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Abstrak

Paper ini mengaplikasikan sebuah feedforward control dengan optimal oxygen excess ratio yang
memaksimalkan net power (meningkatkan efisiensi) dari NedStack P8.0-64 PEM fuel cell stack (FCS)
system. Profil net power yang merupakan fungsi dari oxygen excess ratio untuk beberapa titik kerja
dianalisa dengan menggunakan model dari FCS. Hubungan antara arus stack dan tegangan input
kompresor pada saat nilai oxygen excess ratio optimal digunakan untuk mendesain sebuah skema kontrol
feedforward. Hasil dari skema kontrol ini akan dibandingkan dengan hasil dari skema kontrol yang
menggunakan nilai konstan oxygen excess ratio. Hasil simulasi menunjukkan bahwa optimal excess ratio
meningkatkan performansi dari fuel cell dibanding penggunaan konstan oxygen excess ratio. Prosedur
yang sama juga dilakukan secara eksperimen untuk FCS system. Respon net power dari fuel cell
terhadap variasi oxygen excess ratio digunakan untuk mendapatkan nilai optimum dari oxygen excess
ratio. Data data dari arus stak dan tegangan input kompressor pada saat nilai optimum tersebut
digunakan untuk mendesain feedforward kontrol. Feedforward kontrol dengan konstan dan optimal oxygen
ratio kontrol diimplementasikan pada NedStack P8.0-64 PEM FCS system dengan menggunakan
Labview. Hasil implementasi menunjukkan bahwa feedforward kontrol dengan optimal oxygen excess ratio
meningkatkan performansi fuel cell dibanding penggunaan konstan oxygen excess ratio.

Kata kunci: PEM fuel cell stack, dynamic oxygen excess ratio, static oxygen excess ratio

Abstract

This paper applies a feedforward control of optimal oxygen excess ratio that maximize net power
(improve efficiency) of a NedStack P8.0-64 PEM fuel cell stack (FCS) system. Net powers profile as a
function of oxygen excess ratio for some points of operation are analyzed by using FCS model. The
relationships between stack current and the corresponding control input voltage that gives an optimal
oxygen excess ratio are used to design a feedforward control scheme. The results of this scheme are
compared to the results of a feedforward control using a constant oxygen excess ratio. Simulation results
show that optimal oxygen excess ratio improves fuel cell performance compared to the results of constant
oxygen excess ratio. The same procedures are performed experimentally for the FCS system. The
behaviour of the net power of the fuel cell stack with respect to the variation of oxygen excess ratio is
analyzed to obtain optimal values. Data of stack current and the corresponding voltage input to the
compressor that gives optimal values of oxygen excess ratio are used to develop a feedforward control.
Feedforward control based on constant and optimal oxygen excess ratio control, are implemented in the
NedStack P8.0-64 PEM fuel cell stack system by using LabVIEW. Implementation results shows that
optimal oxygen excess ratio control improves the fuel cell performance compared to the constant oxygen
excess ratio control.

Keywords: PEM fuel cell stack, optimal oxygen excess ratio, constant oxygen excess ratio

1. Introduction

Power generation using polymer electrolyte membrane (PEM) fuel cells for hybrid
vehicle application has received considerable attention in recent years. Fuel cells are proven as
a clean energy which produces water and heat as an emission. The major advantages of using
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PEM fuel cells are they have high power density, solid electrolyte, long stack life and low
corrotion [4, 5].

A fuel cell consists of two electrodes, anode and cathode, and an electrolyte membrane
which is inserted between them. Single fuel cell produces around 0.7 volts. For obtain higher
voltage, multiple cells are stacked in series and called fuel cell stack (FCS) system [4]. The
PEM fuel cells use pressurized hydrogen and oxygen as a fuel to produce electricity. Hydrogen
in anode side will be dissociated into protons and electrons. Protons flow through polymer
electrolyte membrane to the cathode and the electrons flow from anode to cathode through
external circuit to produce current. In the cathode side, oxygen will react with protons and
electrons to produce water and heat [4, 5].

In this research, NedStack P8.0-64 PEM fuel cell stack system at the Applied Research
Laboratory Automotive (ARLA) of HAN University of Applied Sciences, Figure 1.a, will be used.
The FCS system consists of 68 cells, auxillary systems and control modules. The auxillary
systems together with control modules ensure safety working condition. It can be done by
regulating anode-cathode pressure ratio, temperature and humidity of the fuel cell, anode purge
valve, air compressor voltage to avoid oxygen starvation, safe start up and shutdown
sequences. All process outputs and inputs are connected to National Instruments Data
Acquisition system (NIDAQ) that gives possibilities to monitor and to implement new control

strategies.
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Figure 1. NedStack PEM Fuel Cell Stack system

The physical diagram of the FCS system is shown in Figure 1.b. Hydrogen is provided
from high pressure hydrogen storage through a control valve. The hydrogen flow is humidified to
prevent the membrane (electrolyte) to dehydrate. A surplus of hydrogen is dehydrated and
recycled using a compressor. An on/off valve enables purging, to prevent too high
concentrations of nitrogen in the hydrogen circuit. This nitrogen diffuses from the air side
through the membrane into the hydrogen circuit. The oxygen is provided as air, filtered and
pressurized using a compressor. After humidification it enters the fuel cell stack. After
dehydration, the remaining air is blown off. The stack is cooled through a cooling circuit with a
small pump for circulation and an external heat exchanger, which is cooled by an external
cooling circuit. The hydration of both hydrogen and air flow is internally combined with the
cooling circuit. The water for humidification is provided by the dehydration of the air and
hydrogen flow after the stack [6]

Since this fuel cell will be used for vehicles applications, an optimization of the net
power of fuel cell stack become a fundamental aspect. Maximizing the net power of the fuel cell
can be easily achieved if the net power profile of the fuel cell with respect to the variation of the
oxygen excess ratio is understood [4]. Oxygen excess ratio can be expressed as the ratio
between the mass flow rate of oxygen entering the cathode and the mass flow rate of oxygen
that has reacted in the process.
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In the existing FCS system, constant oxygen excess ratio (A, =2) is used. A

compressor uses a significant a mount of energy generated by the fuel cell stack, resulting in
lower system efficiency. A proper dynamic definition of the oxygen excess ratio needed can
probably maximize the net power and in the end may improve the efficiency of the FCS.
Therefore in this paper, our focus is to investigate possible improvement on the net power by
finding the optimal oxygen excess ratio from the net power profile. Based on the suitable
control strategies, the algorithm is implemented in the FCS system by using LabView and the
experimental result is analyzed.

This paper is organized as follows: Section 2 presents a FCS model and simulation
results. Section 3 presents an experiment of steady state analysis. The control implementation
and results are presented in section 4 and finally the main conclusions are provided in section 5.

2. FCS Model and Simulation Results

Various attempts for developing models and designing controllers of FCS have been
applied. Pukrusphan et al. developed a dynamic fuel cell control-oriented model that is suitable
for control studies. The model consists of a fuel cell stack model and auxillary models which
consists of a compressor model, a supply manifold model, a static cooler model, a humidifier
model, and a return manifold model. Their paper gave a nice presentation of the development
of a control-oriented model for understanding the dynamical behaviour of fuel cell systems
[1,2,3,4].

The fuel cell model uses nine state variables: one state, @, , in the compressor model,

two states, Pgn, M.

'sm 1

in the supply manifold model, three states, m, ,m, ,m,, in the cathode

model, two states, m, ,m,, in the anode model and one state, p in the return manifold

rm

model. The air compressor voltage, v

cm?

is the input of the system and the fuel cell stack

current, | _, is assumed to be a disturbance input. The outputs of the system are the stack

1y lgr

voltage,V,. A schematic of FCS subsystems and their model state variables are shown in
Figure 2.
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Figure 2. Fuel cell system model, indicating model state variables.

Cathode subsystem model is created based on mass conservation equations of
oxygen, nitrogen and water inside the cathode. In the supply manifold and the return manifold,
subsystems is developed using the rate of change of mass supply manifold and the rate of
change of pressure. In the anode subsystem, mass conservation equations of hydrogen and
water inside the anode will be used. Finally compressor model is built based on compressor
inertia, compressor torque and load torque. All equations are explained well in [4].

Efficiency of Polymer Electrolyte Membrane Fuel Cell Stack (Agung Prayitno)



306 ®m ISSN: 1693-6930

They also reported a control strategy for regulating air supply. A static feedforward
(sFF) controller is presented to achieve the air flow that replenishes the oxygen flow depleting
during current drawn, |,. In this sFF control schemes, Figure 3, current that acts as a

disturbance is measured and a function that shows a relationship between the steady state
value of the control input,v_,, and the disturbance, 1 is implemented in a look-up table. The

paper assumes that the oxygen excess ratio, 4, , of the air supply is always constant at A, =2
[2,4]. Therefore, the net power of the fuel cell stack may not have an optimum value.
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Figure 3. Static feedforward controller.

A model based on Puskrusphan’s work will be built to analyse the behaviour of the FCS system,
Figure 4. Parameters of the FCS used in this model are obtained from [6]. The air compressor
voltage, v_,, and the fuel cell stack current, |_, are chosen as input variables while variables

oxygen excess ratio, A, , net power generated by fuel cell stack, P, , and the stack voltage,V,
are chosen as output variables.
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Figure 4. Simulink model of the FCS.

According to the objectives of this paper, the important variable in our analysis is the
oxygen excess ratio, A, , which can be expressed as the ratio between the mass flow rate of

oxygen entering the cathode and the mass flow rate of oxygen that has reacted in the process.

WO2 in
Ao =y @)

0, rat

where the reacted mass flow rate is proportional to the disturbance input stack current, | . The
proportional relation can be written as
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ni
Woz,rct = 0, 4;

)

where M, , n, and F are the oxygen molar mass, number of cells in the stack and Faraday

constant respectively.

The output of the fuel cell stack is stack voltage. By assuming that all the cells are
identical, the total stack voltage is a multiplication of number of cells, N, and the individual cell
voltage v,_. The fuel cell voltage can be expressed as the result of the open circuit voltage, E ,
from which the sum of voltage losses is subtracted: activation overvoltage, V. ,ohmic

overvoltage, v, , and concentration overvoltage v_ .
Vfc = E - Vact - Vohm - Vconc (3)

The total net FCS power, P, , is a substraction result of the stack power, P,, which is the
product of stack voltage,v,, and the stack current, | , and the power consumed by the
compressor, which is product of compressor voltage, v, and compressor current, | _ [7].

P =v1_,6-v_I ()

Equations (1) and (2) show that high oxygen excess ratio, A, , will improve the stack
power. However, too large values of the oxygen excess ratio, A, , will decrease the net power

due to extreme power consumed by the compressor.
In this paper, we analyzed the net power output of the FCS when a constant oxygen
excess ratio, A, =2 is used and when optimal oxygen excess ratio, A, are used. Therefore a

steady state analysis of optimal excess ratio is performed both in simulation and in experimental
at the operating conditions of the stack temperature. The analysis is performed by defining a
certain constant stack current, |4, then the control input voltage, v,,, is increased in a ramp.

This procedure is repeated for several other constant stack currents. An optimal value of A, is
determined in each point of operation (stack current) and the results are shown in Figure 5.
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Figure 5. Net power FCS as a function of the oxygen excess ratio
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The relationships between stack current,l,, and the corresponding control input
voltage, v,,, that gives an optimal oxygen excess ratio is approximated using least square

estimation. Then, the parameters obtained are implemented in a feedforward control of the FCS
model, Figure 3, and the results are shown in Figure 6.
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Figure 6. Simulation results: Constant and optimal oxygen excess ratio

Simulation showed that application of optimal oxygen excess ratio control improves the
net power of the fuel cell stack system at around 3.3%.

3. Experiment of the Steady State Analysis

Labview program is built to investigate the behavior of the FCS system especially the
steady state analysis of optimal excess ratio for some points of operation of the stack current.
In this experiment, we only investigate the optimal excess ratio for stack currents of 60 A, 70 A,
80 A and 90 A due to a high temperature problem in the compressor when working at high stack
currents and high oxygen excess ratios.

To realize this experiment, some process variables such as stack current, stack voltage,
pressure cathode input, air mass, compressor current and stack temperature are collected. The
vareiables are used to calculate the oxygen excess ratio and the net power of the FCS system.
The experiment is performed by drawn a certain stack current, |4, then the input voltage, v_,,,

is increased in a ramp and the resulting netpower and oxygen excess ratio from LabView
manipulation are recorded. The procedure is repeated for several other constant stack currents
The measured net powers profile is shown in Figure 7 as a function of the oxygen excess

ratio. It can be seen that the optimum value of the oxygen excess ratio, /102 , is varying in range

between 2.5 and 4. A function that shows the relationship between the stack current and the
voltage input to the compressor can be found by using least square estimation.
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Figure 7. Experimental result of net power profile as a function of the oxygen excess ratio

4. Control Implementation and Results
As stated before, the feedforward control scheme for constant and optimal oxygen excess

ratio are applied in the NedStack P8.0-64 PEM fuel cell system. The scheme of control
application is shown in Figure 8.
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Figure 8. Simulink Model of FCS

The fuel cell stack current, 1, is assumed to be a disturbance input. A feedforward
control based on the relationships between stack current, |4, and the corresponding control
input voltage, v,,, that gives an optimal oxygen excess ratio is applied by using LabView. From
least square estimation, the relationships of the data stack currents, |, and the corresponding

control input voltage, v_,, for constant and optimal oxygen excess ratio can be expressed in
Equation 5 and 6 respectively.

v, =35l +0.06 &

v, =3.991, +0.03 )

The results of both oxygen excess ratio schemes are shown in Figure 9. It can be seen
that the optimal oxygen excess ratio improves the performance of the fuel cell stack system by
increasing the net power output of the fuel cell at around 0.9%.
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Figure 9. Implementation results: constant and optimal oxygen excess ratio

5. Conclusion

A feedforward controller scheme is successfully applied in simulation and implemented

in the NedStack P8.0-64 PEM fuel cell stack system to regulate the optimal oxygen excess
ratio. Simulation results show that the control of the optimal oxygen excess ratio improves the
performance of the fuel cell stack system and enhances its net power output around 3.3%.
While in the implementation results the net power output is increase around 0.9%. This
controller scheme is easy and practical for implementation.
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