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a b s t r a c t

In this paper, the analysis of phosphoric acid fuel cell (PAFC) system is presented. Various control
schemes of power management e.g. current, voltage, power, reactants flow pressure and temperature
based control schemes are proposed with simple and easy to implement PI controller for PAFC operation.
These control schemes can be utilized for power management purpose. The proposed model of PAFC
along with these control schemes is realized in the MATLAB/Simulink environment. The performance
of a PAFC system along with these proposed control schemes is found to be satisfactory even under
dynamic conditions.

� 2015 Elsevier Ltd. All rights reserved.

Introduction

The consumption of electrical energy is escalating due to its
various advantageous features. The storage of fossil fuels is limited,
so there is urgent need to explore more sustainable energy sources.
The renewable energy (RE) sources are suitable options to generate
the electrical power [1]. The common and techno-feasible RE
sources are such as wind turbine (WT), solar photovoltaic (PV)
system, and FC system. Pollution free power generation and other
environment issues have been driving an increasing demand of RE
sources over the last few years. Recently, a lot of research is going
on FC to make suitable it for power generation.

FC is an electrochemical device that converts chemical energy
into electrical energy. FC has a very low environment impact and
operates silently in practical situations with high efficiency and
long life time. So FCs can be represented as a very good option as
a distributed generation, since it has high power density in com-
parison of battery energy storage system (BESS). The PAFC has
been considered as a promising power apparatus since more than
one decade because of its low operating temperature, compactness
and high efficiency [2]. FCs are used in the stand-alone purposes at
residential, hospitals, industries as well as electrical vehicles.

Sedghisigarchi and Feliachi [3] proposed a model, which con-
tains the electrochemical equations with thermal expects inside

the FC stack but the reactant flow pressure controller is not
presented. Malla [4] proposed a concept on FC based distribution
generation (DG) with or without DSTATCOM, control active and
reactive power. But not discussed on special controller based on
advanced fuzzy logic techniques. Hajizadeh et al. [5] presented
the controller for hybrid power DG system that includes the
dynamic models of a solid oxide fuel cell (SOFC), battery system
and power electronics interface is presented, but the power control
strategy for the FC system or the design of reactants flow con-
trollers have not been focused. In [6], a controller has been
designed for FC power generation system to improve the power
quality and active power control, but the dynamic model of FC
system and reactant flow controller is not discussed. Hajizadeh
and Golkar [7] and Tong et al. [8] gave a concept on reactant flow
controller based on fuzzy logic for the fuel cell DG systems. Hence,
in this paper novel attempt is made to develop various control
schemes for PAFC power management system.

System description

The complete system is divided into four major parts: (a) PAFC
system. (b) Control schemes for power management as:
(i) Current controller; (ii) Voltage controller; (iii) Power controller;
(iv) Reactants flow rate controller; (v) Temperature controller.
(c) Power electronics interface using DC/DC converter. (d) Load.
The schematic diagram of complete system is shown in Fig. 1. In
this system, the FC system is utilized as a power generating source.
A resistive load is considered for dynamic analysis.
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Modeling of PAFC system

PAFC voltage ðV fcÞ, can be expressed using Eq. (1) [9,10]. When a
cell delivers power to the load, the no load voltage, known as
Nernst voltage (E) is reduced by three categories of voltage drop as,

V fc ¼ E� Vact � Vconc � Vohm ð1Þ

The Nernst equation is expressed using Eq. (2), which gives the
open circuit cell potential (E) as a function of cell temperature (T)
and reactants flow pressure as,

E ¼ E0 þ
RT
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A FC system mainly consists a dynamic fuel reactant flow
processing unit e.g. hydrogen flow pressure ðPH2 Þ, oxygen flow
pressure ðPO2 Þ and water flow pressure ðPH2OÞ, which can be
expressed using Eqs. (3)–(5) [10–12] as,
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The activation drop ðVactÞ can be represented by Tafel’s equation
which gives the activation drop is shown in Eq. (6) as,

Vact ¼ �k1 þ k2T � k3T½lnðIÞ� þ k4½lnðconc: O2Þ� ð6Þ

where k1, k2, . . . ,k4 are constants. The oxygen concentration
ðconc: O2Þ is given as a function of stack temperature as shown in
Eq. (7) [13–15] as,

conc: O2 ¼
PO2

5:08� 106 � expð�498
T Þ

ð7Þ

The ohmic voltage drop ðVohmÞ is almost linear in nature and
obtained using Eqs. (8) and (9) as,

Vohm ¼ IRmem ð8Þ

Rmem ¼
tm

r ð9Þ

At higher current density, the cell potential decreases rapidly
due to mass limitation [16,17]. This linearity is termed as the
concentration over potential and shown in Eq. (10) as,

Vconc ¼ c1 � c2ðT � 273Þeðc3 lÞ ð10Þ

Here, c1, c2 and c3 are the constants and given as,

c1 ¼ 1:1� 10�4; c2 ¼ 1:2� 10�6; c3 ¼ 8� 10�3

Eqs. (1)–(10) could be solved for cell potential. If all the FCs are
in series, stack output is the product of cell potential and number
of cells in the stack (N), the V stack is expressed by Eq. (11) as,

V stack ¼ NV fc ð11Þ

MATLAB/Simulink model of PAFC and power management
schemes

Modeling of PAFC system

The simulation of PAFC has been done in MATALAB/Simulink
GUI environment, is shown in Fig. 2. All the operating parameters
of PAFC system used in this paper are given in Appendix.

Control schemes of power management

Various control schemes of power management depend upon
the generation of reference signal, which is based on current,
voltage, power, reactant flow pressure ðPH2 ; PO2 Þ and temperature.
For all these power control management schemes, the PI controller
is used, which is easy to implement and effective.

Current control scheme
The MATLAB/Simulink model of reference current control

schemes is shown in Fig. 3. The reference and actual current
system are compared and generated error is processed in the PI

Nomenclature

V fc fuel cell voltage, V
E Nernst voltage, V
Vact activation voltage drop, V
Vconc concentric voltage drop, V
Vohmic ohmic voltage drop, V
E0 reference Nernst potential, V
R universal gas constant, J mol�1 K�1

T cell temperature, �C
F Faraday constant, C mol�1

PH2 H2 flow pressure, atm
PO2 O2 flow pressure, atm
PH2O H2O flow pressure, atm
mH2 mass of hydrogen at the anode, kg/mol
RH2 H2 gas constant, J/kg K

Vanode anode volume, m3

Vcathode cathode volume, m3

mO2 mass of O2 at the cathode, kg/mol
RO2 O2 gas constant, J/kg K
mH2O mass of H2O at the cathode, kg/mol
QH2O molar flow rate of water, mol s�1

kcathode cathode flow constant, mol s�1 atm�1

Rmem membrane resistance, ohm
tm membrane thickness, cm
Vstack FC stack voltage, V

Greek symbol
r conductivity, S/m
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Fig. 1. Schematic diagram of PAFC with proposed control schemes.
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