
Proc. ESA Annual Meeting on Electrostatics 2010, Paper G2 

Modeling of a Small Stand-Alone AC 
System with the Dynamic Models of 

Fuel Cells and Solar Panels 
 

Kiran K Chedella1, Lin Zhao2 and Zhihao Zhang3 
1, 2Dept. of Electrical & Computer Engineering, Gannon University 

3UTC Power  
1phone: (1) 814-384-5768 e-mail: chedella001@gannon.edu 

2phone: (1) 814-871-5854 e-mail: zhao001@gannon.edu 
3phone: (1) 860-727-2691 e-mail: zhihao.zhang@utcpower.com 

 

Abstract—This paper presents the preliminary study of the modeling of a small stand-
alone AC system with the fuel cells and solar panels as energy resources. The solar energy 
will be the main energy source for electricity generation during the day and will be comple-
mented with the fuel cell when needed. The fuel cell and the battery will be responsible to 
meet the electricity demand during the night. The dynamic Simulink models of the fuel cell 
and the photovoltaic cell are implemented and the load characteristics were obtained for 
both. The system also includes two DC/DC converters to boost the output voltage from both 
the fuel cell and PV cell to 80V DC. The DC/AC PWM inverter is involved to converter DC to 
the standard AC voltage suitable for general household appliances. The power management 
strategy and the load sharing controller are the two main research jobs currently undergo-
ing.  

I. INTRODUCTION 
Renewable energy  integration with electric power system  is  one of the m ajor research 
areas t o real ize a “green and sm art” gri d. The rapi d depl etion of conventional energy 
resources al ong wi th t he need t o reduce t he envi ronmental i mpacts and the tight con-
straints over the construction of new transmission lines for long distance power transmis-
sion leads to the call o f more alternative energy resources and their efficient utilization. 
Of part icular interest are renewabl e distributed generat ion systems with free energy re-
sources, such as fuel cells, wind turbines and solar photovoltaic (PV) cells [1][2][3]. 

The output DC voltages generated by  t he fuel  cel l and t he PV cel l vary  i n a wi de 
range: t he form er (e.g. a proton exchange membrane (PEM ) fuel  cel l) depends on t he 
hydrogen flow rate and while the later is highly sensitive to the weather condition. Al-
though a small power system with a single renewable energy system is possible[3][4][5], 
a small stand-alone power system with the combination of more than one renewable en-
ergy resource is m ore appealing due to the availability of the resources and the sustain-
able operation of the system[6][7]. The output DC voltage generated by the fuel cell and 
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the PV cel l is low in magnitude which needs to be step-up with DC-DC converters. The 
DC-AC inverters are required if to support ac loads [9][10]. Past research activities of the 
fuel cells and the PV cells for electricity generat ion focused ei ther on t heir dy namic 
modeling alo ne [3 ][11][12][13] o r th e feas ibility an d th e ch aracteristics o f th e p ower 
system with t hem assum ed t o be operat ed under st eady st ate for m ost of t he 
cases[14][15][16][17][18].  

The presented research work i s among the first attempts to include dynamic models in 
the system level operation. The proposed small stand-alone system consi sts of t wo en-
ergy resources (PEM fuel cells and PV cells ) and a battery as the energy storage device 
as shown in Fig. 1. When the solar energy is sufficiently high during the day it is used to 
completely meet the load demands. During ni ghts t he fuel  cel l operat es i ndependently 
supplying the required power demand of the load. When there is no sufficient solar radia-
tion both photovoltaic system and fuel  cel ls operate together to share t he load demand. 
The battery is used to support this system during transients when the response of the sys-
tem is not quick enough to meet the change in load demand. The dynamic models of the 
fuel cells and the PV cells will b e considered during the system analysis and simulation. 
This paper presents the preliminary research results of the project including detailed dy-
namic models of t he fuel cell and sol ar panel and t he simulation of the system perform-
ance under specific situations. The design and implementation of the power management 
strategy and the controller (as noted with the red dashed l ine in Fig. 1) are currently un-
dergoing. 

 
Fig. 1. proposed small stand-alone power system with fuel cells and solar panel 

II. SIMULINK DYNAMIC MODEL OF PEM FUEL CELL 
The proton exchange m embrane (PEM) fuel  cel l al so known as t he sol id polymer fuel 
cell was fi rst developed by General Electric (USA) in 1960s for use by  NASA. It  basi-
cally requi res hy drogen as fuel  and oxy gen from ambient ai r [3] . The fuel cell cannot 
immediately respond to changes in load because of their slow internal electrochem ical 
reactions, so a battery is required to meet the load demand during transient state. Fuel cell 
output voltage and power are i nfluenced by the electrochemical and phy sical properties 
of fuel cell, such as t he capacitance of doubl e layer charge effect, mass diffusion, mate-
rial conservation, thermodynamics and voltage drops inside the cell.  

In this a paper a dynamic model of PEM fuel cell is adopted [3] with the complete full 
cell voltage equation given as follows 
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In (1) the activation polarization loss is d ominant at th e low current density and can be 
described by the Tafel equation [3]: 
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At high current densities, slow transportation of reactants is  the main reason for the con-
centration voltage drop: 
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The ohmic polarization loss varies directly with current and can be expressed as 

 intRiV fcohm =    (5) 

The effects of the thermal dynamics and internal resistance can be expressed as (6) and 
(7) [3] which are the relations derived from experimental measurement for specific fuel 
cell model.  
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The symbols are defined as follows,  
Vfc – the output voltage of a fuel cell; 
E – the ideal equilibrium potential and can be considered as the open circuit voltage.  
PX – the corresponding partial pressure 
E0 – the ideal standard potential that is the ideal cell voltage under standard conditions 
such as one atmosphere and 250C for the cell reaction. 
R – universal gas constant (8.3145 kJ/mol/K); 
T – absolute temperature (K); 
n – number of electrons participating and equal to 2 if hydrogen is the fuel; 
F – Faraday’s constant, charge carried by a mole of electrons (96485 coulombs/mol); 
α – the electron transfer coefficient which must be in the range from 0 to 1.0;  
ifc – fuel cell current (A); 
io – exchange current density  
il is the limiting current at the electrode which has the lowest limiting current density 
Rint - fuel cell internal resistance (ohm) 
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τT and τR – time constants 
TX, AR, BR and R0 – empirical parameters [3] 

The dy namic m odel of PEM  fuel  cel l governed by  equat ions (1) t o (7) was i mple-
mented in Simulink environment as shown in Fig. 2. The fuel cell block represents equa-
tions (1) to (5). Equations (6) and (7) were implemented in blocks thermal dynamics and 
the fuel cell internal resistance respectively. Three inputs (hydrogen flow rate, oxygen/air 
flow rate, and the l oad current ) and one out put (out put vol tage) connect  t he fuel  cel l 
model with the rest of the system as shown in Fig. 2. Fig. 3 shows t he details in the fuel 
cell subsystem blocks for the cell in ternal voltage source, the activation, ohmic and con-
centration voltage drops.  
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Fig. 2. Dynamic model of fuel cell implementation in Simulink 
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Fig. 3. Fuel cell subsystem 
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The load characteristics of the fuel cell based on the proposed Simulink model was illus-
trated in Fig. 4 where both the output voltage and the stack (load) current of the PEM 
fuel cell are normalized to show the general relationship between them. 
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Fig. 4. normalized output characteristics of the PEM fuel cell 

III.  DYNAMIC MODEL OF PHOTOVOLTAIC CELL 
The Simulink model for t he PV cel l was adopt ed [11] and m odified to fit in the current 
project. The output characteristics of a PV cell can be represented by [11]. 
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where, 
q -- charge of electron (1.602×10-19 C) 
k -- Boltzmann constant (1.38×10-23 J/oK) 
Ic -- cell output current (A) 
Iph – cell photocurrent, function of irradiation level and junction temperature (A) 
Io -- Reverse saturation current of diode 
Rs --series resistance of cell (ohm) 
Tc -- reference cell operating temperature (20 oC) 
Vc -- cell output voltage (V) 
 
Equation (8) is validated for specific temperature and solar irradiation level. Said so, un-
der a new cell temperature and a new solar irradiation level, the output voltage and the 
cell photocurrent would become, 

 cSVTVnewc VCCV =_   (9) 

 phSITInewph ICCI =_   (10) 

where, CTV, CSV, CTI and CSI are correction coefficients whose values are dependent on 
the cell temperature and the solar irradiation level. These coefficients take the forms of 
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with cSΔ as the solar irradiation level change, TΔ as the corresponding cell temperature 
change, and the empirical parameters βT and γT . Fig 5 display the Simulink model repre-
sent the PV cell subsystem with equation (8) and Fig. 6 shows the details in the PV sub-
system block representing (9)-(11). 
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Fig. 5. PV cell system 
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Fig. 6. Solar irradiation level and temperature effect represented by equations (9)-(11) 

 

 
Fig. 7. PV cell load characteristics under different irradiance levels and temperature 
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Fig. 7 provides the output characteristics of a single PV cell under different solar irradia-
tion levels and different temperature. The nonlinearity at cell high voltage range is evi-
denced.  

IV. OVERALL SYSTEM SIMULATION 
The overall system was shown in Fig. 8 with the main components represented as blocks. 
Two DC/DC converters boost  the output vol tage of fuel  cel l module (47 cel ls) and t he 
PV module (72 cells) to 80V. Each module is protected from the backflow current with a 
diode. The 80V DC bus is connected with a PW M inverter (three legs/six pulses) to get 
balanced three-phase. Filters are installed to deal with the harmonics and the three-phase 
transformer is for isolation purpose. W ith the power management controller not in place 
currently, manual adjustment is involved to assign the load sharing. Fig. 9 displays the 
waveform of the three-phase load voltage. 
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Fig. 8. Overall model of a small stand-alone AC system 

 

 
Fig. 9. Output three-phase voltage waveform 
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V. DISCUSSIONS 
The model of a small stand-alone AC system with fuel cell and solar panel was imple-
mented and simulated with Simulink. The preliminary result shows the feasibility of in-
cluding dynamic models of the renewable energy resources in the analysis of the system 
performance. The research of the power management strategy and controller is currently 
undergoing. It will monitor the availability of the renewable energy to determine the 
switching on or off of the resources to balance the supply and demanding. When both 
energy resources are involved in electricity generation at the same time, the controller 
will determine the load share. The controller also can control the angle of the PV cells to 
track the sun and the flow rate of the hydrogen to meet the power needs. 
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