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Simplified mathematical model for calculating the
oxygen excess ratio of a PEM fuel cell system In
real-time applications

Abstract—The oxygen starvation phenomenon is a dangerous M, Vapor molar mass]8.02 x 10~3 [kg/mol].
operating condition that reduces the lifetime of PEM fuel cells. Geain Inlet air relative humidity in the cathode,
The detection and prevention of this undesired phenomenon ' [-].

requires estimation of the oxygen excess ratido,. The mathe-

matical complexities of the reported methods for obtainingo,

complicate its real-time calculation and require high-performance |. INTRODUCTION
computational devices, which significantly increase the costs of

the system. In this paper, a mutual information approach is used  Power systems based on proton-exchange membrane fuel
for obtaining a simplified mathematical model for the calculation g (PEMFC) technology have been the object of increasing

of Ao,. The usage of such a simplified model requires much less . .
computational power for real-time monitoring of the variable attention and extensive research over recent years. PEMFCs

Mo,, while it provides comparable results to those obtained used as either main or auxil_iar_y power sources, display a
by using the complex model. Therefore it represents a cost- ot of potential for usages within both stationary and mo-

effec_tive_solution,_suitable for_ usage within applications that bile applications. This is due to their high-efficiency, Hrg
require high sampling frequencies, like emulators, converter and power density, fast start-up, low corrosion rate, low opee

air compressor control loops, simulations, etc. In order to validag¢ . . L
the accuracy of this simplified Ao, calculation model, a real- temperatures, solid electrolytes, non-polluting emissitto

time monitoring system was built and experimentally tested using the environment, and longer cell as well as stack lifetimes
both, the simplified and the complex model. The matching exper- in comparison with other kinds of fuel cells [1]-[3]. On

imental results validate the proposed simplification and justify the other hand, the relatively short lifespans of fuel cells
the use of this simplified model within real-time monitoring  represent a significant barrier for their commercializatio
applications. both stationary and mobile applications [4]-[6]. Therefor
Index Terms—Fuel cell, oxygen starvation, mutual information, g significant part of research about fuel cells focuses on
real-time system. prolonging their operational lives.
A phenomenon that may occur during load transients and re-

NOMENCLATURE duce the lifetime of a fuel cell is known as “oxygen starvatio
A0, Oxygen excess ratio [-]. [3]. Four different approaches to studying this phenomenon
Wo, careact Oxygen flow rate [Kg/s]. can be found in the literature. The first approach is based on
Wo,.ca,in The mass flow rate of oxygen entering théhe development of mathematical models for studying oxygen
cathode [Kg/s]. starvation [7], [8]. These models estimate the oxygen exces
TO,,cayin Oxygen mass fraction []. ratio Ap,, which is the ratio between the oxygen supplied
YOs,ca,in Oxygen mole fraction entering the cathodeto the cathode channel and the oxygen consumed by the
0.21 []. electrochemical reaction in the fuel cell. The main dravibac
Mg ca,in Molar mass of the dry air at the cathode inlebf these models is their mathematical complexity that makes
0. them unsuitable for real-time implementations within loast
Wa,ca,in Mass flow rate of dry air entering the cathprocessors. The second approach uses mathematical oxygen
ode []. excess ratio models, obtained using the first approachhéor t
Wea,in Inlet air flow rate [Kg/s]. development of realtimemulationsystems [9], [10]. The main
My, Inlet air molar mass []. disadvantage of these simulation systems wit) estimation
Wep Total mass flow rate provided by the comis their high economic cost. Further, these systems cammot b
pressor []. used within mobile applications because of their largessize
Ty Water-vapor fraction []. and weights. The third approach focuses on the air flow rate
Dsat Saturation pressure []. control as a way of preventing oxygen starvation [11]-[13].
T Stack temperature [K]. Different control strategies for controlling the air corapsor,
Wea,in Humidity ratio []. like feed-forward control [7], [14], LQR [7], linear quadia
Pca,in inlet pressure at the cathode []. Gaussian (LQG) control [15], and model predictive control
Mo, Oxygen molar mass32 x 10~3 [kg/mol]. (MPC) [16], were proposed and tested using simulation. For
n Number of cells of the fuel cell stackic experimental validation, it is necessary to use a control-
[-]. oriented model that reduces the mathematical complexdfies
F Faraday constan6.487 [kC/mol]. the simulation models. Hence, different MPCs were studied

My, Nitrogen molar mass28 x 1073 [kg/mol].  and developed in [17]-[20]. The main drawback of all MPC
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strategies is that they control the air compressor, theoresp  The remainder of this paper is organized as follows: Section
of which may be much slower than the variations in the currettdescribes a conventional method for estimating the oryge
load. Thus, it is impossible to avoid peaks in the oxygen exceexcess ratio, Section Il presents a detailed descriptibn o
ratio after load transients, which can lead to the appeararihe experimentally tested fuel cell system, and Section IV
of oxygen starvation phenomen@ne possible solution for describes the proposed simplified model for estimating the
these peaks within the oxygen excess ratio is to replace t/gen excess ratio, obtained by using the Ml method. Rinall
conventional fuel cell air compressor for a switched relace the last two sections present the experimental results and
motor that improve the time response and it is widely-used @onclusions of this work, respectively.

high-speed applications [21Dxygen starvation can also be

avoided by using batteries, ultracapacitors or other &uyil 1. STANDARD OXYGEN EXCESS RATIO ESTIMATION

fholﬁe;ni%ligczsf;g rseusp%?gzqcotgi Oﬁggt'o;wg: :P;ns':igr’\t a_rlldThe ratio of air flow through the compressor to the cathode

P y R ' aﬁ% the air required by the fuel cell achieving the reaction
systems formed by a FC and another auxiliary power source,
known as FC hybrid systems, have been a topic of extensive
research over recent years [22]-[25]. These hybrid systems
can limit the slope of the current or the power generated byin accordance with the demand of the load current, is
the FC by using current-controlled dc-dc converters. Ttes, normally expressed by the oxygen excess ratig [3], [8],
oxygen starvation phenomenon can be avoided and the systhat is

can operate with higher efficiency [26]-[29%However, this

Os + 4H' + 4~ — 2H,0. 1)

methodology is not appropriate since it is a very consergati Wo, cain
. . oy 2 B
strategy that penalizes the size of the auxiliary energsagto Ao, = Woo o (2)
O2,ca,react
elements.

Based on the aforementioned facts, the fourth approach foln order to avoid the oxygen starvation phenomenon, the
studying and avoiding the occurrence of oxygen starvatiGygen excess ratio must be greater thama,(=> 1) [3],
is related to the design of power converters. Although thel8l- The oxygen flow rate during the fuel cell reaction is
are several converters that are designed exclusively fer ygoportional to the stack curredt;, and can be calculated
within fuel cell applications [30]-[39], there are only awfe USing electrochemical principles as
applications in which the\p, calculation is included within
the converter’s control or utilized for adjusting the cortees W M I 3
controller [10], [29]. This is due to the high complexitieistoe On.ca,react = Mo, — == (3)
models used for estimating,, which makes it impossible 10 The mass flow rate of oxygen entering the cathtid, ;,,,
calculate the instantaneous value of, at a frequency near presented in (2), can be calculated by
to the converter’'s switching frequency.

All the above-described methods may perform well in prac-
tice and thus serve their intentions, but they have a common Wo,,cain = 0y,cain * Wa,cains 4)
drawba<_:k, which is the high complexity of the models fo&vhere 20, cain iS the Oxygen mass fraction, which is a
calcul_atmg the oxygen excess ratio. Complex models reptesfunction of the oxygen mole fractiopo, ... The oxygen
a serious _obstagle to a wider usage of these met_hodsrﬂgSS fraction is expressed as
practice, since high-performance and consequently high-c
devices are needed for their implementation. While simglici
of the model is crucial for real-time implementation in a fow L0y cain = w, (5)
cost processor, the accuracy of the model is also important f Ma,ca,in
the performance quality and the protection of the fuel dell. whereM,, .. i» is the molar mass of the dry air at the cathode
can be inferred that both, the simplicity and the accuracy pflet, which can be calculated as
the models, play important roles in the commercializatiobn o
oxygen starvation protectiotwols. Therefore, the aim of this
work was to simplify these models for estimating,, but not Ma,ca,in = Y0,.ca,in - Mo, + (1 = Y0, ca,in) - Mn,- (6)
at the expense of degrading accuracy gnd performance. The mass flow rate of dry air entering the cathdtlg .q .,

A. reduction in the order of_ ao, egtlmauon model was presented in (4), is calculated as ’
achieved by using the mutual information (MI) approach.sThi
methodology has been described and successfully applied fo
selection of variables from the initial set in spectrometri Wa,cain =
nonlinear modeling [40]. Thus, a new simplified mathematica
model has been created for the calculation )gf, with where the inlet air flow ratéV., ;, supplied by the compres-
comparable performance and accuracy to the original one. Tor, in kilograms per second, can be calculated from
proposed simplified model can be easily implemented within
emulators, converter control loops, air compressor céntro Wep
loops or simulations. Wea,in = 224 % 60

1

P W(‘a in 7
1 +wca,in - ( )

Mapm, 8
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where M,,, is the inlet air molar mass andi,, is the DC power, up to 1.2 kW, from a supply of hydrogen and
total mass flow rate provided by the compressor. In {8), air. The Nexa power module comes with LabVIEW software,
is converted from the SLPM value obtained from the aiwhich provides a graphical user interface to the Nexa mod-
compressor sensor, to kilograms per second as required.in (fes operational status and performance [41]. This sofétwar

The inlet air molar mas3d/,,,, used in (8) can be calculatedmonitors the key process parameters of the fuel cell and can
as generate a data-logging file with the following parameters:

stack temperature, stack voltage, stack current, fuelspres
fuel leak, fuel consumption, oxygen concentration, ambien
Mam = (1 = 20) - Ma,cain + 20 - My, ©) air temperature, purge cell voltage, battery voltage (used
where the water-vapor fractiom, in the inlet air can be start the power module), process air flow, air pump operating
expressed as [8] voltage, hydrogen concentration bridge voltage, procéss a
pump duty-cycle, and cooling air fan duty-cycle. A serial
Bea.in - Psat port is used to communicate the mentioned variables from
’ (10) ' the fuel cell to the LabVIEW software using the RS-232
) communication standard, hence its high sampling time of
The saturation pressurg.; depends on the stack teM->00 ms. However, the data that is monitored by the FC
perature T', expressed in Kelvin and is obtained from &qfware can not be acquired in real-time for charactegizin
thermodynamic table of vapor [7] as the sensors requiredl’( I, W,,) for the calculation of

Ao,. Therefore, it was necessary to develop a LabVIEW

10g10(Psat) = (—1.69 x 10710) . T% 4 (3.85 x 1077) - T3 pro_grlam for rgading the ?easur_err]nehnts in real-time frc;m the
4y 2 serial port and tacomparethem with the measurements from

(=339 X 1077) - 77+ 0.143 - T = 20.92. (11) the sensors using an acquisition card PCI6024E of National

Returning to equation (7), it is necessary to define tHestruments. Through this program and the measured values

Ty = —
1- ¢ca,in * Psat

humidity ratio, which can be expressed as obtained from the already installed sensors within the Nexa
FC, it was possible to characterize the mass flow Vetg and
M, Bea.in - Dsat temperature sensdr of the fuel cell, as shown in Figs. 1 and

Wea,in = My coin Deain — Gonin - Poat (12) 2. The relation between the compressor total mass flow rate
T ’ ' «p and the voltage of the sensby,, is presented in (14). In

Wherepeq,in is the inlet pressure at the cathode. This Va“abré/e same way, the relation between the fuel cell temper&ture

is very difficult to measure due to the closed constructiof} 4 the voltage of the sensbj is given in (L5). Both sensor

of the fuel cell system. Therefore, a simplified model of they, 5 cteristics were identified using the MATLAB curve figi
cathode inlet pressure, identified by simulation, was psefo ;b

in [17] as follows

120
Peain ~ 1.0033 + 2.1 x 1072 - W, — 475.7 x 1075 - I;. (13) -

For the calculation of\p,, it is necessary to acquire the

fuel cell temperaturd’, the total mass flow rate provided by 80
the compressoiV,,, and the stack current;;. In most past
studies about the oxygen excess ratio, the fuel cell tertymera
T was assumed to be constant at a value equal to the ambien _&

[slpm]

60

temperature [17]-[20], while some other works proposed a = 40
complex thermal model that is difficult to implement within a
real-time application [8]. The stack curreht is calculated by 20

summing the measured current through the Idggh and the

estimated value of the fuel cell's auxiliary equipment eutr

I.uz [8], [17]. The next section presents the way in which the 0 05 ! 15 2 25 8 35
. . V _sensor measurement [V]

variables T, I,:, W,,) necessary for the calculation ab,, wep

were sensed and characterized.

Fig. 1. Static characteristic that presents a nonlinear behawbetween
the total mass flow rate provided by the compresBar, and the sensor
IlIl. FUEL CELL SYSTEM DESCRIPTION measurements presented by black plus. The identified chesticteurve that

. . corresponds to (14) is presented by a white solid line.
This work was performed using the Nexa PEMFC from P (4 isp y

Ballard. Presently, this fuel cell remains a world bencHmar

since it has been widely used by different research groug@s an

represents the state of the art in terms of PEM technology W, = 1.551 - Vjcp +2.632 - Vjcp
[17]. However, the results presented in this paper can be

extended to other types of PEM fuel cells. The Nexa fuel

cell is a fully integrated system that produces unregulated 7' = 6.222 - V;3 — 53.16 - V2 + 169.5 - Vp — 161.9  (15)

+ 1452V,  (14)
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as histograms and kernel density estimation [42]. They both
suffer from the curse of dimensionality [40]. For this reaso

a k-NN based density estimation is used. Th&lN approach
uses a fixed numbér of nearest neighbors to estimate the M.
In practice, one has at one’s disposal a seiNoinput-output
pairs which form the points within the data set. The minimum
volume that encompassggoints is determined for each point
within the data set. The MI can be estimated by counting the
number of points inside this volume in the marginal spaces
[43]. The mutual information is estimated as

T[°C]

N
I(X,Y) = (k)= == > [¥(ng) +¢(ny)] +(N) (18)
2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 =1
V. sensor measurement [V] wheren, andn} are the neighbors of theth data point in

the z and y dimensions, respectively, andl is the digamma
Fig. 2. Static characteristic that presents a nonlinear behawetween the function given by
fuel cell temperature and the sensor measurement presentelhdky dus.

The white solid line is the identified characteristic curkiattcorresponds to F’(t) d
(15). P(t) = T = alnl“(t) (29)
with
The remaining variable for calculatingo. is the current -
generated by the FC stadk;, which is used for feeding the I(t) = / ut—Le—tdu. (20)
auxiliary equipment necessary for the correct operatiothef 0

value fork. A value of k = 6 is set as suggested in [44].

Lot = Inws + Tiond, (16) B, variable selection

wherel,,, is the current that feeds the auxiliary equipment, The estimatorl (X, Y'), defined in (18), is used to select a
and [jqq the load current. In order to determine the stackubset of variables, which contribute to predicting thepatit
current/y; on the basis of (16), current sensors were installgd, from input variablesY; with j = 1,..., M. As any subset
at the load connection point and within the auxiliary equéoitn  of the input variables can be selected, the optimal algorith
of the FC system. The use of these sensors reduces Wild be to calculate MI for every possible subset and to
complexity of the mathematical model, since the estimatigielect the subset with the highest MI.
of I,.. is avoided [8], [17]. 1) Selection of the first variableThe first variable to be

chosen from the seX; is the one that maximizes the mutual
IV. SIMPLIFIED OXYGEN EXCESS RATIO ESTIMATION information withY":
A. Mutual Information Estimation using K-nearest neighbor X,; — argmax {f(Xj,Y)}, 1<j<M,

In this paper, mutual information is used as a criterion X
for Se]ecting the most relevant variables for the predict'uﬁ where X,; denotes the first selected variable. Using the same
Ao2 behavior. Given a multiple input single output (MISO)0tation as before, subsequently selected variables will b
function approximation problem, with input variableég = denotedXy, Xs,..., Xsnr.
x1,T9,...,%,] and output variabld” = y, the main goal of .
I[\/II is to meas]ure the dependence between random variabFéS.Forward selection
In the actual case, the input variables are the key proces&orward selection is the procedure for selecting the next
parameters of the fuel Ce”’ monitored by Nexa softwaryyariables. When Select|ng the second variable it has to lBmtak
and the output variable is the standard oxygen excess rdflif account that variabl&’;; has already been selected. Thus,
estimation using (2) The mutua' information between tWXSQ iS the one that ma.XimiZeS the mutual information betWeen

continuous random variable§ andY is defined as the set{ X,1, X2} and the output variabl&":
X4o = argmax {_f ({Xsl,Xj},Y)} , 1<j<M,j+#sl
106,Y) = [ ey () log 2XXED g4, (a7) o | |
' o px (@)py (v) In this sense, the-th selected variablé,; will be chosen

wherepx vy (z,y) is a joint density function, angx (z) and according to

py (y) are the marginal density functions, respectively. R

Estimation of the mutual information from equation (17)X;; = argmax {I({Xsl,ng,...,Xs(t_l),Xj} ,Y)},
requires prior estimation opx y (x,y). Several approaches Xi
have been proposed for the estimationzof y (z,y), such 1<j< M, j#{sl,s2,...,s(t—1)}



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. X, NO. X, FEBRARY 2013 5

D. Stopping criterion E. Input variable selection foho, calculation

The forward selection procedure is considered as a rankingrhe MI estimation was applied to the fuel cell's experi-
algorithm, since the selected variables are ordered aiogpral  mental measurement data, in order to determine which of the
their mutual information with the output [40]. This procedu Nexa FC sensors have greater influence on the value of the
is stopped in those cases where MI decreases after a forw@xyigen excess ratio variable. An experiment had to be chrrie
step. For the example out in order to acquire the required measurement data frbom al

the installed Nexa FC's sensors. During that experimemt, th
. . FC had to operate at various operational points with severe

I({Xslwas(t)}vY) > I({Xslwas(tH)}vY) transients between them. In order to achieve such testing
conditions, the FC current profile shown in Fig. 3(a) was
generated using an electronic load. The information frolm al
the FC’s sensors, described in Section 1ll, was monitoret an
stored by the Nexa software ea2b0 ms. The data acquired
from the sensors was used to form the variallle which
represented the multiple input variable for the Ml estimati
The recorded values of the sensors for I;;, and W,,, as
shown in Fig. 3, were used for calculating the oxygen excess
ratio Ap,, which was calculated according to the standard
procedure, as presented in Section Il. The calculated salue
of Ao, were then used to form the single output variable
for the MI estimation procedure. Finally, the MI estimation
was carried out on variable¥ andY. The results are shown

the procedure is stopped at step

60

% 2000 400 _ 6000 800 10000 in Table Il, where the observed variables are sorted acegrdi
Time [s] to their influence on the behavior of the oxygen excess ratio
(@) from the most to the least relevant.
TABLE |

VARIABLES’ RANKINGS FORAQ2.

Rank 1 2
Variable || Wep | Ist

Table IV-E shows that the most relevant variables are
Wep, and I, W, and I, are related to the numerator and
denominator of (2), respectively. In order to avoid a nowedir
regression model, linear dependence was tested between the
variablesWo, cq.in and Wep,, and Wo, cq,reqct @and Ig:. The
linear dependence test results are given in Figs. 4 and b. Bot
2000 4000 Tinfoec’?s] 8000 10000 figqres_ prese_nt a high _correlation between_the observed data

indicating a linear relation between the variables.

(b)

—4
x 10
5

45
= —_
o ) 35
2‘ X
- =,
5 <
= 8 25
o
o
=
1.5
0 2000 4000 6000 8000 10000
Time [s]
(© 0.5
0 20 40 60 80 100
Fig. 3. Experimental profiles of the variables required foe tmodel's Wep [SLPM]

validation: (a) stack currents:, (b) fuel cell temperatur€,, (c) total mass
flow rate W,,. Fig. 4. Linear regression betweéWo, cq,in and Wep.
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I;. However, it was performance a long duration experiments
that obtained large-signal FC temperatUrevariations in all
the operation range as shown in Fig. 3(b). So it was not
obvious to make a temperature model simplification of the
classic methodology to obtain the final result presente@3j. (
This was hence one of the most significant contributions of
the MI estimation. The proposed simplified model represents
a significant mathematical simplification of the standardieto
for calculating the oxygen excess ratio. Its use can signiflg
speed-up simulations and it can be implemented within the
low-cost processors used in various real-time applicatibke
monitoring, converter control, and air compressor control
Finally, a comparison betweenp,, obtained from the
30 40 50 60 complex model ando., obtained from the simplified model,
I, [A] is presented in Fig. 6. The test was performed at the current
profile shown in Fig. 3(a). A mean square error valu@.60259
Fig. 5. Linear regression betweéHo, ca,rcact and Ist. indicated that the results obtained by the simplified modtd w
the sampling time of 200 ms, adequately matched the results
obtained from using the complex model.
From the linear regressions shown in Figs. 4 and 5, the

O ,ca,react [kg/s]

W

10 20

following relations were obtained V. EXPERIMENTAL RESULTS
The previous section showed that the simplified model for
Woy.cain ~ 4.98 X 10—6& Wep, (21) calculating Aoz is a good approximation for the standard
s- SLPM estimation of \py at the maximum sampling time df00
ms that can be achieved by the Nexa monitoring software.

k
gA g (22) In the next step, the validity of the proposed model had to

5 be proven for smaller sampling times. This could only be

Another way to obtain the equations (21) and (22) is througlnieved by acquiring the instantaneous values of keybiasa
a knowledgg of the clgssmal model presented in Sectiondl aHirectIy from the fuel cell, due to theo0 ms sampling time
the performing modeling approaches. Thereff@,, ca.react  Jimitation imposed by the serial communication. In order to
is calculated by substituting the numeric values\6,, n and achieve sampling times belo00 ms and thus overcome the
[7in (3), which yields (22). On the other hand, the numeraiqitations of the Nexa monitoring software, a low-costlrea
term, Wo, ca,in given in (4), is obtained by applying (5) andijme oxygen excess ratio monitoring system was designed and
(6) and taking into account that the air to the cathode it This monitoring device is shown in Fig. 7, while its

humidified, therefore the humidity ratio is equal to zeroteAf ),k diagram and connection scheme with the FC system
substituting the numeric values the expression (21) IS8  4nq the load are illustrated in Fig. 8. The device in Fig. 7
However, the goal of the MI estimation was to determingpresents the first real-time oxygen excess ratio mongori
which of the 15 FC variables have greater influence on tggiem designed exclusively for FC applications that can be
Ao2 calculation and it was an independent estimation of th6,,ng within scientific literature or commercial applicats.
of the classical model presented in Section Il. Hence, it Wa$e main advantages and features of the developed system
presen_ted an a_llternative way to obtain thg equations (A1) ale: the use of a low-cost dsPIC microcontroller that ersble
(22) without prior knowledge of the classical model. real-time calculations, a keypad that allows full system-co
From (21) and (22)Ao> could be approximated by figuration and adaptation to various types of FCs, oxygen
. A W, starvation indication, visualization of the main variab¥eithin
Ao2 & 1-31m X7 2, (23) the LCD display, data storage within an external USB memory,
. ot an analog output signal port for observing signals with an
where)o. is the approximated oxygen excess ratio that coutskcilloscope or using them as feedback for control, adutdio
be obtained from a simplified model. channels for future applications (digital input/outputinhels,
The most significant advantage of the simplified model Bnalog output channels and PWM output channels), no need
that it is represented by one simple equation (23), while tiier external power supply and low power consumptidm.
complex model consists of a set of equations, as presengeftiition, other advantage of the real-time oxygen excess
in Section |Il. It must also be noted that calculating, ratio monitoring system is its low cost which represents a
using the simplified model (23) does not require information5% of the Nexa fuel cell price according with [45The
about the FC temperature. This is another advantage od@&cussed monitoring device can be used in both static and
the standard calculation method, presented in Section robile applications, since it is compact, lightweight, aagily
Although it is well known that the FC temperatuffe is a portable.
slow dynamic variable in comparison with the total mass flow The real-time oxygen excess ratio monitoring system is
rate provided by the compressbr,, and the stack current programmed to perform the calculation . using (2) and

WOz,ca,react ~ 3.81 x 1076
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! Time [s]

Fig. 6. Comparison betweeko, calculated using (2) andoo approximated by means of (23), by the experimental profile ptesein Fig. 3.

Fig. 7. Real-time oxygen excess ratio monitoring system: (adfbswitch,
(b) oxygen starvation alarm (c) input signal§ @nd W) (d) USB data
storage, (eYs: connector, (f)l4u2 connector, (9);,.q connector, (h) output
signals connector in a range of 0 t0 4 Vid,4, Ists Laua, Vst, T, Wep,
Ao,) and +5 V and ground to supply external circuits, (i) keypad dser
interaction, (j) LCD displays the main variablekd,, Vst, Is¢ andT).

o2 Obtained by the simplified calculation, matches with,
obtained by the standard calculation method. The same can
be concluded for the results shown in Fig.10, which were
recorded for a 10 A abrupt decrease of the load current. Frig.1
also shows that right after the load current decreases, the
oxygen excess ratio rises to values abovg = Aoz = 8.
These values are out of range for the proposed monitoring
device due to the 4 V output voltage limitation of the used
digital-to-analog converters, but do not affect the oxygen
starvation study, since the aim is detect when the oxygen
excess ration falls under the value of 1. It can be seen from
both figures that the total mass flow rate provided by the
compressoil,, reaches its steady state value in 400 ms for a
load current increase of 10 A and in 600 ms for a load current
decrease of 10 A. In [17], the authors used an acquisitioth car
with a sampling time of 10 ms for acquiring the measurement
data from the sensor &¥,,. They concluded thdi’,, reaches

the steady state in less than 10 ms after an abrupt load change
which is in contradiction with the experimental resultswho

in Figs. 9 and 10.

The aim of the final experiment was to test the monitoring
device at the full computational power of the used microcon-
troller. In order to achieve this, only the simplified mattem
ical model for the calculation oo, was implemented within
the processor. A load current profile that simulates differe
operation points and transient states was generated torges

Aoz using (23) every 1 ms. This represents a 200 timgsirposes. The results of the experiment are shown in Fig. 11.
reduction of the smallest sampling time that can be achievikdcan be seen from the zoomed-in part of the figure, that a
by the Nexa software. The 1 ms sampling time of the proposkxhd current increase of 30 A pushes the fuel cell into the
real-time oxygen excess ratio monitoring system is limiteldarmful phenomenon of oxygen starvation. The noise in the
by the complexity ofAp calculation. However, it is possiblesignals in Fig. 11 is due to the auxiliary systems of the fuel
to achieve sampling times down to 2Q, in the case of cell, especially the air compressor and the cooling motbis T
calculating onlyA\os. Fig. 9 shows the behavior of the oxygernwas detected and verified by independent measurements of the
excess ratio for a 10 A sudden increase of the load curreobnnections with auxiliary equipment. Either analog oritdig

It is evident from this figure that the oxygen excess ratifiiters can be used for mitigation of that noise. They have to
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presents the connections with the fuel cell system and the. lo

Fig. 10. Oxygen excess ratio behavior for a load currentestese of 10 A.
be designed according to the requirements of the applitatiQo.q (5 Aldiv), Aoz (2/div), Aoz (2/div) andWe, (31.86 SLPM/div).

for which the monitoring system is used. The design of
such filters exceeds the framework of this research. However
the most important feature of the proposed oxygen excess

ratio estimation system is that it ensures high computation,eh 1 ms, while the simplified model returned a new value
power, which is cru0|a_l for _su_ccess_ful integration ar_wd goo‘g,{/ery 200us. Since)o, is a good indicator of the harmful
performance of the device within various fuel cell applicas. oxygen starvation phenomenon, the duration of its computa-
tion cycle and the accuracy of the result represent detemhin
factors for those processes used for the protection and life

A simplified mathematical model for calculating the oxygetime extension of PEM fuel cells. One application, where the
excess ratio of a PEM fuel cell was obtained by using these of a simplified model can be proven as beneficial, are
mutual information approach. The proposed simplified modsimulations on the system level, the total simulation tinfie o
exhibited the same behavior as the complex model durimghich can be significantly reduced when using the proposed
experiments made using a purpose-built real-time monigori simplified model. In practical applications, the advantade
system connected to the Nexa PEM fuel cell. The mathe simplified model is mainly in the possibility of imple-
advantage of the new model is in providing much faster calcmenting it within a low cost processor and integrating the
lation of the oxygen excess ratio, while achieving analegooxygen excess ratio monitoring system into the control of a
results, in comparison with the conventional complex modeawitching power converter, in order to limit the fuel cell's
Experimental tests using a dsPIC30F6010 processor showediput current, and thus prevent any occurrence of the axyge
that the classical model was able to calculate a agwvalue starvation phenomenon.

VI. CONCLUSION
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