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Localized Q starvation threat estimation and
rapid G compensation technique in air PEMFC
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[1]. However, ensuring safe operation of fuel cell and related

Abstract—Air breathing proton exchange membrane fuel cellsubsystems under critical and dynamic load conditions is a big
(PEMFC) have now found its use in wide range of domestic anthallenge. PEMFC shows abrupt performance and health
commercial energy based applications. Minimum carbon foomrirﬂegradation under adverse operating condition such as oxygen

low maintenance, low heat operation, and higher energy effICIenCyssafarvation at fluctuating sharp load transients. Maladjustment

partial and full load conditions have made PEMFC one of the mg . . .
sought after green energy sources for future. Optimization of PEMPE the PEMFC subsystem inputs may cause irreversible

system parameters and its safer operation under dynamic IdA@mbrane and fuel cell health damage. This pppegoses a
conditions ensure higher system output and longer device lifetinlREMFC state estimation and control technique that ensures
Ensuring safety against oxygen starvation during transient logéfe operation against oxygen starvation. The proposed rapid
variation reduces the degradatiqn.of membrane electro_de asserrg&y,gen compensation technique inhibits and decelerates the
(MEA). PEMFC performance optimization and safety against 0Xyo&flq| "ol stack degradation and enhances its performance and
starvation requires efficient estimation and precise control of gif .

supply subsystem state variables. This paper proposes a Kalman 3|kf§1'me-

based estimation technique that helps estimate the fuel cell air supplyeveral researchers have so far developed different control
subsystem performance parameters. Some parameters that racglels for air breathing PEMFC stack and related subsystems.
otherwise non-measurable under industrial environment are algge et. al proposed an empirical polynomial based

estimated using the proposed estimation technique. The FEM baﬁ‘f:fbroximation technique [2]. Ogajét. al proposed an

fuel cell modeling gives further insight regarding the degree C|’F1ter olation and experimental characterization based
oxygen starvation in PEMFC. The qualitative membrane degradation P P

threat occurring during oxygen starvation under fluctuating load chnique to determine stack efficiency [3]. Many criteria and
varying environmental humidity is also estimated here. Finally, @ntrol strategies for overall PEMFC system control are also
rapid oxygen compensation technique is proposed which helpsported [4-5]. However, these modeling approaches are
mitigate the permanent PEMFC health damage. The proposed oxyggainly based on complex system parameter interaction which
compensation technique ensures safe operation, longer life, hig not use state space based estimation techniques [6]. Though
energy efficiency, and reduced per unit energy cost obtained from EM based and other fully featured 2D and 3D models

renewable energy source. . . ’ ‘ o
precisely describe the complicated reaction phenomena within
the fuel cell, they are found to be ill fitting when used with the

Keywords—Air breathing PEMFC, Kalman filtering, membrane €@l time digital system controllers [7].

degradation monitoring, Gstarvation and mitigation, transient load. ~ Our work uses less computation intensive PEMFC system

model. It overcomes the deficiencies of numerically exhaustive

I. INTRODUCTION models where closed form solution of the main system

EM fuel cell is an electrochemical device that combineé@riables cannot be found out easily. Our model facilitates the
hydrogen and oxygen and produces electricity with hegPPplication of Kalman filter for non-measurable PEMFC state

and water as the byproducts. Production of high energy densfgfiable estimation. Finding the localized threat due to scarcity
at comparatively low temperature, high efficiency, and? 0Xygen supply at PEMFC cathode is quantified in this work.

pollutant free quieter operation are its salient features. Thi§ie results also qualitatively determine the threat of cathode
nonconventional energy generation technology is uniquefy’ humidity variation on membrane health. Finally, an

suited for wide variety of industrial and vehicular application§térvention technique is proposed for mitigation of
irreversible oxygen starvation damage in fuel cell. This is

another novelty of our work. A simpler model for the hydrogen
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Table | — Abbreviations, Symbols and Indices ; H, Recirculation Pump

H, Pressure

CO - Air compressor pump of air supply unit - SE‘;':::;‘_ Ll Controlling Valve

HP - Hydrogen pump of fuel supply unit H,

I - Load Current (A),ico - air compressor current (A) .

® - Compressor speed (rad/sec) Water Reservoir [ F:’ﬁ‘g i

k¢ - Friction constant of the compressor o | l :*

k; - Current build up time constant Exf'h::‘ger @ Eleical

kmn- Mechanical time constant for CO inertia build up Costing () Power O/P &

J - Load inertia of the compressor Pump 30 Load Carrent (I}

V aam- INput air volume at the cathode side (») Air ‘ Air

P.am- Input air pressure at the cathode side (—~ ) GasHeater Ontlst

Loz - Oxygen Ratio Q— & Ll

fo2,a- Molar mass relation between @iry air = 0.233 e I Alr Compressor St

h - Environmental humidity ratio (0 < h < 1) @—(——f—Ah‘In

Mam - Inlet air molar mass (= 0.0288 Kg)

Moz - Molecular mass of oxygen (= 0.032 Kg) Fig. 1 PEMFC with important auxiliary subsystems

n - Number of single fuel cell in FC stack ( = 7)

F - Faraday's constant (= 96485) load and variable humidity are also given in section 6. The
S, - Switch 1 and valve 1 for valve 1 control rapid oxygen compensation technique against oxygen
S, - Switch 2 and valve 2 for valve 2 control starvation is proposed in section 7. We conclude with section 8
g - Air mass flow rate (SLPM) with mention of our future work.

y, - Hydrogen mass flow rate (SLPM)
Lco - compressor motor inductor

. . . Il. AUXILIARY SYSTEM STATE SPACEMODEL FORPEMFC
Rco - equivalent air flow resistance of the compressor

and humidifier pipes PEMFC is based on solid polymer electrolyte type

g - porosity of the GDL layer membrane. The basic PEMFC electrochemical reaction is
u - the dynamic viscosity, (Pa.s) given in Eqg. 1. Stack voltage anddre the main indicators for
p -the density of GDL material (KgAn gross efficiency and system power [8]. The physical
S, - any external force term configuration of a typical PEMFC with auxiliary subsystems
p - reactant pressure (Pa)
u - gas velocity vector (m/s) H, +%o2 - H,0° 1)
Difﬁ - the effective diffusion constant
Kk - the permeability (A) is shown in Fig. 1. In this case, the air supply compressor
@- the phase potential motor is not auto powered from fuel cell stack, but it is

off ) ) o separately excited [8]. The humidity ratio of cathode air
0, -the effective electric conductivity (S/m) determines electrochemical reaction rate in PEMFC. Load
a'sﬂ - the effective electrode conductivity (S/m) power directly alters theh,, demand from air compressor [4].

co.ico, @and | are directly proportionalch andoco are to be

S - current source term Afm X ) ' . )
estimated fronmg;, sensor readings using Kalman filter.

s - property of the solid phase

e - property of the electrolyte phase A. Cathode Air Supply System Model
@.,,- Volumetric fraction of ionomer in catalyst layer The approximated air supply system model shown in Fig. 2
T - absolute temperature in Kelvin is governed by the motor-compressor equations [8]. Pressure
A - Electrode active surface area ih m dynamics of the compressor is not considered for this
n - Activation over-potential particular model for simplicity. ¥o is compressor voltage (2).
R - Universal gas constant di
jo— Exchange current density A/m Voo = Leor leo 4 Reorleo * K co@eo 2
Co2— Oxygen concentration dt
C&l — Reference oxygen concentration Jeo@eo = Ky colco™ K i coW cc 3)

I”hair = lﬂ’n,CO'a)CO (4)

diffusion layer mass flow modeling is explained in detail with
equations. Section 5 deals with the oxygen ratio calculation
and ill effects of less oxygen ratio on fuel cell health. Next, in B- Anode Hydrogen Supply System Model

section 6, the simulation results are presented for FEM basedue to laminar flow conditions, the pressure drop at anode
oxygen starvation modeling in PEMFC. Simulation results fatepends linearly omy,, and oyp [8]. State ofwyp is to be
oxygen ratio and related threat determination for fluctuating estimated fronmn, sensor readings using Kalman filter.
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stochastic differential equation as a model of a random process
has the general form

(1) = FOX()+ Swh+ ay ), (8
Z() = HOXH+ W)+ DY UD. 9)

The values of x(t) in the differential equation model over time
define vector valued Markov process. This model is the
representation for many real world processes; including

m

air in

Fig. 2 Air supply subsystem Schematic with DC motor stationary and nonstationary Gaussian processes [10]. KF
implementation in discrete time domain requires discrete time
Jip-Wip = K -l — K @y (5) random sequence of the process. Vector valued discrete time
. recursive equation for random sequence model is given as
m42 - km,HP'wHP (6)
X =P Xy T G W T Uy (10)

C. Overall Subsystem Control Model

The state space models for the two main auxiliary systems z = H x + v+ Du, (11)

are given in Eq. 2 to Eg. 6. They are assembled into a global ) ) )
re x is state vector, (zis measurement vector,, us

state space model for the overall balance of plant model. N erministi irol inout " is d . fficient
state and output equations for air and $tibsystems are eterministic control input vec OBy IS dynamic coetlicien
matrix, G.; is process noise coupling matrik,, is input

modeled in a single set of state space form, Eq. 7. For the

b del. ai it d B coupling matrix, K is measurement sensitive matrix, 3
above model, ail compressor voltage an anoger sure output coupling matrix, wis zero mean uncorrelated process
are initially adjusted by the user. Later on, thepressure is

O - noise, and yis zero mean uncorrelated measurement noise
maintained by a hydro-mechanical pressure regulator [8]. Tr[@]_ The expected values are:

model is controllable and observable [11], [12]. EWJ=E[Vi]=0

dic, [ Ro _Keo 0 . E[wkl.wkgT]:le.A(kz-kl) : (Kronecker Delta)
dt LCO LCO . T O E[Vkl.sz -|]:Rkl. A(kz-kl),
dary K co Ki co 0 <o ;O 0 {VCO} ElWia-Vie [=Mia. A(kaky).
) -y o |* ; . . .
dt Jeo Jeo %O K Ihp Discrete Kalman Filter Equations
P ,HP
d;%’ 0 0 _Kiwe 0 T In this formulation of the discrete Kalman filter, G matrix
t L Jie | has been combined with the plant noise covariance [10].
i System dynamic model: x =®, %, +w_,+ U,
M, | _[0 k 0 7)
= m,CO @ wherew, ~ N(0,Q,)-
”’hz 0 0 km,HP °

W Measurement modelz, = H, x + V., v, ~ N(O,R ).
Initial conditions: E[%] = %, and E[X)X,I] =R.

[ll. KALMAN FILTER BASED SUBSYSTEM STATE ESTIMATION

To control a d_ynamic systen_’n, it is impo_rtant to know th%tate estimate extrapolation:

rate of change in system variables that is necessary to be S (5 =D, X ()+T

controlled. It is not always possible within industrial _Xk k‘lxk‘l_ et

environment. Kalman filter here provides a means for inferririgTo" covariance extrapolation: (12)

the missing information from indirect and noisy measurements. R()=®R(HPL,+ Qs

Kalman filter is a set of mathematical equations that providéglman gain matrixx, = Pk(-) H/[ H, R(-) H + R] ™

an efficient computational and recursive means to estimate bgite estimate observational update:

auared etror. The fter s very powerul as it supporig. - (1 =HCITKIZ T HAOIL

estimations of past, present, and even future states, and itt%gnor covariance updatd (+) =[1 -K,H,JR(-) - [10]

do so even when the precise nature of the modeled system iKalman filter is implemented for state vector propagation

unknown [9]. It is the best linear unbiased estimator. Fevhere simulated or real measurements data are available.

Kalman filter (KF) based dynamic system state estimation, it @ovariance  matrix  positive semi definiteness and

assumed that the system is perturbed by white noise and toatrollability and observability of the initial state space

measurements that are linearly related to the states are ditgoulation are necessarily to be checked for the success of

corrupted by white noise [10], [14]. A time varying linearKalman filter based estimation.

Independence assumptioE[v\;K_\ijr] =0, forallk &]j

10
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IV. FLOW CHANNEL AND GAS DIFFUSIONLAYER where the effective binary diffusion coefficients takes into
MASS FLow MODELING IN PEMFC account the porosity and tortuosity of the porous media using

Degradation in fuel cell performance is one of the maifffective media theory.

challenges for developing a commercial fuel cell system forg pEMEC Gas Diffusion Layer and Catalyst Layer Model
automotive applications. Oxygen starvation at reaction sites is

a major |§sue |n.z';ur fed fuel ce!l sy.stems. under Varylnr%edia, the velocity distribution is therefore formulated by
atmospheric conditions. Degradation is mainly caused arcy’s law and mass conservation equation

undesired side reactions such as carbon corrosion and water

Since gas diffusion layers and catalyst layers are porous

electrolysis under oxygen starvation conditions [26¢irop of u= K ap - (16)
the electrolyte potential is observed in the oxygen starved o H . o
regions of the cell. As a result, the difference between tfjde continuity of current in a conducting material is given by
electric potential of the cathode and the ionic potential of the 0i=0 a7

electrolyte increases resulting in significant carbon corrosiaR a PEM fuel cell, the conducting materials are porous
and water electrolysis reaction rates [15], [16]. The describegectrodes and membrane. The current therefore splits into two
phenomenon causing severe and irreversible cell degradatiiits: the ionic current and the electronic current. Protons
is known as the reverse current decay mechanism in literat@#&vel through the ionic conductor (the membrane) to form an
[15]. It is important to understand the mathematical models fignic current denoted bye i while electrons can only be
the reactant flow channel and gas diffusion layer for bettgiansferred through the solid matrix of electrodes which results
understanding of oxygen starvation process in PEMFC [13]. in an electronic current denoted hyThe continuity equation

A. PEMFC Flow Channel Model of current then becomes
According to the mass conservation or continuity equation, Oi=0ig+0i,0. (18)

the change of mass in a unit volume must be equal to the SyMne catalyst layer, where a chemical reaction occurs on a
of all species entering or exiting the volume in a given tiMg e phase boundary, electrons are either transferred from the
period. This law applies to the flow field plates, gas diffusiogyjig matrix to electrolyte or vice versa. This two-way transfer

layer (GDL), and the catalyst layer. Momentum conservatiqfy ejectrons between solid matrix and electrolyte makes the
relates net rate of change of momentum per unit volume dueytQ.cfer current density, denoted by j, a source term in one
convection, pressure, viscous friction and pore structure. Tfﬂjﬁase, and a sink term in the other phase. The potential

law applies to the flow field plates, GDL and the catalyst layegq ations for both solid and electrolyte phases are obtained by
The gas flow within the channel is assumed to take place Q?fplying Ohm's law to Eq. (24).

convection and diffusion [17], [18] .The gas flow in the gas _
channel is modeled with the momentum conservation equatiBHctron transport equation

and with the continuity equation - D.(aj“ans) +5,,=0 (19)
3 Proton transport equation
(‘g,fu) +[0.(gouu) = —aAp+ O.(g A + S 3) D.(U;ﬁD¢m)+S¢e= 0 20)
a(0g) +0.(epu) =0 (14) The source terms in the electron and proton transport
ot (&pu) = 0. equations, i.e., Eq. (25-26), result from the electrochemical

These equations together are called the Navier-Stok&action occurring in the catalyst layers of anode and cathode
equations. These equations are applied in the gas channel witles. The effective conductivi :;” is given by

source term equal to zero. Same equation is accounted as 11

Darcy's law in the GDL and catalyst layer to describe the flow et ¢;5e1265{3?3_?).(0_51391 — 0.3260r A >1 21)
in the porous media. The flow occurs along with the viscous
effects that are important at the boundary between the flow {L-&]

channel and the GDL. Species conservation relates the net rate ang 05 =@re *°7/(0.1879forA<1

of species mass change due to convection, diffusion and

electrochemical reaction. The most commonly used equationykere A is the water content in the membrane phase which is
the Stefan-Maxwell diffusion equation (15). Chargeelated to the activity of water vapor in the adjacent pores
conservation here corresponds to the continuity of current in a P

conducting material. This is applied to the GDL and thd'Ven bya= x,0—5—

membrane. The mass flux in the gas phase is also based on the . sat. .
Maxwell-Stefan diffusion and convection equations. For P is the gas pressures;As the safuration gas
species j, the equation is described as pressure), o is the gas phase water mass fraction. Using an

n-1 experimentally derived relationship by Springer for Nafion
O.(pXu) =0.(0, D' OX) + $ 15 117 membrane
j=1

1"
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A=0.043+ 17.84—- 39.85 + 3®for0<a<l (22) Ao, =Oxygen at cathode / oxygen needed for reaction
and A =14+1.4@- Lfor a>1, 1 M
l'g;i rsource terms are anode catalyst layer and cathode catalyst B r@,a-m-m;%r _ 27)
. . 0 nl
qus =- JaSws == (23) MOZ' 4FL
See = 9= k (24) Theoretically the value oo, should be greater than 1 for

Where j and j are the transfer current density correspondingf¢ PEMFC operation. A safety factor of 2 or more is
to the electrochemical reaction at the anode and cathdcf'sidered for practical operational safety at certain load

catalyst layers [19], [20]. The transfer current densities af@ndition [15]. Environmental parameter h and system
given by Butler-Volmer equations parameter | and my;, affectlo, [8]. my andmy, readings of

mass flow sensors are used to estimaguico, andoyp States.
. aorer [ Cho -0, 1.FIRT @, /1FIRT As g andoco are linearly related, dynamic behavior of noise
Ja = Aloa| e \& 777 7€7 @3 free ai f be found f ions of (7
2l ree air mass flow can be found from output equations of (7).
Same process gives noise frégQ, from estimatedoyr and
. _ et | Coo ~a, 1 FIRT __a, 1 FIRT linear relation between ang» and,my, (7). For time varying
jo = Ajgt | 2% |(e7 T - g (26) | e o
“Lco L and corresponding air mass flow rate characteristigsare
calculated for different environmental humidity ratio over the
The present model is established based on the followiegtire operational period. The time instances and
assumptions: correspondingdo values are identified when thg, values fall
1. Flow is laminar everywhere due to small gas pressu_pglow th_e saf_ety_ margin ‘?f 2. These are the po_lnts_ when
gradient. intervention criterion is applied to stop further reductioids
2. Reactant gases behave as the ideal gas mixture. value and to ensure PEMFC safety. The whole process is
3. The electrodes and membrane are made of homogene®¥@lained in detail in section VI.B with the help of graphs.
materials.
4. The temperature distribution across the cell is uniform. VI

5. Water exists only in the gas phase in the fuel cell. ) .
6. The polymer electrolyte membrane is impermeable to Simulations have been performed here for two cases. In the

RESULTS

reactant gases. first case, a 3D PEMFC model has been created for FEM
7. Only protons can get transported through the electroly@)alysis with oxygen starvation. The polarization curves and
and electrons through the load. electrolyte potentials are found out during oxygen starvation at

8. Three species including oxygen, water and nitrogen adldferent humidity conditions. In the second case, oxygen
considered on the cathode side while only hydrogen and waséarvation threat has been found out for the PEMFC model of
are considered on the anode side. (7). Eq. 27 is used to find the oxygen ratio. Though the first
9. The fuel cell is operating at the steady state. case and the second case use different mathematical models,
but the findings in both these cases are complementary to each
other as they both gives threat estimation information related
to O, starvation in fuel cell channel and related degradation in

- . . fuel cell membrane and output variable.
The stoichiometric relation between hydrogen and oxygen

supplied to the fuel cell stack and the cathode air flow massA. Oxygen Starvation Analysis in FEM Model of PEMFC
needs to be controlled to achieve maximum stack efficiency A three dimensional model of a PEM fuel cell is
and to avoid oxygen starvation in PEMFC. At the same timgnplemented using COMSOL Multiphysics platform. The
the parasitic losses at the compressors are also to be minimigeldematic of the model is shown in Fig. 3. The membrane
[5]. When the oxygen partial pressure falls below a criticalectrode assembly (MEA) is sandwiched between the cathode
level within meandering path of the cathode air stream, tia@d the anode electrode with the polymer electrolyte kept in
possibility of oxygen starvation occurs [5]. During thebetween. The following are some of the specifications and
transient load change, the phenomenon can be so severe tH§fating conditions used during the COMSOL modeling
might cause hot-spot or even burn-through the electrolyig-yg| cell channel length (L) = 20 mm

surface [5]. This irreversible membrane damage causes shatthannel height = 1 mm

decrease in power output and reduction in PEMFC life [15]. AChannel width = 0.7mm

continuous cathode air supply monitoring process either hasstRib width = 1 mm

remove the load or trigger system shutdown to avert permane@DL width = 0.3 mm

fuel cell membrane damage. Hence, for the safe fuel celPorous electrode thickness = 0.5 mm

operation and longevity, oxygeratio regulation becomes ¢ Membrane thickness = 0.05 mm

highly important. The oxygen ratio is given ki, which is - * GDL Porosity = 0.4

V. OXYGEN STARVATION AND OXYGEN RATIO
DETERMINATION IN PEMFC

12
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Fig. 3 Schematic of simulated fuel cell structure
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« GDL electric conductivity = 1000 S/m 20 Total Channel Length =20 mm .
* Inlet H, mass fraction (anode) = 0.743 | Channel with Oxygen !
. - 1
* Inlet H,O mass fraction (cathode) = 0.023 16 6mm at 100% humidity |
* Inlet O, mass fraction (cathode) = 0.228 Y

» Anode inlet flow velocity = 0.2m/s

* Cathode inlet flow velocity = 0.5m/s

« Permeability (porous electrode) = 2.36E-12 m
* Membrane conductivity = 10 S/m

s
[
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|

Oxygenlsta.rved
channel = 14 mm
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|

Increment in humidity, carbon dioxide concentration and
other contaminants cause reduction in oxygen content in the I
cathode air supply. This is a general cause for fuel cell oxygen 0 ,L
starvation [15]. But, a sharp incremental load transient might L I L D L
also cause oxygestarvation in fuel cell cathode. During sharp ¢ 0 40 e & 100
load transients, the rate of electrochemical reaction increases % Humidity =
rapidly. If due to system inertia, the air supply subsystem is  Fig. 5 Humidity vs. Oxygen depleted FC channel length
unable to fulfill the transient air / oxygen demand at the
cathode side, oxygestarvation takes place at fuel cell cathoder towards the oxygen exit point. In the third case, the oxygen
[15]. The cathode air humidity is stepwise increased to stugtarvation occurs almost in the entire channel from the
the consequent oxygen starvation and fuel cell degradatibeginning of the channel. The channel oxygen concentrations
mechanism. Here, three conditions are simulated and thiirall these three cases are shown in Fig. 4(a, b, and c). Fig. 5
effects on fuel cell performance are analyzed. In the first cashows the oxygen starved channel length as per increment in
an atmospheric relative humidity of 25% is considered. Theathode air humidity ratio. The variation in electrolyte
relative humidity is increased to 50% and 100% in second apdtential along the channel and the polarization curves are
third case respectively. For all these three cases, the fuel atlbwn for all three different humidity ratios in Fig. 6 and Fig.
membrane is initially assumed to be optimally hydrated. Therespectively. The maximum power densities in all three cases
electrolyte potential variation along the fuel cell channel, there also found from the polarization curves, Fig 7(a, b and c).
polarization curves and the surface oxygen concentrationSimulation results show the effects of different degrees of
variations are also studied for all these three cases. In the fgygen starvation on fuel cell output and health. It is found
case, the effect of oxygen starvation is found to be least thiat the fuel cell electrolyte potential drops when the O
negligible as cathode air humidity is less. In second case, €dncentration falls locally. It happens due to significant carbon
starvation occurs starting from half of the channel till the end corrosion reaction rate in,@tarved regions of the electrolyte

Oxygen depleted channel length =

13
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This is. in accord'ance with 'fhf'—‘ reverse current decayis creates higher non-uniformity in,@oncentration along
mechamsr_n [16]. With 25% humidity, negligible or very Iowt.he reaction boundaries. Fig. 4(b) shows that the O
O, starvation occurs along the channel as the channel remaiggcentration drops to large extent from 15 mm onwards till
fully O rich. This fact is very well understood from the@ Oine end of the channel end length of 20 mm. The lowest O
concentration plot given in Fig. 4(a). Figure 6(a) shows highly,ncentration in Fig 4(a) was 0.0154 mdi/at the extreme
linear variation in electrolyte potential from -0.063 V to -0.05$ight end of the channel. This,@oncentration is good enough

V along the channel. In this close to optimal situation, the drqg run fuel cell normally. But in the second case, Fig. 4(b)
in electrolyte potential is not significant to cause any carbqg(ygen concentration found in the right side end of the
corrosion. Hence there are no severe performance drop Qkhode channel (L=20 mm) is 2.6179E-3. This, O
degradat!on Issues observed in the first case. Figure 7(2) 9i¥BRcentration indicates,Gtarvation in the channel. Fig. 6(b)
the polarization curve for the fuel _ceII un_der the first case. Thg s higher nonlinearity in electrolyte potential variation
peak power density of 370 mW/Eis obtained at 1.06 ACM  ajong the fuel cell channel. This figure shows that the
fuel cell average current density. In the second case, B@ctrolyte potential goes to -0.01 V and more from channel
relative humidity level of cathode air is increased to 500(%ngth of 16 mm where the ,Cconcentration has dropped
which decreases @oncentration in the cathode air supply.  considerably. Hence it is possible that heavy carbon corrosion

14



INTERNATIONAL JOURNAL OF ENERGY, Issue 1, Vol. 7, 2013

may occur in the channel length ranging from 16mm to 20mm. =0
From Fig. 7(b) it is found that the maximum power density i
drops to 230 mW per square centimeter for this second case of
operation. This power density is 140 units less than that
observed in the first case. Finally, the results for maximum
(100%) Q starvation is plotted in Fig. 4(c), 6(c), and 7(c). Fig.
4(c) shows the gxoncentration plot along the channel and it is
observed that from channel length of 6 mm onwards, O
concentration drops to a drastically low value unsuitable for

Load Current (Amp), Humidity Ratio 0.8

Load Current (Amp), Humidity Ratio 0.8

normal fuel cell operation. The electrolyte potential drops o — == 4
close to zero from channel length 6 mm onwards which can be B
observed from Fig.4(c). From channel length 20mm onwards, Fig. 8 PEMFC load profile at h = 0.8

the electrolyte potential goes to -0.01 V or more. This leaves
very narrow linear operating region for the fuel cell at this O AlnSompressor Current by & E | [Trcomresor nguiarspecs k]
starved condition. So the cell is completely devoid frGm PR

channel length 14 mm onwards. Significant carbon corrosion w\r/f\j\/\rf\ —”W
will occur in this region causing irreversible membrane :* E

degradation and considerable drop in fuel cell output power, V“

Fig.6(c). Maximum fuel cell power density is found out to be £ £s
only 150 mW/crf, Fig. 7(c). This is significantly less than
maximum power obtained in the first case, Fig. 7(a). The
irreversible carbon corrosion effectively reduces the reaction
area of the fuel cell electrode. This causes fuel cell
performance drop and also reduces fuel cell operating life. The process of load profiling is carried out for different

) . humidity ratios. Fig. 8 shows PEMFC load profile at h=0.8.
B. Oxygen Starvation Ratio Based PEMFC Threat Analysig,om the system specifications and system mailglandriv,

Simulations have been performed using MATLAB 7.9nmeasurement data are generated (28). KF estimation is carried
version. The fuel cell stack BRESCA FC is considered for thisut next to determine. andwco profiles. Fig. 9 and Fig. 10
work. The stack is liquid cooled and provides average &how these profiles at h = 0.8. Next, profile for noise fige
Watts from each of 7 PEM fuel cells [8]. Operatings generated from linear relation betweesy andoco, Fig. 11.
temperature is PC, air and hydrogen stoichiometry is 2.The whole process of load profiling, mass air flow
Operating fuel pressure is 2 bar atmosphere. Membran@asurements and state estimation is carried out also for
surface area of each cell is 200°cj8]. The air compressor p=0.4. Fig. 12 and Fig. 13 show the gradiatrement irD,
that supplies the stack is ASF Thomas 2907CDC22, a doublgio for the humidity ratio 0.4, and 0.8 respectively. These
head membrane compressor. The DC motor that supplies thiso account for the incremental threat on fuel cell membrane
compressor requires 12V DC input voltage. Maximum air floljegradation and health damage. Fig. 12 shows that throughout
rate from this compressor is 63 SLPM at a relative pressuretpé operational periody, is above the safety threshold of 2. It
1 bar. AKNF N 828 KNDC type single head membrane pumgneans, at lesser h of value 0.4, no irreversible health damage
di, | occurs to the fuel cell. Osupplied by the air supply unit is
sufficient for the chemical reaction at h=0.4. It is

rrent by K Estimation (Amp)

- = 4 50 100 150
5 S 5 5
0 % Time ©) 100 150 Time (S)

Air Compres

Fig. 9 KF estimatedd Fig. 10 KF estimategto
for load profile of Fig. 8 for load profile of Fig. 8

ddt -289 -153 0 | iw 353 0, understandable that 0.4 is lot less of a humidity ratio for

%o |_| 150 -152 0 |||+ O O{CO} optimal fuel cell output. Hence for this value of h,

dS)tH 0 0 -199| @, 0 22 e electrochemical reaction rate is lesser. Fig. 13 shows severity
P

of the health damage related threat at h=0.8. Three regipns R
R, and R are found witho, value less than 2. As the humidity
value increases, rate of chemical reaction also increases in a

L dt |

. co
{%r}{o 0.284 0 } . (28)  non-linear fashion. Because of higher inertia, the air flow
m,] [0 0 0132 @, supply unit cannot meet up this nonlinear demand. Hence the
P

probability of localized hotspot generation increases during

supplies the hydrogen to the fuel cell. At the design point gfgher load transients at higher humidity value. Therien

) : ial d air st t be tri d t th
0.3 bar, the Kflow rate is approximately 20 SLPM [8]. The special compressed air storage must be triggered on at the

. . starting points of region RR,, and R to avert irreversible
overall air supply and Hsupply subsystem model of Eq. 7 is ng pol gion 4 k2 R vert irreversi

5 . ) device health damage. An alert signalgsnerated by the
validated and the values are shown in Eq. 280 V& -vice L g. 'gnaig y

idered to be 12 V angbis 2 A [8 criticality monitoring unit as soon ag, starts to fall below the

considered o be angels [8]. value of 2 and starts going towards the value of 1, Fig. 13.
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th
o

......... Noisy Air Mass Flow Rate 1 Oxygen Ratio at Humidity Ratio 0.8

Air Mass Flow Rate by KF

FS
=3

Supplied Oxygen Rati

Safe 02 Ratio Threshold

Air Mass IFlow Rate Sensor O/P(SLPM)

0 Sb 160 150 S0 100 150

Time (S)

Time (S)

. . . . . Fig. 13 Estimated Oxygen ratio at h = 0.8, severe threat
Fig. 11 Noisy and noise frai,, sensor reading

Chilled :
Water Switching I, ico Feedback
1 I Logic
l Oxygen Ratio at Humidity Ratio 0.4 [ n
- — 1
) 9 A4
g Safe 02 Ratio Threshold E_ l
<L
-
Z

I
— (M)

Hot . t Air
Water [Humidifier Compressor

Electrical
PEMFC PowerO/P &
Load Current (Iy)

L

- out | c——) |
%. Normal AirIn 03:;&
L o = OxyzenRich (25%0,, > Ll
75%N,, No Humidity) Water
Fig. 12 Estimated Oxygen ratio at h = 0.4, no degradation threat Compressed Air Separator
Fig. 14 Intelligent switching control for rapid,O
VIl. RAPID OXYGEN COMPENSATION FORMITIGATION OF compensation for PEMFC safety againsts@rvation
OXYGEN STARVATION THREAT IN PEMFC
After the brief explanation of cause and effects of localized START
oxygen starvation in previous sections, a smart controller
based oxygen compensation technique is proposed in this / Input Vg and igp values /
section. In general practice, PEMFC is used for the rated load ¥
condition. Whereas, the transient load compensation is done Check IV for stable FC operation,
by means of batteries or ultra-capacitors. These techniques connect full load at stable FC
mainly solve the problem of inadequate hydrogen fuel supply ‘1'
at the anode side of PEM cell at transients. The rapid oxygen / ﬁ;:}:&i;‘:”;“““;ﬁ“:ﬁ:"
compensation technique proposed here mainly addresses the values and feed into KF model
inadequacy of air supply at the cathode during transient ¥
conditions, Fig. 14. It is proposed to connect a cylinder of Estimate Ico, 0co , Oge , Noise free

M, profile; calculate Aoy at h value

compressed oxygen rich air at cathode. Oxygen and nitrogen
percentage within this cylinder is kept to be 25 % and 75%
respectively. Other environmental gases like carbon dioxide,
argon, and contaminants like carbon monoxide are absent

within this special storage. Humidity within this oxygen rich Feedback I , ico values to switching
storage is kept to be zero. It serves two purposes — i) logic; connect O, rich air to FC

compressed oxygen rich air flow at cathode suffices the higher i)

oxygen demand during peak chemical reaction rate at cathode C‘:l"fskcz':l‘;:::::’l‘f:::;er‘:‘h':;;'“

in transient conditions and ii) humidity free cathode air supply
increases thé, ratio instantly and prevents the danger of
localized membrane damage. It shows instant performance
improvement at FC power output. The storage is kept off
during rated load operation and turned on only wherigae Feedback I, ico values to switching
starts falling belovthe safety margin of 2 and heads toward the ,':Ziﬁe,;eﬂ;:mrr'ﬁ;;‘sff oY
Ao danger region of 1 - regions;RR, and R, Fig. 13.

Respectivedo values at those instants act as the trigger signal Fig. 15 %oz finding and @ compenstion flow chart
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that closes the valve 1 of environmental air flow in and opeff
up the valve 2 of the special compressed air storage, Fig. EQL}
The microcontroller controlled switch 1 and switch 2 for valve

1 and 2 respectively operate in mutually exclusive mode, Fig.
14. When the fuel cell comes out from the transient lodd®]
condition to the rated load, reduces, and consequentiy i |14
reduces. This triggers the valve 1 to open and valve 2 to close,
and special storage ceases to supply the FC. This is a novel
compensation technique useful for ensuring longer life of the
energy source with limited added system cost. The process
flow is shown in Fig. 15. [12]

VIIL.

In this work, first the state space control model for PEI\%L?’]
fuel cell is explained with air supply and hydrogen supply
auxiliary subsystems. Variations in system states are estimated
next for dynamic load using Kalman filter. A qualitative 14
analysis is obtained next for the sufficiency of supplied
cathode @ during higher rate of chemical reaction or load
transients. Finally a fuel cell membrane damage threat has
been estimated from the ;Gstarvation point of view at 15
transient load. An intelligent logic controller based
intervention criterion is proposed. The switching logic alters
the air flow path from normal air to an, @ch, zero humidity
ratio source. It helps in rapid compensation of localized O
starvation at membrane and averts irreversible membraaél
damage. Accelerated testing for degradation analysis of fuel
cell and operating life enhancement of fuel cell with this rapid
O, compensation technique is a part of our future research. [17]
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