across the inductor occurs with the opposite polarity 
and starts to act like a voltage source. The diode goes into forward-biased 
mode. This charges the capacitor, powers the load, and maintains the output 
current throughout the switching cycle. Once the energy stored in the induc-
tor is diminished, the diode returns to reverse-bias mode, and the switch 
opens to continue the cycle [26]. The equations for these two switching 
modes are shown below, and the operation is also depicted in Figure 14.  

 
Figure 14. Buck converter operation modes [27]. 

 
The ratio between the ON time and the total period of one cycle of the 

converter is known as the duty cycle, D, and it is calculated with the target 
output voltage divided by the input voltage and the efficiency of the converter. 
In order to choose the right inductor, L, the inductor ripple current, ∆Irip, 
must be approximated to be about 20% to 40% of the output current, which 
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is the current necessary for the application. Similarly, the output ripple volt-
age, ∆VOUT, is needed to calculate the capacitance, COUT, needed in the con-
verter [28]. 
 

 𝐷 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛 × 𝜂
 (20) 

 ∆𝐼𝑟𝑖𝑝 =
𝐷(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

𝑓𝑠 × 𝐿
= (0.2 𝑡𝑜 0.4)𝐼𝑜𝑢𝑡(𝑚𝑎𝑥) (21) 

 𝐿 =
(𝑉𝑜𝑢𝑡)(𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡)

∆𝐼𝑟𝑖𝑝 × 𝑓𝑠 × 𝑉𝑖𝑛
 (22) 

 𝐶 =
∆𝐼𝑟𝑖𝑝

8𝑓𝑠∆𝑉𝑜𝑢𝑡
 (23) 

 
Figure 15 shows the typical waveforms for the inductor voltage (a), the in-
ductor current (b), and the capacitor current (c).  

 
Figure 15. Buck converter waveforms showing a) Inductor voltage, b) In-

ductor current, c) Capacitor current [29]. 
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3.5.3 Boost Converter 

 

Boost converters are DC-DC converters that transform a low output 
voltage to a higher input voltage. The boost converter also consists of 
switches, typically a MOSFET for switching control, a diode, an inductor, a 
capacitor, and a resistor load. When the switch is ON, the current begins to 
flow through the inductor, the diode is in reverse-bias mode, and the current 
will not be able to flow through the other half of the circuit. The inductor is 
now storing energy. When the switch is OFF, the current decreases, and the 
magnetic field collapses, releasing stored energy in the inductor. The polarity 
of the inductor changes and becomes in series with the voltage source. At this 
point, the voltages (voltage source and inductor voltage) add up, and this 
starts to charge the capacitor. The switch is cycled to turn ON and OFF, and 
during each cycle, the voltage across the capacitor continues to increase and 
reaches a state of equilibrium. In forward-bias mode, the diode prevents the 
higher voltage of the capacitor after charging to prevent reverse current from 
being discharged to the voltage source [26]. The equations for these two 
switching modes are shown below, and the operation is also depicted in Fig-
ure 16. 
 

 
Figure 16. Boost converter operation modes [27]. 

 
The concept of the duty cycle, D, for a boost converter, is the same as 

for the buck converter. It is the ratio between the ON time and the total pe-
riod of one cycle of the converter and is calculated with the equation shown 
below.  The right inductor, L, is chosen by approximating the inductor ripple 
current, ∆Irip. The output ripple voltage, ∆Vrip, is needed to calculate the ca-
pacitance, C, needed in the converter [30]. 
 

 𝐷 =
(𝜂)(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)

𝑉𝑜𝑢𝑡
 (24) 
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 ∆𝐼𝑟𝑖𝑝 = 0.4𝐼𝑜𝑢𝑡𝑚𝑎𝑥
(
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
) (25) 

 𝐿 =
(𝑉𝑖𝑛)(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)

∆𝐼𝑟𝑖𝑝𝑓𝑠𝑉𝑜𝑢𝑡
 (26) 

 ∆𝑉𝑟𝑖𝑝 = 0.01𝑉𝑜𝑢𝑡 (27) 

 𝐶 =
𝐷𝐼𝑜𝑢𝑡

𝑓𝑠∆𝑉𝑟𝑖𝑝
 (28) 

 
Figure 17 depicts the waveforms generally associated with the boost con-
verter. It shows the inductor voltage (a), the inductor current (b), and the 
capacitor current (c). The inductor voltage graph also shows when the switch 
is closed and open. 
 

 
Figure 17. Boost converter waveforms showing a) Inductor voltage, b) In-

ductor current, c) Capacitor current [29]. 
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4 Fundamentals of Fuel Cells 
 

A potentially clean way to store energy is in a fuel cell stack. The tech-
nology uses stored hydrogen, which acts as the fuel to react with air in a fuel 
cell stack to produce electricity through electrochemical processes. If the 
stored hydrogen is produced with renewable energy sources, it is considered 
as green hydrogen as the system operates with minimal pollution. Fuel cell 
stacks can be an alternative long-term and flexible energy storage option. In 
an HRES, these fuel cell stacks can act as a back-up energy source similar to 
a battery and in place of a diesel generator. Power is produced as long as hy-
drogen fuel is supplied to the fuel cell stack. The source of hydrogen for the 
fuel cells can vary based on the configuration and design of the hydrogen-
based HRES. Hydrogen can be produced using solar electrolysis of water, and 
some utilize thermochemical splitting of water, gasification of biomass, or 
source it as a byproduct of biochemical and fermentation processes. The fuel 
cell technology is a good alternative for back-up storage since they have 
higher storage capacity and only produce safe byproducts [31]. 
   

4.1 Fuel Cell Operation 
 

The fuel cell operates by continuously feeding the fuel (hydrogen) on 
the anode side, and the oxidant (oxygen from air) on the cathode side. De-
pending on the nature of the fuel cell, specific electrochemical reactions occur 
at the electrode-electrolyte interface at a microscopic level, producing an 
electric current that is then transported out of the fuel cell to the load that the 
fuel cell stack is connected to. The main function of the electrolyte is to 
transport dissolved reactants to the electrodes, conduct ionic charge between 
the electrodes and serve as a physical barrier to avoid the gases from mixing. 
The porous electrodes provide a surface for the electrochemical reactions, 
provide electrical conductance for the electrons to move towards the load, 
ensure that the reactant gases are distributed over the cell equally, and that 
the final reaction products end up back to the bulk gas phase. Figure 18 shows 
the general structure of a fuel cell [32].  
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Figure 18. General fuel cell structure [33]. 

 

The cell potential of a fuel cell, which indicates the total amount of en-
ergy that can be produced, is related through Gibbs free energy. The change 
in the Gibbs free, ∆G, energy is the product of the cell potential and the total 
charge that is transferred during the reaction, under constant operating tem-
perature and pressure. The number of electrons that participate in the reac-
tion is n, the Faraday constant is F, and Ecell is the cell potential. 
 

 ∆𝐺 =  −𝑛𝐹𝐸𝑐𝑒𝑙𝑙 (29) 

 

The standard state equation is also necessary when considering the electro-

chemical reaction. The standard state pressure is 1 atm, and the temperature 

is 298K.  

 

 ∆𝐺0 =  −𝑛𝐹𝐸𝑐𝑒𝑙𝑙
0  (30) 

 

The Nernst equation gives the ideal open circuit cell potential and can be de-

rived from the change in Gibbs free energy. It also indicates the maximum 

performance achievable by a fuel cell. The Nernst equation, which relates the 

cell reaction’s ideal standard potential (E˚) and the ideal equilibrium poten-

tial (E) at different partial pressures of the reactants and products, is shown 

below [34].  

 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛𝑄 (31) 

 

R is the universal gas constant, T is the absolute temperature, n is the number 

of electrons involved in the reaction, and Q will depend on the specific cell 

reactions and the partial pressures of the reactants and products.  
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For example, for the overall PEMFC reaction H2 + ½ O2 → H2O, Q will 
be the partial pressures of H2, O2, and H2O, and the full Nernst equation will 
look like the equation below. 
 

 𝐸 = 𝐸0 −
𝑅𝑇

2𝐹
ln (

𝑝𝐻2𝑂

(𝑝𝐻2)(𝑝𝑂2

1
2⁄

)
) (32) 

 

There are key losses to account for when it comes to fuel cells. For ex-
ample, if a fuel cell’s ideal voltage is 1.2V, the initial open circuit voltage is 
actually 1.00V due to any fuel crossover that occurs. Then the three types of 
losses that happen are activation losses, ohmic losses, and mass-transport 
losses at high current densities. Activation losses depend on the reactions, 
electro-catalyst material, and microstructure reactant activities (utilization), 
and slightly on current density. These losses come from the activation energy 
of the reactions at the electrodes. Ohmic losses are due to ionic resistance in 
any part of the electrolyte or electrodes, the current collectors and intercon-
nects, and contact resistances, and these losses depend on the material type, 
stack geometry, and temperature. Finally, the mass-transport losses come 
about from finite mass-transport limitation rates of the reactants. The cur-
rent density, reactant activity, and electrode structure all play a role in mass-
transport loss. These are shown in Figure 19. The specific equations related 
to the fuel cell used to conduct this project are discussed in the next section 
[32].  
 

 
Figure 19. Fuel cell characteristic voltage-current curve showing losses 

within the cell [35]. 
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4.2 Types of Hydrogen-based FCs and Applications 
 

Several kinds of hydrogen-based fuel cells are being developed. These 
technologies are mainly classified based on the electrolyte and fuel used to 
indicate which electrode reactions occur and which ions carry the current 
across the electrolyte. In Figure 20, different types of fuel cells are repre-
sented based on the appropriate operating temperatures, the reactants used 
for the electrochemical process, and the ions that migrate via the electrolyte. 
Table 3 shows the details of different fuel cell types and their applications.  

 
Figure 20. Types of fuel cells and their reactants, operating temperatures, 

and migrating ions [36]. 
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Table 3. Information about different fuel cell types [32]. 
 Operating 

Tempera-

ture [˚C] 

Electrolyte Charge 

Carrier 

Anode Reaction Cathode Reac-

tion 

SOFC – 

Solid Oxide 

Fuel Cell 

500 - 1000 Ceramic O2- H2 + O2- → H2O + 2e- 

CO + O2- → CO2 + 2e- 

CH4 + 4O2- → 2H2O + 

CO2 + 8e- 

½O2 + 2e- → 

O2- 

MCFC – 

Molten Car-

bonate Fuel 

Cell 

~650 Immobi-

lized liquid 

molten car-

bonate 

CO3
2- H2 + CO3

2- → H2O + CO2 

+ 2e- 

CO + CO3
2- → 2CO2 + 

2e- 

½O2 + CO2 + 

2e- → CO3
2- 

AFC – Alka-

line Fuel Cell 

50 to 200 Immobi-

lized alka-

line salt so-

lution 

OH- H2 + 2(OH)- → 2H2O + 

2e- 

½O2 + H2O + 

2e- → 2(OH)- 

PAFC – 

Phosphoric 

Acid Fuel 

Cell 

~220 Immobi-

lized liquid 

phosphoric 

acid 

H+ H2 → 2H+ + 2e- ½O2 + 2H+ + 

2e- → H2O 

PEMFC – 

Proton Ex-

change Mem-

brane Fuel 

Cell 

30 to 100 Polymeric 

ion ex-

change 

membrane 

H+ H2 → 2H+ + 2e- ½O2 + 2H+ + 

2e- → H2O 

 

There are a wide variety of applications for different types of fuel cells, 
and one needs to understand key points prior to selecting the right type of 
fuel cell. PEMFCs can be used for prime power for fuel cell vehicles, portable 
applications, distributed generation, and military applications [37]. AFCs 
were first used in the Apollo for on-board electric power and in other space 
applications. There is also development towards using AFCs in mobile and 
closed-system applications [32]. PAFCs are developed for stationary applica-
tions, such as large-capacity electric utility and small capacity for on-site use 
[38]. Just like PAFCs, MCFCs are also used in large stationary applications, 
but in addition, they are used in marine applications where the weight of the 
MCFC and slow start-up would not be a hindrance. SOFCs are capable of 
providing power for auxiliary power to vehicles, stationary applications, mo-
bile power, and other specialty applications [32].  
 

The PEMFC is a highly developed and widely used fuel cell, but some 
advantages and disadvantages need to be considered. Due to the solid elec-
trolyte, the PEMFC has minimal gas crossover. The low operating tempera-
tures also allow for fast start-up times, but thermal management can be dif-
ficult due to the low and narrow operating temperature range, especially for 
very high current densities. These fuel cells are also capable of water 
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management during high current densities so that the hydration of the elec-
trolyte is just enough not to flood the cell. Another disadvantage is poisoning 
due to trace levels of contaminants such as CO, sulfur, and ammonia. By low-
ering the operating current density and increasing electrode catalyst loading, 
some of these disadvantages can be diminished, but those techniques will in-
crease the cost of the fuel cell. Lastly, appropriate hydrogen infrastructure 
has been an obstacle to fully commercializing these fuel cells [32]. These chal-
lenges are being investigated by increasing the reliability and durability of 
the major stack components, such as the bipolar plates, membrane electrode 
assemblies, and gaskets. If these components are not used optimally, there 
will be consequences to the entire system to which the fuel cell stack is con-
nected. There will be gross system performance and efficiency losses, loss of 
system availability, and costly maintenance and repair [39]. 
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5 Methodology 
 

5.1 Fuel Cell Model in Simulink 
 

To prove that the fuel cell stack can be a vital player in an HRES as a 
back-up generator, it was necessary to simulate the components and the sys-
tem in Simulink. This program is a MATLAB-based software that allows the 
user to simulate a variety of systems using the graphical block diagramming 
interface.  

 
This fuel cell stack module is customizable based on the nature of the 

fuel cell available for the HRES. Souleman Njoya M. et al. have developed a 
module that can be used in an electrical system in Simulink. This fuel cell 
stack Simulink module modeled the principles and relevant equations. Each 
function and fuel cell mechanism has been included in the mask, shown in 
Figure 21, and is described in detail here. 
 

 
Figure 21. Fuel cell stack mask in Simulink library [40]. 

 
The fuel cell stack model is shown as a block diagram in Figure 22 in 

which Blocks A, B, and C calculate the important parameters of the fuel cell, 
which are open circuit voltage (Eoc), exchange current density (i0), and the 
Tafel slope (A). The Eoc is the maximum performance that can be achieved by 
the fuel cell [32]. The exchange current density is concentration dependent 
and can be described similarly to the rate constant in chemical reactions [41]. 
The io can be measured using Tafel plots by extrapolating the intercept at 𝜂act 

equal to zero. The 𝜂act is the activation overpotential which is the potential 
difference over the equilibrium potential that is needed to overcome the ac-
tivation energy of the cell reaction to produce a the current specified [42]. An 
example of a Tafel slope is shown in Figure 23. These factors depend on the 
pressures of the gases, the temperature, their flow rates, and their composi-
tions. The equations below show the calculations for Eoc, i0, and A [40]. 
  

 𝐸𝑜𝑐 = 𝐾𝑐𝐸𝑛 (33) 

 𝑖𝑜 =
𝑧𝐹𝑘(𝑃𝐻2

+ 𝑃𝑂2
)

𝑅ℎ
𝑒𝑥𝑝(

−∆𝐺
𝑅𝑇

)
 (34) 

 𝐴 =
𝑅𝑇

𝑧𝛼𝐹
 (35) 
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Figure 22. Block diagram of fuel cell stack model [43]. 

 

 

 
Figure 23. Tafel plot example [32]. 

 

The controlled voltage source, or the stack voltage with mainly the acti-
vation losses considered, is modeled based on the equations given below. 
Since the losses are electrically modeled using a parallel resistor-capacitor 
branch, there will be a delay that is three times the time constant prior to the 
equilibrium if there is a change in the stack current suddenly. This delay is 
represented by the transfer function factor in the equation [43]. 
 

The actual performance of the fuel cell stack has to include the activa-
tion-related losses, the ohmic losses, and the mass-transport-related losses. 
In the case of this model, since the fuel cell is assumed to not operate in the 
mass transport region, this loss is excluded. The equation shows the 
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activation potential losses, Vact, and the ohmic losses, Rohmifc, are taken into 
account. 
 

 𝐸 = 𝑉𝑎𝑐𝑡 + 𝐸𝑜𝑐 − 𝑅𝑜ℎ𝑚𝑖𝑓𝑐 (36) 

 𝑉𝑎𝑐𝑡 = −𝑁𝐴𝑙𝑛 (
𝑖𝑓𝑐

𝑖𝑜
)

1

𝑠𝑇𝑑

3 + 1
 (37) 

 
The efficiency of the stack is based on the nominal low heating value (LHV) 
[40]. The LHV of a fuel is the enthalpy change of combustion of the fuel at a 
particular reference temperature with the remaining vapor of H2O [44]. One 
of the ways to define the efficiency of a fuel cell stack is by dividing the output 
electrical power by the LHV, as shown in this equation [40]. 
 

 
𝜂𝑠𝑡𝑎𝑐𝑘 =

𝐸𝑖𝑓𝑐

[
𝑁∆ℎ𝑜𝑖𝑓𝑐

𝑧𝐹𝑈𝑓,𝑂2𝐻2
]

 
(38) 

 
For temperatures less than or equal to 100˚C, the Nernst potential is calcu-
lated as such. 
 

 𝐸𝑛 = 1.229 + (𝑇 − 298)
−44.43

𝑧𝐹
+

𝑅𝑇

𝑧𝐹
𝑙𝑛(𝑃𝐻2

𝑃𝑂2

1/2
) (39) 

 
For temperatures greater than 100˚C, the Nernst potential is calculated as 
such. 
 

 𝐸𝑛 = 1.229 + (𝑇 − 298)
−44.43

𝑧𝐹
+

𝑅𝑇

𝑧𝐹
𝑙𝑛 (

𝑃𝐻2
𝑃𝑂2

1/2

𝑃𝐻2𝑂
) (40) 

 
The partial pressures used in the Nernst equation are equated as below. 
 

 𝑃𝐻2 = 𝑥%(1 − 𝑈𝑓,𝐻2)(𝑃𝑓𝑢𝑒𝑙) (41) 

 𝑃𝑂2 = 𝑦%(1 − 𝑈𝑓,𝑂2)(𝑃𝑎𝑖𝑟) (42) 

 𝑃𝐻2𝑂 = (w% + 2𝑈𝑓,𝑂2𝑦%) (𝑃𝑎𝑖𝑟) (43) 

 
The rates of conversion, or the utilization of hydrogen and oxygen, are calcu-
lated in Block A with the following equations.  
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 𝑈𝑓,𝐻2
=

60000𝑅𝑇𝑁𝑖𝑓𝑐

𝑧𝐹𝑃𝑓𝑢𝑒𝑙𝑉𝑙𝑝𝑚(𝑓𝑢𝑒𝑙)𝑥%
 (44) 

 𝑈𝑓,𝑂2
=

60000𝑅𝑇𝑁𝑖𝑓𝑐

2𝑧𝐹𝑃𝑎𝑖𝑟𝑉𝑙𝑝𝑚(𝑎𝑖𝑟)𝑦%
 (45) 

 
Stack consumptions of air and fuel are equated with the formulae below. 
These will be helpful to see how much fuel is required for a specific applica-
tion. 
 

 𝑆𝑡𝑎𝑐𝑘 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑖𝑟 =
60000𝑁𝑖𝑓𝑐𝑅𝑇𝑠𝑡𝑑

4𝐹𝑃𝑠𝑡𝑑𝑦%
  (46) 

 𝑆𝑡𝑎𝑐𝑘 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑢𝑒𝑙 =
60000𝑁𝑖𝑓𝑐𝑅𝑇𝑠𝑡𝑑

𝑧𝐹𝑃𝑠𝑡𝑑𝑥%
  (47) 

 
The inputs and outputs for this stack are shown in Figure 22, and the 

definition and bounds are shown in Table 4. The outputs include the voltage 
generated by the fuel cell with the positive and negative terminals that con-
nect to a load or other system buses, and m, which is the measurement vector, 
provides a multitude of signals that can be read using a scope module. These 
signals include the eleven signals shown in Table 5. 
 

Table 4. Fuel cell stack inputs with their definition and bounds [45].  
Symbol Bounds Information 

Inputs Current N/A Generated fuel cell 
current 

Op Temp [200, ∞]  Operating tempera-
ture 

H2 [1e-6, ∞] Fuel flow rate 

x_H2 [0.0001, 0.999] Fuel composition 

Air [1e-3, ∞] Air flow rate 

y_O2 [0.0001, 0.999] Oxygen composition 

Pf [0.0001, ∞] Fuel pressure 

PAir [0.0001, ∞] Air pressure 

Outputs m N/A Multitude of signals 
(see  

Table 5) 

Voltage (+ -) N/A E is the voltage that 
FC stack produces 
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Table 5. Signal vector m and the signals associated with Fuel Cell Stack 

Model [45]. 
Signal Symbol Unit 

Voltage Vfc V 
Current Ifc A 
Stack Efficiency 𝜂 % 
Stack Consumption [Air, Fuel] Vslpm slpm 
Flow Rate [Air, Fuel] Frlpm lpm 
Stack Consumption [Air, Fuel] Vlpm lpm 
Utilization [Oxygen, Hydrogen] Uf % 
Slope of Tafel Curve A N/A 
Exchange Current i0 A 
Nernst Voltage En V 
Open Circuit Voltage Eoc V 

 

5.2 Base HRES Model without PEMFC Stack 
 

The DC HRES base model that is used in this project was developed by 
Jacob and Farzaneh [1]. This system includes a solar energy generation sys-
tem, wind energy generation system, and lead-acid battery storage system. 
The solar power capacity is around 53Wp, and the wind generation nominal 
power is 100W. The battery storage capacity is rated at 10Ah. The appropri-
ate power electronics converter is used depending on the output from each 
component. The solar and wind generation systems are connected with buck 
converters to match the system voltage of 12V. A rectifier is required to con-
vert the AC signal at the output of the wind generation system to a DC output 
in order to connect to the DC bus of the system. The battery uses a bi-direc-
tional DC converter for the system to charge the battery and receive power 
from the battery when it discharges. The system is shown below in Figure 24.  
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Figure 24. DC HRES base model developed by Jacob and Farzaneh [1]. 

 

This system’s battery storage scheme will be replaced by the PEMFC stack 

that is modeled after a 30W H-30 Fuel Cell Stack manufactured by Horizon 

Educational [46]. 

 

5.3 HRES Model with PEMFC Stack 
 

From the base HRES model, the fuel cell HRES model was derived. The 
PEMFC stack model was connected to the main bus line with a boost con-
verter to increase the voltage to the system DC voltage of 12V. The boost con-
verter calculations were done by using equations (24) to (28). Finally, the 
resulting values for the boost converter components resulted in a 0.24 duty 
cycle, 0.0212H inductor, and 0.0416F capacitor. The PEMFC stack model 
with the boost converter is shown in Figure 25.  
 



44 

 

 
Figure 25. PEMFC stack model with boost converter connection. 

 

The system connection is depicted in Figure 26. For data collection, the 
load signal Timeseries and power output information for each of the genera-
tion technologies were recorded in the workspace using 10,000 decimations. 
 

 
Figure 26. HRES connection with PEMFC stack model connection. 

 

5.4 Data Inventory and Scenario Definition 
 

5.4.1 PEMFC Stack Input Parameters, Assumptions, and Limitations 

 

The parameters have been set to resemble the H-30 PEMFC stack. 
These inputs are displayed in Table 6. The datasheet of the H-30 PEMFC 
stack provides the information, and specific voltages and currents, such as 
the nominal operating point conditions, were extracted using the voltage-
current or power-current curves [46]. Because the datasheet does not 

0.0212 H 
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.0

4
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explicitly give the nominal flow rate of air, this was calculated using the for-
mula below [45]. 
 

 𝑉𝑙𝑝𝑚,𝑎𝑖𝑟,𝑛𝑜𝑚 =
60000𝑅𝑇𝑛𝑜𝑚𝑁𝑖𝑛𝑜𝑚

2𝑧𝐹𝑃𝑎𝑖𝑟,𝑛𝑜𝑚𝑈𝑓,𝑂2,𝑛𝑜𝑚0.21
 (48) 

 

Table 6. Input parameters for the PEMFC stack model. 

Parameter Input 

Voltage at 0A and 1A [V_0(V), V_1(V)] [14.15, 12.08] 

Nominal operating point [Inom(A), Vnom(V)] [2.4, 10.4] 

Maximum operating point [Iend(A), Vend(V)] [4.24, 8.4] 

Number of cells 14 

Nominal stack efficiency (%) 40 

Operating temperature (˚C) 65 

Nominal Air flow rate (lpm) 1.0509 

Nominal supply pressure [Fuel(bar), Air(bar)] [1.45, 1] 

Nominal composition (%) [H2, O2, H2O(Air)] [99.95, 21, 1] 

 

With this fuel cell stack model, the creators made some assumptions 
and limitations for this block. The hydrogen and air that are fed to the 
PEMFC are ideal. The temperature of the stack at the anode and the cathode 
is maintained with a cooling system, and a water management system is 
equipped to keep the humidity at an appropriate level inside the stack at any 
load level. If there is any pressure drop across the flow channels, it would be 
considered negligible. Finally, at any operational condition, the cell re-
sistance is constant. As for the limitations, this model does not consider the 
flow of gases or water through the membrane nor the effect of temperature 
or humidity of the membrane on the internal resistance [43]. 
 
5.4.2 Scenario Definition and Load Data 

 
The HRES with PEMFC model was then subjected to real weather data 

from Fukuoka, Japan, and a relevant load data set to the scenario. The data 
was obtained from the Japan Meteorological Agency (JMA) by Jacob and 
Farzaneh. There were four scenarios that included 72 hours of a specific me-
teorological situation: Clear Days, High Wind Speed Days, Cloudy Days, and 
Raining Days. The days associated with each of these scenarios are shown in 
Table 7. 

 
Table 7. Scenario data [1]. 

Scenario Dates 

Clear Days July 27, 2021 – July 29, 2021 

High Wind Speed Days December 25, 2021 – December 27, 2021 

Cloudy Days August 23, 2021 – August 25, 2021 

Raining Days August 11, 2021 – August 13, 2021 
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Figure 27. Solar irradiation and cell temperature JMA data used for the 

Clear Days scenario [1]. 

 

 
Figure 28. Wind speed JMA data used for the Clear Days scenario [1]. 

 

The Clear Days scenario pertains to Fukuoka, Japan weather without 
clouds or rain. Basically, this data set will help show how the solar energy 
system will work at optimal power with irradiation levels reaching up to 
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approximately 900 W/m2 as seen in Figure 27. The wind speed data is also 
shown for the Clear Days scenario in Figure 28.  
 

 
Figure 29. Solar irradiation and cell temperature JMA data used for the 

High Wind Speed Days scenario [1]. 

 

 
Figure 30. Wind speed JMA data used for the High Wind Speed Days sce-

nario [1]. 
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For the High Wind Speed Days scenario, for most of the hours in the 
three-day period, there were relatively high wind speeds, especially during 
the later parts of the day for days one and two. The fluctuations due to wind 
speeds were also quite high. The figures for solar irradiation and cell temper-
ature are shown in Figure 29, and the wind speeds are shown in Figure 30. 
 

 
Figure 31. Solar irradiation and cell temperature JMA data used for the 

Cloudy Days scenario [1]. 

 

 
Figure 32. Wind speed JMA data used for the Cloudy Days scenario [1]. 

0

100

200

300

400

500

600

700

800

900

1000

0

5

10

15

20

25

30

35

40

45

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70

Ir
ra

d
ia

ti
o
n
 [

W
/m

2
]

C
e
ll 

T
e
m

p
e
ra

tu
re

 [
ᵒC

]

Hour

0

1

2

3

4

5

6

7

8

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70

W
in

d
 S

p
e
e
d
 [

m
/s

]

Hour



49 

 

Figure 31 shows the solar irradiation for the scenario where there is 
more diffused light due to clouds. In the initial two days, the irradiation is 
relatively low compared to the irradiation that is shown in Figure 27. The 
wind speeds shown in Figure 32 increase and fluctuate in the three days 
shown.  
 

 
Figure 33. Solar irradiation and cell temperature JMA data used for the 

Raining Days scenario [1]. 

 

 
Figure 34. Wind speed JMA data used for the Raining Days scenario [1]. 
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Finally, the fourth scenario has the lowest level of irradiation, as seen 
in Figure 33, and can be used to test systems when the main source of power 
must come from the backup power source. Wind speeds shown in Figure 34 
are also relatively lower than the other three scenarios.  
 

Jacob and Farzaneh used a variable resistor to model the DC dynamic 
load in their simulation model. A resistor also models an additional standby 
6W load in parallel with the dynamic load. This standby load is used to ac-
count for the MPPT controller’s standby operation [1].     
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6 Results and Discussion 
 

The results include the validation of the H-30 PEMFC stack model us-
ing the datasheet and the results from running the HRES simulation using 
the four scenarios and load data.  
 

6.1 Fuel Cell Model Validation 
 

The validation of the PEMFC stack model was compared to the 
datasheet graphs to ensure that the model operated correctly when con-
nected to the rest of the HRES. The measured laboratory data was from a 
previous year and was used for additional validation. 
 

The voltage versus current data is shown in Figure 35. The value of the 
root-mean-square error (RMSE) when the Simulink model was compared to 
the datasheet was 0.192. 
 

 
Figure 35. Voltage versus current curve from Simulink modeling, H-30 

PEMFC stack datasheet, and measured lab data [46]. 
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Figure 36. Power versus current curve from Simulink modeling, H-30 

PEMFC stack datasheet, and measured lab data [46]. 

 

The power versus current data is shown in Figure 36. The value of the RMSE 

when the Simulink model was compared to the datasheet was 0.638. 

 

 
Figure 37. Hydrogen versus power curve from Simulink modelling, H-30 

PEMFC stack datasheet, and measured lab data [46]. 

 

The power versus current data is shown in Figure 37. The RMSE, when com-

paring the Simulink model to the datasheet, comes out to be 0.026. Valida-

tion of the characteristic curves confirms that the parameters and the model 

were usable in the larger system. 
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6.2 Scenario Analysis with Fuel Cell Discussion 
 

In this section, results from the simulations related to the HRES with 
battery and PEMFC stack storage systems, and simulations related to the 
HRES with just the battery as the back-up system are discussed. An im-
portant observation was made with the battery’s SOC and how the PEMFC 
stack affected it. Lastly, an HRES system with only the PEMFC stack was 
evaluated. 
 

6.2.1 Comparison of Battery and PEMFC Stack Storage HRES with 

Battery only HRES 

 
The first set of results shows the battery and PEMFC back-up HRES 

versus the battery-only HRES. The SOC of the battery was also compared, 
especially with the battery SOC starting at the rated SOC of 45.93% or at a 
low SOC of 20.01%. 
 

 
(a) 

 
(b) 
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(c) 

Figure 38. The Clear Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial rated SOC comparison is 

shown in (c). 

 

As can be seen in Figure 38 (c), the rated SOC increased by a rate of 
0.24%/hr in the system where the PEMFC is also involved, and this is due to 
the PEMFC stack being an additional charging resource for the battery. The 
battery-only system’s SOC decreases at a rate of 0.18%/hr. The energy bal-
ance diagram for the battery and PEMFC back-up HRES also indicates that 
the battery discharges less and charges more with the support of the PEMFC 
stack. On average, the PEMFC stack outputs around 21W. 
 

 
(a) 
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(b) 

 
(c) 

Figure 39. The Clear Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial low SOC comparison is shown 

in (c). 

 
For the sake of comparison, simulation for the same scenario but with the 
battery’s SOC at its recommended low at 20.01% was done. The PEMFC stack 
is shown to be beneficial by not allowing the battery SOC to drop too low and 
out of the manufacturer’s recommended range, as can be seen in Figure 39. 
The decrease in SOC is about 0.12%/hr for the system with only the battery 
whereas the increase in SOC is on average 0.31%/hr for the battery and 
PEMFC stack HRES. The energy balance is also improved, similar to the sce-
nario with the rated initial SOC. 
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(a) 

 
(b) 

 
(c) 

Figure 40. The High Wind Speed Days scenario energy balance diagrams 

for the battery-only HRES is shown in (a), the energy balance diagrams for 

the PEMFC and battery HRES in (b), and initial rated SOC comparison is 

shown in (c). 

 

The results for the High Wind Speed Days are shown in Figure 40. In this 
scenario also, the PEMFC seems to be helping the battery charge and dis-
charge less throughout the 72 hours. In this scenario, wind energy is highly 
fluctuating and could potentially be a burden as the back-up energy storage. 
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Having a multi-back-up system can potentially help reduce that burden with 
a more sophisticated controller. This can be proven with how the increase 
(0.097%/hr) in SOC for the battery and PEMFC stack system is compared to 
the decrease (0.32%/hr) in SOC for the battery-only system. The stability in 
SOC is clearly seen when it comes to the system with both back-up technolo-
gies. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 41. The High Wind Speed Days scenario energy balance diagrams 

for the battery-only HRES is shown in (a), the energy balance diagrams for 
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the PEMFC and battery HRES in (b), and initial low SOC comparison is 

shown in (c). 

 

The same scenario was altered by changing the initial SOC to 20.01% to show 

how once again the PEMFC stack can save the battery’s SOC from dipping 

below 20% and increased it around a rate of 0.12%/hr. This can be seen in 

Figure 41. 

 
(a) 

 
(b) 

 
(c) 
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Figure 42. The Cloudy Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial rated SOC comparison is 

shown in (c). 

 

The results for the Cloudy Days scenario are shown in Figure 42. In this case, 

the irradiation is not that abundant. On average, the PEMFC stack outputs 

about 22W to 24W. The advantage of using the PEMFC as a back-up source 

is clearly seen with the SOC increasing to 46.05%, increasing at a rate of 

0.17%/hr. The decrease in SOC which occurs with the battery-only system is 

about 0.25%/hr.  

 

 
(a) 

 
(b) 
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(c) 

Figure 43. The Cloudy Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial low SOC comparison is shown 

in (c). 

 

Similarly, with the initial SOC at 20.01%, the energy balance diagrams in Fig-

ure 43 and the SOC comparison diagram indicate the potential of combining 

the battery back-up with the PEMFC stack. The PEMFC stack helps to charge 

the battery, increasing it at a rate of 0.014%/hr, while providing for the load. 

If no additional back-up PEMFC stack is available, the low SOC drops at the 

rate of around 0.22%/hr. 

 

 
(a) 
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(b) 

 
(c) 

Figure 44. The Raining Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial rated SOC comparison is 

shown in (c). 

 

During the 72 hours of Raining Days, while the solar energy and wind energy 

barely reaches an output of 10W or 20W, the back-up systems have to carry 

the system over the 72 hours. Even while doing that, the PEMFC stack can 

stabilize the SOC, as can be seen with no specific increase in value, while sat-

isfying the load demand as shown in Figure 44. The system where no PEMFC 

stack is introduced, the SOC decreases at an almost constant rate of 

0.46%/hr. 
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(a) 

 
(b) 

 
(c) 

Figure 45. The Raining Days scenario energy balance diagrams for the bat-

tery-only HRES is shown in (a), the energy balance diagrams for the 

PEMFC and battery HRES in (b), and initial low SOC comparison is shown 

in (c). 

 

Particularly, as shown in Figure 45, when the battery starts with a low SOC 

or is at a low point for the Raining Days scenario, the PEMFC stack helps to 

save the SOC from going below the range from the manufacturer’s 
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recommendation. The decrease is dramatic at about 0.43%/hr, but the in-

crease is more or less stable at 0.19%/hr. The output of the PEMFC stack is 

the greatest compared to all of the other scenarios, with almost 30W of power 

output throughout the three days. This is also due to the low resources for 

solar and wind, and the higher demand from the load and the battery charg-

ing. 

 

Overall, connecting the PEMFC stack to the HRES with the battery not 
only satisfied the load demand in these four weather scenarios, but also 
proved that the PEMFC stack had a positive impact on the SOC of the battery 
and prevented it from going below the minimum recommended value of 
20%. The SOC comparisons are shown below in Table 8. 

 
Table 8. Summary of SOC average improvements from battery-only HRES 

to battery and PEMFC stack HRES. 
Scenario Initial SOC 45.93% Initial SOC 20.01% 

 Battery only Battery + 

PEMFC 

Battery only Battery + 

PEMFC 

Clear Days Decreased 

0.18%/hr 

Increased 

0.24%/hr 

Decreased 

0.12%/hr 

Increased 

0.31%/hr 

High Wind-

Speed Days 

Decreased 

0.32%/hr 

Increased 

0.097%/hr 

Decreased 

0.29%/hr 

Increased 

0.12%/hr 

Cloudy Days Decreased 

0.25%/hr 

Increased 

0.17%/hr 

Decreased 

0.22%/hr 

Increased 

0.014%/hr 

Raining Days Decreased 

0.46%/hr 

Increased 

0%/hr 

Decreased 

0.43%/hr 

Increased 

0.19%/hr 

 
6.2.2 PEMFC Stack Storage HRES 

 

When the HRES is connected to just the PEMFC stack as a back-up de-
vice, the energy balance diagram shown in Figure 46 indicates that although 
the load is balanced by the energy supply of different components, there is  
an imbalance in the voltage caused by different voltage sources. The voltage 
imbalance at the DC bus line is shown in Figure 47. It is a complex system 
with multiple sources and lacks a 12V reference that the battery in the previ-
ous model helps to provide. 
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Figure 46. Energy balance for the PEMFC HRES for the Clear Days sce-

nario. 

 

 
Figure 47. Voltage imbalance with the PEMFC only back-up storage sys-

tem. 

 

6.2.3 Hydrogen Consumption 

 

Another important aspect of using the PEMFC stack as a back-up stor-
age would be the amount of fuel being consumed to help the HRES satisfy 
the load’s demand. Figure 48 displays the stack consumption of fuel for the 
Clear Days scenario when the battery’s SOC starts at a low point of 20.01%. 
The total hydrogen consumed is measured in liters per minute, and by calcu-
lating the total area under the curve for 72 hours and applying the appropri-
ate time conversion, a total of approximately 878L were consumed by the 
stack in order to work with the HRES to satisfy the load in this scenario.  
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Figure 48. PEMFC stack consumption of fuel for the Clear Days scenario 

when the battery’s SOC starts at a low point of 20.01%. 

 

Not only will the cost of hydrogen influence the use of the PEMFC stack 
as back-up storage, but it is also important to have insights into the volume 
of hydrogen storage tanks. For example, with the HRES where the battery 
and the PEMFC stack are both back-up energy sources, if a tank size was 
based on the 700bar and 200L tank size, it can be approximated as a total of 
5 tanks used for 878L of hydrogen [47]. The tank size will have to be opti-
mized and customized for a specific HRES project.  
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7 Conclusions and Future Work 
 

The focus of this research was to study the feasibility and significance 
of using a DC bus hybrid system with solar panels and wind turbines as the 
main power generators, and the PEMFC stack for back-up power with and 
without additional battery storage system. The end goal was to check if this 
HRES could satisfy the load demand and if there were any advantages of us-
ing the PEFMC stack alone versus in conjunction with a battery storage sys-
tem. Additionally, since PEMFC stacks need hydrogen to fuel them, the re-
search also studied the feasibility of using hydrogen storage tanks. 
MATLAB/Simulink was used to conduct real-time validation using meteoro-
logical data from Fukuoka, Japan under different weather scenarios.  

 
Results of this research showed that connecting the PEMFC stack to the 

HRES along with the battery satisfied the load demand in the four weather 
scenarios in Fukuoka and proved that the PEMFC stack had a positive impact 
on the SOC of the battery. Additionally, the battery helped this configuration 
reach a reference voltage of 12V, which is important for the HRES to function 
optimally. The advantage of connecting the PEMFC stack with the battery 
was that by doing so, the battery needed to charge and discharge less. The 
additional power coming from the PEMFC stack was continuous and could 
be relied upon as long as the hydrogen fuel supply to the stack was continu-
ous. Lastly, the dual-storage configuration could potentially reduce the bat-
tery size and cost since the requirement for the power capacity could be com-
pensated with the PEMFC stack. 

 
In contrast, using the PEMFC stack as the only back-up storage device 

made it really challenging to control the voltage fluctuations. Although it was 
possible to generate a continuous power supply based on the availability of 
hydrogen fuel, in the absence of a reference voltage to stabilize the voltage 
seen at the DC busbar, the system remained unstable.  

 
The feasibility of hydrogen storage tanks was also explored. As previ-

ously mentioned, based on a sample tank size of 200L, around five tanks 
would be needed to provide fuel to the PEMFC stack for three days. Without 
a cost analysis and optimization of the specific HRES required for a particular 
location, the hydrogen storage aspect could not be optimized further. 

 

For future work, more control logic could be used to optimize the fuel 
cell stack and other HRES components, since this will reveal optimal capaci-
ties for each component. In addition, an electrolyzer or hydrogen storage as-
pect needs to be considered for this hydrogen-based HRES. The inclusion of 
complex control configurations to control the charging by prioritizing the 
charging from the solar and wind systems could potentially optimize the bat-
tery sizing and the use of hydrogen fuel. 
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Furthermore, for the HRES connected to the PEMFC stack without the 
battery, the imbalance in the voltages should be explored further. Other con-
trol options such as Proportional-Integral-Derivative control could possibly 
help create a HRES with only the fuel cell as the back-up storage source as 
these controllers can help regulate the voltage at the main bus. 

 
The results of this research could help guide further expansion of the 

system to include the actual H-30 PEMFC connected to the HRES to validate 
the simulated model. Then the scenarios should be implemented, evaluated, 
and optimized in the laboratory. Such practical estimations and optimiza-
tions are required to ensure that the use of PEMFC stack for back-up storage 
is a viable option for the future of HRES. 
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