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Abstract

In this paper, fuel cell system modelling alongside 
controller development for performance improvements,
are investigated. Essentially and in general terms there 
are two approaches to modelling; black box modelling
and detailed dynamic modelling. This work addresses 
both modelling approaches. These models are then used 
for hydrogen fuel cell (FC) controller development for 
improved system performance. A fuzzy-PID hybrid 
controller has been designed and tested and the results 
indicate that the fuzzy-PID hybrid control strategy can 
improve the system’s performance significantly.
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1. Introduction

Fuel cell technologies have been identified as an area of 
significance in providing solutions to the problems of 
meeting increasing renewable energy demands. 
Mitigation of environmental pollution and providing 
energy shortage routes has led to fuel cells being 
considered as elements of alternative energy systems;
capitalizing on high efficiencies and low emissions. A 
fuel cell is an electrochemical energy conversion device 
which may convert hydrogen and oxygen into water and 
in the process produces electricity. Fuel cells are able to 
provide large amounts of current and hence power, with 
the thermodynamic requirement being the appropriate
flow of reactants. It is this supply of reactants which 
presents one of the several challenges encountered by 
fuel cell system investigators [1]. There are several types 
of fuel cells, each using a different chemistry. The 
Polymer Electrolyte membrane (PEM) fuel cell is 
commonly used to power vehicles.

The performance of fuel cells and the vehicle 
applications they are embedded into depends on a 
delicate balance of the correct temperature, humidity, 
reactant pressure, purity and flow rate. Thus, it is clear   
that good performance of the fuel cell system is closely 
related to the efficacy of the control used. For practical 
applications, accurate fuel cell models play a key role in 
controller design and power management, so the study of 
control oriented models is a critical first step for the 
understanding of system behaviour, and for subsequent 
design and analysis of model based control systems [2].

This paper investigates fuel cell system modelling 
alongside controller development for performance 
improvements. A variety of literature has been published 
concerning various aspects of fuel cell system modelling, 
dynamics and operation. Broader details of the subject 
can be found in various reports, which summarise the 
modelling aspects and the problems experienced with 
fuel cells. These reports also suggest some technical 
solutions and analysis methods for some of the problems
[3]. However, in general there are two types of models 
which have been proposed to investigate fuel cell 
technology via simulation. The approaches of these 
models are: detailed lumped parameter dynamic models;
and black-box models based on system identification. 
The latter commonly expresses as NARX (Nonlinear 
Auto Regressive with eXogenous input) or ARMAX
(Auto Regressive Moving Average with eXogenous 
input) equations. This work addresses both modelling 
approaches by presenting an ARMAX model for the 
black-box modelling approach and a detailed mechanistic
model for the dynamic modelling approach.

2. Fuel Cell System ARMAX Model

In order to develop control strategies for fuel cell reactant 
flows, it is necessary to have a model for the fuel cell 
systems. From a system viewpoint, hydrogen is an input 

variable and is fed at an adjustable flow rate HN . 

Oxygen is also an input and can be represented by 

AN where a fuel cell uses the oxygen content of air. 

Voltage and current are then considered the system 
outputs. Franklin et al [4] represent this as a standardised 
MIMO system. Taking this view into consideration in 
this paper, a cross coupled block representation of the 
relationship has been formulated as shown in Figure 1, 

with blocks iG where, 4...1i describing the 

relationship between the outputs cI and cV , and inputs 

AN and HN , where R represents the internal cell 

resistance. The overall stack model can be expressed as 
follows:

CHAC RINGNGV  42
(1)

HAC NGNGI 31  (2)

Equations (1) and (2) will now form the basis for the 
proceeding system identification methodology and design 
of controllers.
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Figure.1. MIMO representation of fuel cell

Considering the relationship between the oxygen flow 
and the voltage of the fuel cell, by assuming hydrogen 

flow HN , to be constant. The following ARMAX model 

is derived to describe the dynamics between the oxygen 

flow AN and voltage CV .
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where uy, and k denotes the system’s output, input and 

the time instant of sampling respectively. w represents 

the constant disturbance of AN . The order of A and 

B are denoted by  and  , respectively. Therefore,

without loss of generality 10 a . In descending order 

)()( 1 kyzA  defines the auto regression part, where 
1z is the backward shift operator and )(kuz h

represents the past output. ,..2,1);(  hhky ;

)()( 1 kuzB  denotes the moving average of past inputs, 

where )()( hkukuz h  . Finally the corresponding 

transfer function between outputs and inputs in discrete 
form can be written as;
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where )( 1zA and )( 1zB are polynomials and given in 

Equations (4) and (5) respectively.

To include nonlinear and time varying dynamic
identification of the fuel cell, the ARMAX model can be 
expanded to include the recursive lease squares algorithm 
(RLS), which allows the identification process to predict 
the system output according to the past information.
ARMAX is a linear model, but is non-linearity
piecewise, temporally linearized.

Thus, from equations (3) – (5) the estimation of )(ky is 

described as follows;
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After step k the new output is measured and a new set of 
parameters are obtained by using the following 
equations;

)]1(ˆ)1()()[()1(ˆ)(ˆ  kkkykKkk T          (10)

1)1()1()(  qkkPkK  (11)

where )(kK is the estimation gain which brings the 

relative information of new measurements to update the 

parameter estimation. 

where,

)]1()1()1([  kkPkq T  (12)

and
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kP

kkKIkP T (13)

)(kP is the covariance matrix which characterises the 

difference between the estimated and actual values where 
initially )0(P is chosen to be a large value.

The coefficient  is called the forgetting factor which 
changes the importance of new information to old and 
has a range of 10  

3. Fuel Cell System Dynamic Model

Dynamic models of a PEM fuel cell system may contain
four interacting sub-systems; cathode/anode mass flow, 
membrane hydration, and stack voltage. In this paper, a 
brief summary of a PEM fuel cell system dynamic model 
that is suitable for control study is presented. Details of 
the model can be found in [1]. 
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3.1 Cathode/anode mass flow model

Applying the principle of conservation of mass the 
governing equations of cathode and anode flow can be 
derived as follows; 

outin WWm  (14)

where inW is mass flow rate of gas increase including the 

mass flow rate of gas entering the electrode and mass 

flow rate of gas generated in reaction; outW is mass flow 

rate of gas decrease including mass flow rate of gas 
departing on the electrode and mass flow rate of gas 
reacted. The units for mass flow are 1. skg , these

equations predict the gas flow behaviour and pressure 
inside the cathode/anode. To derive these expressions for
the mass flow subsystem the following assumptions are 
made; ideal gas law is applicable to all gases; the 
temperature in the fuel cell stack is constant; and the 
cathode/anode flow temperature is the same as the fuel 
cell stack. 

3.2 Hydration Model

The mass flow of vapour across the membrane mbrvW , is 

calculated using mass transport principles and membrane 
properties [1], [3]
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where n is number of cells, dn is electro-osmotic 

coefficient, wD is diffusion coefficient, fcA is cell active 

area and vM is vapour molar mass.

3.3 Stack Voltage Model

The fuel cell voltage is calculated by subtracting the fuel 
cell losses or overvoltages from the fuel cell open circuit 
voltage, E , and is given by 

conohmactfc vvvEv  (16)

The total stack voltage can be calculated by multiplying 
the cell voltage by the number of cells of the stack, 

i.e.,   fcst vnv 

where E is the fuel cell open-circuit voltage and is the 

maximum possible reversible voltage; actv represents the 

activation overpotential at the electrodes; ohmv represents 

the ohmic overpotential caused by electrical and ionic 

conduction loss; conv represents the concentration 

overpotential caused by mass transport limitations of the 

reactants to the electrodes. Each of these terms is 
modelled as follows:
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where ei R, and B are adjustable parameters. Including 

these parameters, the model contains several adjustable 
parameters. The value of these parameters cannot be 
determined accurately, and only the ranges of these 
parameters can be estimated. Parameter optimisation 
methods can be used to make the model represent the real 
fuel cell system acceptably.

So far, an ARMAX model and a detailed dynamic model 
has been established. These models are then used for the 
controllers’ developments to improve system 
performance. In the following sections of the paper 
discusses results from the controller developments..

4. Controller Design

There are many different type of control strategies 
developed to improve the performance of the fuel cell 
system. For example, a Fuzzy control strategy is 
developed in [5] to improve the performance of the fuel 
cell system which is based on system error and its rate of 
variations. In [6] an online self tuning PID controller for 
PEM fuel cell systems is described. However, from the 
literature it can be seen that the fuzzy controller design is 
widely used for performance enhancement in fuel cell 
systems; see for example, [7], [5], [8], [9], [10]. In [11] 
for a SOFC, a control strategy using fuzzy logic 
controller to effect voltage control of the fuel cell at the 
output of the DC/DC converter is presented. A fuzzy 
logic based controller is designed, because the cost of the 
controller design and implementation is relatively low 
and it has a high performance/cost ratio. The fuzzy logic 
controller (FLC) is used to overcome inherent 
disadvantages such as uncontrollably large overshoot and 
large current ripple. FLC does not need an accurate 
mathematical plant model [10]. Therefore, it is applicable 
to a process where the plant model is unknown or ill 
defined. Fuzzy control is also nonlinear and adaptive in 
nature and offers robust performance under parameter 
variations and load disturbances [12], [13]. 

It is clear that good performance of the fuel cell system is 
closely related to the kind of control used, so a study of 
different control alternative is justified [14], [15]. A fuel 
cell system integrates many components into a power 
system, which include DC/DC converters, batteries, and 
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ultracapacitors in the system; and in cases where the fuel 
cell is not fed directly with hydrogen, a reformer must 
also be used. Therefore, there are many control loop 
schemes, the number of which depends on the 
configuration of the system. The lower level control takes 
care of the main control loops inside the fuel cell, which 
are basically fuel/air feed, humidity, pressure and 
temperature. The upper level control is in-charge of the 
whole system, integrating the electrical conditioning, 
storage and reformer (if required).  Many control 
strategies have been proposed in the literature, ranging 
from feed-forward control [15], Linear quartertic 
regulator [16], Neural Networks [17], [18] and Model 
Predictive Control [19], [20]. Authors in [15] explore the 
possibility of making use of the known inherent fault-
tolerant capabilities of Model Predictive Control. Many 
of these papers focus on the low level control of the fuel 
cell to fulfil at least one of the three main objectives such 
as maximum efficiency, voltage control and/or starvation 
prevention. Furthermore, in [21] a novel scheme to 
control fuel cell terminal voltage is presented. This 
control scheme prevents any substantial drop in fuel cell 
terminal voltage during sudden load change or 
disturbance. It also discusses topology and control 
strategy for interfacing an energy storage device like an 
ultra-capacitor to a fuel cell. This improves the dynamic 
response of the fuel cell to sudden changes in load, hence 
enabling a fuel cell powered automobile to accelerate 
suddenly and also respond in a better manner to sudden 
change in load conditions. It is argued that, using a bi-
directional converter as an interface between fuel cell and 
ultra-capacitor gives better control over fuel cell voltage 
during transients. However, these designs are still at the 
theoretical stage and without real time testing, the 
validity of these control strategy for real fuel cell system 
applications are still at investigation. Several analysis 
tools developed to investigate these types of controllers, 
for example in [22], are MATLAB based analysis tools 
for real-time control systems. A few other papers [23], 
[24] present the experimental study of control strategies, 
which include parameter estimation and diagnostics. 
Control and stability enhancement of fuel cells systems
[25], [26] is considered by several researchers; in 
particular investigation of the effect of fuel cells on 
stability of distribution system is a major research topic 
in these studies. Reference in [27] describe a simplified 
fuel-cell model and explains the effect of the mix 
between fuel cell and gas turbine generation on system 
stability.

Fuel cells are presently being considered for use in 
automotive systems to replace the internal combustion 
engines in buses, vans, and ultimately passenger cars 
[28]. An auxiliary energy storage device is required for 
start-up and for storing the energy captured through 
regenerative braking in electric vehicle applications as
present fuel cell technology lacks energy storage 
capability [29], [30]. A storage unit such as a battery or 
ultra-capacitors can be integrated into the system in order 
to overcome the problem. In addition a DC/DC converter 
is interconnected to the system to boost the fuel cell 
voltage to the required voltage for the motor controller. 
The major challenge in designing automotive fuel cell 

power systems is converting the electrical output from 
the fuel cell into a usable power and designing a suitable 
DC/DC converter. Many DC/DC converter topologies 
with their control strategies are presented in the literature;
see for example [29], [30]. An overall fuel cell system 
configuration within an automotive application is shown 
in Figure.2.

Figure.2 An overall configuration of fuel cell vehicle

The extensive studies in the controller design methods 
evidence that the fuel cell system control is a very active 
research area. The research in this area is mainly 
motivated by the recognition that the current control 
methods cannot fully meet the desired design 
requirements on fuel cell system performance, stability, 
and robustness etc. Any controller design which gives a 
satisfactory performance on fuel cell system behavior is 
worth consideration for implementation.

Thanapalan et al. [31] described different types of 
controller development and implementation for the fuel 
cell system using a detailed mechanistic model and a 
PEM Fuel Cell Test station (FCT) to improve the system 
performances. In contrast, for the same FCT station a 
black box modelling approach via system identification 
to develop controllers, is presented in [32]. In this paper 
we adopted these two approaches together to develop a 
controller to further improve the system performance.

The underlying idea of our controller design is to use a 
fuzzy based system to support the operation of a PID 
controller. It is always a problem in practice to determine 
a suitable set of parameters for a conventional PID 
controller. In general, it is not easy to satisfy different 
design specifications at the same time. To overcome 
these difficulties we adopt the method described in [32]
to obtain the gains of the PID controller.  These gains are 
then used as the initial values of the PID controller in the 
new Fuzzy-PID hybrid controller design.

PID control is widely used in industry to control many 
different systems. A PID controller is developed for the 
fuel cell system using the models described above. The 
output response is shown in Figure. 3. The solid line,
doted and dashed lines indicate the reference voltage, cell 
output voltage with the manufacturer control (mfc) and 
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with PID control respectively. The improvement in 
system dynamic performance with the PID controller can 
be clearly seen from Figure 3. We presents the results of 
PID control against the existing manufacturer control 
(mfc) (both being closed loop control), with the reference 
signal (set points). The response results seen in Figure 3
are for the following set point changes (21).

9.08.06.05.07.05.04.08.09.0 V (21)
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Figure 3. The responses of cell voltage
Using a PID controller

(Ref ───   PID − − −   mfc ∙∙∙∙∙∙∙)

The control algorithm will become complex with the
fuzzy mechanism on board. A fuzzy control algorithm 
will become more complex as the control rules increase, 
and a complex control algorithm will increase the burden 
on the hardware; especially for a  system such as a PEM 
fuel cell system, with quick dynamic response. Therefore, 
the fuzzy control algorithm needs to be simplified for 
real-time implementation. Using the models described 
above a controller based on fuzzy logic processes which 
uses the experience of the operator to control the plant,
can be synthesised. These kinds of controller designs are 
presented in [5], [31]. The fuzzy sets generated for the 
simulation models are then used as the basis for real time 
implementation. A standardised fuzzy control system 
with dual inputs (error )(te and change in error )(te ) 

and single output (control increment u ) is used to 

control the system with )(tr considered as the set point. 

The controller output u can be obtained by

)()1()( tututu  (22)

In this paper we use the fuzzy based system to support 
the operation of a PID controller. The output response of 
the Fuzzy-PID hybrid controller is shown in Figure. 4.
The system dynamic performance with the Fuzzy-PID 
controller is an improvement on that obtained by the PID 
controller, as can be seen from Figures 4 and 5. The 
results indicate that the hybrid control strategy has 
improved the system performance significantly compared 
to PID or fuzzy controllers.
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Figure 4. The responses of cell voltage
Using a Fuzzy-PID hybrid controller

(Ref ───   Hybrid Control − − −   mfc ∙∙∙∙∙∙∙)
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Fig.5. Comparison of simulation responses of cell voltage

using a PID and Fuzzy-PID hybrid controllers for set 
point changes 

(Ref ───   Hybrid Control − − −   PID Control ∙∙∙∙∙∙∙)

5. Concluding remarks and Discussion

In this paper an investigation of fuel cell system
modelling, alongside controller development for 
performance improvements, are carried out. The results 
indicate that the Fuzzy-PID hybrid control strategy has 
improved the system performance significantly. 
Furthermore, it has been observed that, due to complexity 
and non-linearity of fuel cell system, the mechanistic
model with optimized parameters is unable to contain all 
of the characteristics of the fuel cell system, no matter 
how accurate the model is. This is due to the fact that 
during the development of the model, many assumptions 
and approximations are made, and many nonlinearities 
and unmeasurable factors are ignored. Therefore, it is 
recommended that a NARX / ARMAX model can be 
used in conjunction with the mechanistic model in order 
to further reduce the errors between mechanistic model 
and real system (see, Figure. 6)

Figure. 6. Hybrid model structure

Mechanistic
Model

ARMAX/NARX
Model

Flow input 
current Voltage
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If this hybrid model is used to represent the fuel cell 
system the representation may be more accurate than the 
single mechanistic model or the single black box model. 
Future work is now proceeding to expand this strategy to 
investigate the hybrid modelling approach. This will be 
followed by extending the work to include an additional 
optimisation algorithm to adjustable parameters in the 
mechanistic model be more accurate.
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