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Abstract— The PEMFC maximum power is greatly influenced by subfreezing temperature and degradation
phenomena. Therefore, a dependable model is required to estimate the power with respect to the variation of the
operating conditions and state of health. Semi-empirical models are potent tools in this regard. Nonetheless, there
is not much information about their cold environment reliability. This paper comprehensively compares the
performance of some models (already tested in normal ambient temperature) in subfreezing condition to
introduce the most reliable one for PEMFC cold start-up application. Firstly, seven models are compared
regarding voltage losses and precision. Subsequently, the three most dependable ones are selected and
experimentally compared at sub-zero temperature in terms of polarization curve estimation for three PEMFCs
with different degradation levels. The results of this study indicate that the model introduced by Amphlett et. al
has a superior performance compared to other ones regarding the characteristic’s estimation in below-zero
temperature.

Index Terms—Cold start, experimental approach, online identification, proton exchange membrane fuel cell,
semi-empirical model.

1 INTRODUCTION

Nowadays, environmental and economic issues have triggered a rising tendency in the emergence of
electrified vehicles as a substitute for conventional ones. Fuel cell-hybrid electric vehicle (FC-HEV) is a kind
of HEV in which the principal power source is a FC stack and the secondary power source is an energy
storage device, such as battery and/or a supercapacitor, to power an electric motor [1]. Compared to
traditional HEVs, a FCHEV is more beneficial in terms of emission and efficiency, and compared to pure
battery vehicle, it has less recharging time and more autonomy. However, owing to some limitations, such
as constricted hydrogen infrastructure and accessibility, high cost, and imperfect extreme cold weather
performance, FCHEVs have not yet achieved the anticipated market penetration [2]. The main focus of
interest in this manuscript is the renowned cold start problem of FCs which is an important issue in cold
weather countries. Several studies have been carried out regarding the freezing mechanisms in proton
exchange membrane (PEM) FCs, which are perceived as one of the most prospective nominees in vehicular
application [3]. In sub-zero conditions, the generated water mainly in the cathode side ices over and blocks
the reaction sites which in turn leads to the performance plunge, accelerated degradation, and cold start-up
failure [4-8]. In this respect, in-depth analyses of cold start aspects and the development of related strategies
are of great significant. In fact, the cold start strategy is a matter of interaction between water and heat
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management [9]. Improper water removal and inadequate heat generation for warming up the cell over the
freezing point result in the ice formation in the cathode catalyst and gas transfer channels and cause the
previously mentioned problems [10]. The existing strategies regarding the PEMFC cold start-up procedure
can be split into two categories of Keep Warm and Thaw at Start where the former is mainly based on the
use of block heaters or other methods to keep the PEMFC temperature around its minimum operating
temperature during the parking [11-14]. According to [3], the Thaw at Start based strategies are more suitable
for vehicular applications, since the parking duration is unforeseeable, and are grouped into two categories
of assisted and self-cold start strategies. Assisted cold start strategies utilize an exterior source of heating
which is practical for declining the start-up time, nevertheless it increases the bulk, weight, price and energy
productivity of the PEMFC system [15-18]. Self-cold start strategies normally generate heat by the
exothermic reaction, internal reaction independent of an external source, through some methods such as
fixing the current density (galvanostatic) [19-21] or cell voltage (potentiostatic) [22-25], and the maximum
power mode [26, 27]. Moreover, these strategies have a purging mechanism after shut-down to avoid water
retention and thus ice formation in the cathode catalyst layer. Galvanostatic and Potentiostatic start-up
methods have been mentioned as being very efficient in terms of energy requirement and system cost in many
researches [3]. Guo et al. [21] proposed the use of O»/H, mixture on the anode side to rise the heat flux from
the galvanostatic strategy with the purpose of performing a self-cold start from -20 °C. This strategy, though
successful, needs a modification of the PEMFC system, and its performance highly relies on the PEMFC
states (temperature, membrane hydration, degradation etc.). In [22-24], cold start strategies based on purging
the PEMFC before shut-down and applying constant voltage mode to rise the temperature in start-up are
proposed. These strategies are proven to be functional at cold start from -20 °C, however, their performance
depends on the state of the PEMFC. In [26], a PEMFC cold start strategy is proposed premised on the
maximum power mode of the stack, and compared with both galvanostatic and potentiostatic methods. The
results of this paper show that the maximum power cold start mode is capable of balancing the heat production
and the ice formation, resulting in an enhanced cold start survivability compared to the well-known constant
voltage and constant current modes. One common problem of all the three galvanostatic, potentiostatic, and
maximum power mode cold start strategies is that their operation is afflicted to a great extent by the PEMFC
system performance drifts owing to the variation of degradation state and operating conditions [28].
Performance degradation of PEMFCs is usually defined by the loss of voltage versus time [29, 30].
Degradation of PEMFC components results in an overall drop in PEMFC performance, which negatively
affect the cold start performance of the internal heating solutions (galvanostatic, potentiostatic, and maximum
power mode). In addition, subfreezing temperature causes also power and voltage losses versus PEMFC
current, which affects considerably the robustness of the proposed internal heating solutions. Therefore, there
is a need for an accurate online model to estimate the PEMFC characteristic’s curve with respect to the
alteration of the operating conditions as well as the PEMFC state of health [31, 32]. In [27], an adaptive cold
start strategy is proposed based on maximum power mode of the PEMFC stack as well as the purging
procedure before shutting down to update the strategy according to the performance drifts. This work
demonstrates satisfactory results by estimating the PEMFC maximum power with a single-input semi-
empirical model based on the operating current. The parameters of the model are updated in real-time by
means of recursive least square filter. However, a wise selection of the PEMFC model is still required since
the proposed cold start-up approach is based on maximum power estimation. Inappropriate selection of a
semi-empirical model can lead to the imprecise prediction of the PEMFC maximum power which in turn
challenges the operation of the cold start strategy based on maximum power mode. Several semi-empirical
models are available in the literature to predict the behavior of a PEMFC stack [33-39]. Nonetheless, all of
these models have been tested in above-zero operating temperatures.

The main contribution of this paper lies in the performance analysis of the semi-empirical models in
subfreezing conditions with a view to be used in the development of an adaptive maximum power mode
based cold start strategy for a PEMFC stack. In this regard, firstly, a review of seven semi-empirical models
is performed in terms of granularity and the characteristics considerations. Afterwards, three models,
suggested by Squadrito et al. [38], Amphlett et al. [35], and Boulon et al. [39, 40], are selected for further
experimental investigations in below-zero temperature condition. In order to counteract the influence of the



operating conditions variation and degradation phenomenon, the parameters of the models are estimated
online by means of recursive maximum likelihood (RML) algorithm.

Section 2 highlights the necessity of maximum power point estimation in the PEMFC cold start-up procedure.
Section 3 deals with the explanation and selection of the three above-mentioned semi-empirical models. The
RML filter and its customization for the online parameter estimation of this work are explained in section 4.
Section 5 describes the experimental procedure used in this work along with the detailed discussion of the
experimental results regarding the comparison of the models. Finally, the conclusion is given in Section 6
with some future perspectives regarding this problem.

2 MAXIMUM POWER POINT ESTIMATION NECESSITY IN THE PEMFC COLD START-UP

The existing manuscripts in the literature confirm the possibility of performing the PEMFC cold start without
using external heating-based methods and devices [22-24, 26, 41]. However, in order to avoid cold start
failure, the choice of the operating point during autonomous PEMFC cold start is crucial. It is important to
note that high-current operation increases the PEMFC thermal power as well as the cold start capability.
However, running the PEMFC at high current also reduces the oxygen (O;) and hydrogen (H>) concentration
which naturally causes a pressure drop inside the PEMFC [10]. This pressure drop leads to a sharp voltage
drop commonly known as concentration loss. The point to be underlined is that concentration loss becomes
significant at high current levels where it can degrade the PEMFC stack and fail the cold start procedure [42,
43]. Therefore, it is vital to find the operating point that maximizes the heat generation while avoiding cold
start failure. Based on literature [3] and the presented PEMFC characteristics in Fig. 1, it can be said that
PEMEFC system has a current or voltage threshold corresponding to the maximum power. Exceeding this
limit results in an increase in concentration loss and PEMFC degradation [3]. In this regard, it is suggested
to operate the PEMFC at its maximum power (Pmax) during cold start. This operation mode maximizes
produced heat inside the PEMFC and avoids operating the PEMFC at low voltages (Fig. 1). In addition, it
maximizes electrical power during the cold start-up. The application of the maximum power mode cold start-
up strategy has been successfully tested in closed cathode and open cathode PEMFCs [27, 44]. However, a
major limitation of all internal heating solutions include maximum power mode is the lack of information
about the formed ice during the phase change which can block the reaction sites, reduce the performance,
accelerate the degradation and lead to the failure of cold start. Therefore, it is crucial to consider a water
evacuation process after each PEMFC shut down to keep the ice formation to minimum level. It is also
important to develop a real-time diagnostic algorithm to realize the ice formation inside the stack. If cathode
catalyst layer is fully blocked by ice, all the internal heating solutions are inefficient, and an external material
heating system remains necessary.
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Fig. 1. Polarization curve of PEMFC



The PEMFC maximum power can be identified from the power curve. Nevertheless, this maximum power is
not fixed during the lifetime of the PEMFC stack. In fact, the alteration of the operating conditions and
degradation level of the stack has a significant impact on the maximum power point [45, 46]. During the
PEMEFC cold start, the formed ice inside the PEMFC increases concentration loss which in turn affects the
power curve. Moreover, the generated heat during the start-up decreases the ohmic loss, which also influence
the power curve [47]. As a result, the PEMFC maximum power changes significantly during the cold start
and it is essential to identify it online.

3 PEMFC SEMI-EMPIRICAL MODELING

Mathematical modeling assumes a leading role in the technological evolution of a PEMFC system [48].
Depending on the purpose of a study, a suitable PEMFC model in terms of granularity and computational
time should be selected. The existing PEMFC models in the literature can be grouped into three distinct
categories of mechanistic, semi-empirical, and black box. According to a conducted study in [49], semi-
empirical models are very suitable for estimating the characteristics of a PEMFC system, such as polarization
and power curves, and their operating range can be extended when combined by recursive filters. These
models are premised upon the physical relationships which are supported by experimental data and
demonstrate the fundamental electrochemical aspects of the PEMFCs [50, 51]. Furthermore, working with a
semi-empirical model makes it possible to evaluate the relevance of the results due to the physical meaning
of the parameters. However, not much information is available in the literature regarding the dependability
analysis of semi-empirical models in subfreezing conditions, which is the main target of this paper. Several
semi-empirical models have been introduced for imitating the behavior of a PEMFC. This section lays
emphasis on the ones which are suitable for real-time application (a trade-off between accuracy and operation
time) since the application of this work will be the design of adaptive power mode based cold start strategies.
In this regard, a comparative study of seven well-known semi-empirical models, as listed in Table I, is
performed. The selected models are referred to by the name of the author. These models represent the
electrochemical behavior of a PEMFC based on its polarization curve, as shown in Fig. 1, with different
levels of precision.

According to Table I, the models suggested by Srinivasan [33] and Mann [34] do not consider the influence
of concentration 10ss (7c0nc) in the output voltage due to the fact that it has a minimal effect on its estimation.
The performed parametric study in [52], regarding the influence of activation losses (#4c:), ohmic losses
(170mm), concentration losses (#conc) and Nernst potential (OCV) on the voltage estimation, confirms this
assumption. However, this study shows that excluding the concentration loss, which occurs in high current
region, leads to inaccurate estimation of the maximum power which is very important for the purpose of this
paper. In this respect, Srinivasan and Mann models are considered as not suitable for the maximum power
mode based cold start-up strategy. In [53], the models introduced by Amphlett, Larminie-Dicks, and
Chamberlin-Kim are experimentally compared in terms of parameters quantification, granularity, and
accuracy. The obtained results of the conducted study are summarized in Table II. According to this table,
Amphlett model is the most accurate one while Chamberlin-Kim model has the maximum error. Moreover,
Larminie-Dick has a moderate accuracy. The most important point regarding Larminie-Dick and
Chamberlin-Kim models is that they are both based on the operating current and ignore the effect of
temperature and pressure on the PEMFC voltage estimation. This, in turn, means that the voltage estimation
precision of these two models noticeably decreases when the operating conditions change, which is the case
in a PEMFC system. In fact, the operating conditions and the state of health of a PEMFC are variable and
Amphlett model can operate in a wider operating range in such conditions. It should be noted that even by
estimating the parameters of Larminie-Dick and Chamberlin-Kim models online, their performance cannot
be as good as Amphlett model since temperature and pressure are measured input signals in Amphlett model
while in the other two ones they are considered as uncertainties and can decrease the estimation quality.
Therefore, Larminie-Dick and Chamberlin-Kim model are being excluded from subfreezing condition
analysis of this paper and the three models, namely Squadrito, Boulon, and Amphlett remain. These three
models will be experimentally compared to identify the best model for reproducing the behavior of the



PEMFC at low temperatures and facing different levels of degradation. More details about the selected
models are given hereinafter.

TABLE 1
Semi-empirical models of PEMFC

Considered Number of parameters
Author regimes Measur | Unknown | Constant
ed
Srinivasan et al. [33] Hact s Hohm 3 5 1
Mann et al. [34] Tact s Nohm 4 10 2
Ampbhlett et al. [35] Nact s Hohm, Heone 4 8 2
Chamberlin-Kim et al. [36] | #act » Hotm, Heone 2 5 0
Larminie-Dicks [37] Nact » Hohm , Neone 2 5 3
Squadrito et al. [38] Hact » Nohm , Heone 2 4 2
Boulon et al. [39, 40] Nact s Hohm, Neone 4 3 16
TABLE 11
Properties of compared models [53]
R Chamberlin-
Feature Amphlett Larminie-Dicks am. erin
Kim
Not simple: It
takes into Simple: it
. . account three neglects i,
Not simple: it
rakes info currents. current and
Therefore, the combines iy of
S account many . s
Simplicity . ohmic, activation the Tag
physical . .
. and equation with
parameters in .
concentration the Nersnt
the system .
losses have an potential
additional linear
part.
Moderate
Accuracy Very accurate Low accuracy
accuracy
lecting th
Effect of Considering Neg e?ctmg the temperature, but
theoretically the constants A and B
temperature temperature .
change depending on temperature.

3.1  Description of the selected semi-empirical models

As explained before, all the selected semi-empirical models describe the behavior of a PEMFC stack by

predicting the polarization curve. The cell potential is calculated by :

Vcell = Enesnst ~ Nact = Nohm ~ Nconc

Each of these regimes can be defined as follows:

Enesnst =

\

Squadrito: V,

Amphlett: 1.229 — 0.85 x 1073(Ty, — 298.15) +
4.3085 X 10~°Ty [In(Py;) + 0.51n( Poy)

Boulon: 1.229 — 0.85 x 1073(T;, — 298.15) +
4.3085 X 10~°Ty [In(Pyy) + 0.51n( Pp)

Eq. (1)

Eq. (2)
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Boulon:
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Boulon: K; Ty, log (1 - }L)
L

where V;, is the open-circuit voltage (V), Ty is the stack temperature (K), Py, is the partial pressure of the
hydrogen on the anode side (Pa), and Py, is the pressure of the oxygen on the cathode side (Pa), if. is the
stack current (A), CO, is the oxygen concentration (mol.cm™), ], is the current density (A.cm™), and Jpqy
is the limiting current density. The explanation of the other empirical parameters for Amphlett, Squadrito,
and Boulon’s model can be found in [35, 38-40] respectively.

4 THE RECURSIVE IDENTIFICATION ALGORITHM

The performance drifts of a PEMFC stack stem from two important factors. The first one is the degradation
phenomena and/or lifetime ageing which happen slowly through the time depending on how the PEMFC
stack is being used. The second factor is the variation of the operating conditions such as temperature,
pressure, humidity, etc. which can happen at any time during the operation of the stack. These drifts make
the parameters of a PEMFC model time-varying and therefore the use of a recursive identification technique
necessity to keep track of these variations as time goes by several identification techniques such as recursive
least square (RLS), recursive maximum likelihood (RML), Kalman filter, and extended Kalman filter [49,
54]. In [54], the performance of RLS and RML has been compared for the parameter identification of a
PEMFC model and concluded that RML has more robustness while confronting noise in the measurements.
In this work, RML is used to identify the parameters of interest in the selected model. It should be noted that
all the three models predict the nonlinear behavior of the PEMFC. However, the targeted parameters for
identification are linear. RML is quite similar to the well-known RLS algorithm and the main distinction is
that the disturbance (v(t)) influencing the targeted output is modeled as a moving average of a serially
uncorrelated white noise sequence [54]. In this regard, the unobserved components (e(t), e(t — 1), ..., e(t —
1)) are approximated by the residuals, which are the values of the obtained error (£(z)). RML algorithm can
be formulated as:

y(0) = 0() p(t) +v(6) Eq. (6)
v(©) =e(®) + o (et —1) + -+ c (et —1) Eq. (7)
0(t) =0(t—1)+k@)E() Eq. (8)
k() =2"PE - P@®)/QA+217PT@)P(E - DY) Eq. (9)
P =@®)/Ca™) Eq. (10)
P(t) =A"P(t—1) — A k(O)PT()P(t — 1) + BI Eq. (11)



At) = w—(l é);

T eT(OP(E- Do)

if oT(®OP(t- Do(t) >0 Eq. (12)
A = 1; if eT(OP(t- D) = 0
E®) =u®)—¢"(®)0(t—1) Eq. (13)

where y(t) is the estimated output, 6 (t) is the parameter vector (unknown parameter vectors defined in Table
II1, @(t) is the regression vector (known parameter vectors listed in Table III), v(t) is the uncertainty on the
output, e(t) is the residuals calculated by the values of error, ¢ is the added parameter for error prediction,
k(t) is the Kalman gain, E(t) is the error, A is a directional forgetting factor, ¥ (t) is a filter, P(t) is the
covariance matrix, B is a constant that increases the covariance matrix instantly, [ is the identity matrix, C is
the estimated polynomial of the parameter ¢ (1 + ¢;q™* + -+ ¢.q™"), ¢~ is the delayed operator, w is the
forgetting factor (0< w <1), and u(t) is the measured output. The number of parameters c, determined by r
in the formulas, has been considered as three in this work based on some trials. However, it can be increased
or decreased in other problems. In this respect, the three parameters of ¢y, ¢,, and ¢z should be added to the
unknown parameter vectors of the three selected semi-empirical models, shown in Table III, and their
corresponded residual values (e(t — 1), e(t — 2), and e(t — 3)) should be added to the known parameter
vectors to perform the parameter identification process. Table III shows the unknown parameters of each
model, which need to be estimated by the recursive filter for a good voltage fit, as well as the known
parameter vectors.

TABLE III
The known and unknown parameters of the models
Model Parameters
) Unknown | [Vo,b,7,]
Squadrito - P T— -
Known (1 lOg(lfc)'lfcr(lfc) log(1 - ﬁlfc)]
Unknown [51' EZ! 53' 54' His U2y M3'B]

Amphlett

. ) . . I
Known | [1, Tye, Trlog(€0,), Trelog(ise ), —iser —igeTrer ire’, log (1— fe )]

max

Unknown | [K;, K, K5]

R+Tgc J+Jloss tmp 1 1 :
—L 1o (— — b exp|—a(=——)]i
Boulon L F 8 Jo " b11*Amp—b12 p To Tge fe»

Known :
Tye log(1 = )]

5 EXPERIMENTAL PROCEDURE

5.1 Test bench

The detailed architecture of the utilized test bench in this work is presented in Fig. 2. As it can be seen, a
Horizon H-500 air breathing PEMFC is connected to a National Instrument CompactRIO through a controller
where the control of the purge valve, fan speed and hydrogen valve is performed and the acquisition of data
(temperature, current, voltage, hydrogen flow) is conducted. A programmable DC electronic load with the
maximum power of 1200 W is used to demand power from the PEMFC. To remove the build-up water and
nitrogen and refill the anode with fresh hydrogen, the stack is purged every 10 s for the duration of 10 ms.
As suggested by the manufacturer, the difference between the atmospheric pressure in the cathode side and
the pressure of the PEMFC in the anode side should be kept around 0.5 bar. The PEMFC stack is put inside
a climate chamber to test the effect of the sub-freezing temperature condition on the performance of the stack.
The explained semi-empirical models and the parameter identification algorithm have been developed in
MATLAB and implemented in LabVIEW software via Math Script Module. The characteristics of the used
Horizon H-500 air breathing PEMFC are specified in Table I'V. It should be mentioned that for the purpose
of this work, three Horizon H-500 PEMFCs with different levels of degradation are used. To clarify the
difference in the performance of the utilized PEMFCs, their polarization and power curves, obtained at
ambient temperature, are presented in Fig. 3. As is seen in this figure, the utilized PEMFCs, which are of the
same model, have different maximum powers due to their different states of health. This difference in the
rated power of the PEMFCs also justifies the need of online maximum power estimation in such system.



Hereinafter, to distinguish the three PEMFCs shown in Fig. 3, a specific name is chosen for each one based
on its state of health. The PEMFC with the rated power of 500 W is in its beginning of life and named New
PEMEFC. The one with almost 300 W is in its end of life and named Old PEMFC. Finally, the one with the
rated power of 400 W is presumed to be in its middle of life and named Normal PEMFC.
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Fig. 2. The experimental set-up used in this work

TABLE 1V
Technical specification of Horizon H-500W PEMFC
Characteristics
Number of cells 36
Active surface of the membrane 54 cm?
Humidification Self-humidified
Rated performance 22Vat235A
Maximum current 35A
Hydrogen pressure 0.5-0.6 bar (50-60 kPa)
Cathodic pressure 1 Bar
Nominal consumption of H2 7 L.min™!
Ambient temperature 5°Cto30°C
Cooling Air
Reagent Hydrogen and Air
Purity of hydrogen 99.999% H,
—~ &~ New PEMFC 1600
30 = &— Normal PEMFC P~ o
- -
:& 6— Old PEMFC o 1500
— N, oo ,
25 =
< &:8’:0&&‘_ A o 1400 2
@ D\. ”~ .‘ - -% —
o ~ole - -~ 300 &
= 20 % e Ce ® =
[=) § (% h) } ~ (e
> N ®200%
Q \
7 o
15 8 Q
& * ® 1100
’
10¢ ' =0
0 10 20 30
Current (A)

Fig. 3. Polarization curves and power curves of the three PEMFCs at 25 ° C

5.2  Procedure

The PEMFC is purged and placed inside a climatic chamber to cool down the PEMFC until the desired start-
up temperatures. A current profile is requested from the PEMFCs by means of the DC electronic load and
the measured data from the PEMFC are sent to the PC through the CompactRIO to be employed in the
implemented model for identification process. The RML algorithm receives the measured current, voltage,
and temperature data via Ethernet communication every 100 ms. Subsequently, it identifies the parameters



of the model at each sequence, and the updated model is used to plot the PEMFC polarization curve. The
polarization curves estimated by the three models will be compared with the measured curves in terms of
different operating temperatures (-10 °C and 1 °C), and degradation levels (three PEMFC). The RML
algorithm continuously updates the parameters of the models. Therefore, the initial parameters must be well
chosen to avoid the divergence of the algorithm. Identification of the initial parameters is done by Curve
Fitting Toolbox ™ of the MATLAB software. This toolbox uses least squares methods to identify the initial
parameters.

6 EXPERIMENTAL RESULTS

Fig. 4 shows the current profile used to perform the test and the corresponded measured voltage and
temperature. The measured current, voltage, and temperature data are sent to the PEMFC model to estimate
PEMFC voltage by using the RML identification algorithm in a real-time process, and then the output
voltages estimated by the three models are compared to the measured ones, as shown in Fig. 5. To avoid the
repetition of the result’s presentation, only the estimation process of the Normal PEMFC (400 W) case study
is shown in Fig. 5. As it can be seen in this figure, all the models show acceptable estimation of the voltage.
The error between the measured and estimated voltage is very small for the three models. Some peaks are
caused by the rapid PEMFC current change, but they rapidly decrease, as shown in Fig. 5.b. From this voltage
estimation analysis, it is very difficult to judge the performance of the models and draw a sharp distinction
among them. It is worth noting that the identification algorithm tries to minimize the error of estimated
voltage for a single point, regardless of the fluctuation of the parameters or the behavior of the system.
Therefore, an accurate estimation of the PEMFC voltage does not guarantee that the model has sufficient
accuracy, and the physical relevance of the results must be studied deeper through the polarization curve
estimation. In this respect, the estimation of the polarization curve for each of the PEMFCs (New, Normal,
and Old) in two different operating temperatures of 1 °C and -10 °C is studied hereinafter to distinguish the
most suitable semi-empirical model for the cold start application.
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Fig. 6 presents the polarization and power curves estimated by the three semi-empirical models for different
levels of degradation at 1 °C. From this figure, it is clear that Amphlett model comes first, Boulon second,
and Squadrito third regarding the estimation accuracy. These results also show that the sole precise voltage
estimation cannot guarantee that the selected model has enough capability to predict the characteristics of a
PEMFC such as polarization curve. Therefore, the use of another verification tool other than voltage seems
to be necessary. Fig. 7 presents the estimation of polarization and power curves at -10 °C for different cases.
This figure confirms that even in sub-zero operating temperature condition, the performance of the Amphlett
model is better than the other two models. The malfunction of Squadrito model is due to the fact that it does
not consider the temperature variation and, therefore, the parameters vary a lot to reduce the voltage
estimation error. This variation decreases the voltage estimation error while deviating from the reference
polarization curve. Regarding the Boulon model, the only reason for its less accuracy compared to Amphlett
model is the existence of several physical or specific variables which need to be determined by some
measurements for each type of PEMFC. Once these variables are set incorrectly, the model cannot predict
the characteristics curves very accurately.
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Table V, Table VI, and Table VII represent the initial and estimated parameters of the three models and there
corresponding estimation errors. The reported error value is the mean of relative error in terms of percentage.
According to these tables, Amphlett model presents the smallest error between the estimated and measured
curves for the three PEMFCs and for the different operating temperatures.
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The obtained values for the Squadrito et al. model by the identification

TABLE V

TOCESS

Parameters Vo b r a
Initial values 0.862310.01510.316647| 5.924 |Error
PEMFC | Temp. Obtained values
-10°C 0.85632(0.0445|0.317668|5.92402| 9.8%
Oold
1°C  [0.8609 | .0356(0.267668(7.92401|6.82%)
-10°C 0.83819(0.0360|0.316647|5.30663(8.51%
Normal
1°C  [0.85650]0.0103]0.274396(3.10253(5.17%)
-10°C 0.86053]0.0281|0.306809(2.92402(7.32%
New
1°C ]0.83819]0.0160(0.200664|1.97874| 4.6%
TABLE VI
The obtained values for the Amthlett et al. model by the identification process
Parameters 3 &2 &3 $a I Ha s B
Initial values -2.12| Se3 |-3.6e5 [-29e-4-6.82e-2/2.2e-4|1.1 e-4]|3.249 | Error
PEMFC Temp. Obtained values
old -10°C  [-2.12| 5e-3 |[-8.08 e-5-2.80 e-4{-6.82 e-2[ 2.2 e-4| 1.1 e-4{3.293 |3.97%
1°C  |-2.12| 5e-3 [-7.29e-5[-2.82¢e-4/-6.7¢-2[22¢e-4|1.1 e-4|3.273|1.94%
Normal -10°C  [-2.12| 5e-3 |[-1.24 e-4]-2.72 e-4]-6.68 e-2[ 2.2 e-4| 1.1 e-4 | 3.263 |3.53%
1°C  [-2.12| 5e-3 |[-1.07 e-4{-2.76 e-4{-6.52 e-2[| 2.2 e-4| 1.1 e-4 [ 3.253 |1.41%
New -10°C  [-2.12| 5e-3 |[-1.47 e-4]-2.66 e-4]-6.45 e-2[ 2.2 e-4| 1.1 e-4 | 3.243 |3.29%
1°C  |-2.12| 5e-3 |-1.5e4 |-2.63 e-4[-6.32e-2[22e-4|1.1 e-4[3.223|1.24%
TABLE VII
The obtained values for the Boulon et al. model by the identification process
Parameters K, K, Ks
Initial values 1.4001 1.9389 1.4 | Error
PEMFC Temp. Obtained values
old -10°C 1.4921 1.6910 |1.6910(7.39 %
1°C 1.4015 1.6891 | 1.6891|4.11%
Normal -10°C 1.4921 1.4831 | 1.4831 | 6.80%
1°C 1.3956 1.463 1.463 | 3.90%
New -10°C 1.4231 1.391 1.391 | 6.25%
1°C 1.3841 1.301 1.301 | 3.53%

Fig. 6 and 7 show that Boulon and Amphlett models are more accurate in terms of open-circuit voltage
(Enernst) estimation because they are based on a general formula that takes into account PEMFC temperature
and hydrogen and oxygen pressures. In contrast, Squadrito model estimates Enems from PEMFC current and
voltage measurements which leads to less accuracy compared to Boulon and Amphlett models. Concerning
activation loss region, Amphlett model is more accurate than the other two models since it requires the
estimation of four empirical coefficients based on fluid mechanics, thermodynamics, electrochemistry, and
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they also depend on material and type of PEMFC. However, Boulon and Squadrito models require the
estimation of a single parameter, which is an empirical coefficient based on PEMFC temperature,
degradation, and membrane moisture. Indeed, the consideration of more parameters for Amphlett model
brings more accuracy but increases the calculation time. Concerning the linear part of the polarization curve
where the voltage drop is mainly due to the electronic and ionic internal resistances, Amphlett model is still
the most accurate as its formula is more general and does not require specific data such as membrane
thickness, active membrane area and membrane moisture content, which are only available for a limited
number of fuel cells. With regard to the concentration loss, characterized by a rapid voltage drop, the three
models almost consider the same formula. However, the inaccuracy of estimation in activation and ohmic
zones affects the estimation quality in the concentration zone, which means that Amphlett model has better
performance in this region as well. Table VIII summarizes the discussed points regarding the strengths and
weakness of the tested models. The reason for establishing such a good precedent by the Amphlett model can
be the generic formulation of is semi-empirical equations. In fact, it has eight parameters (four for the
activation regime, three for the ohmic regime, and one for the concentration regime), which need to be tuned.
So far, it has been shown that this model is able to acceptably estimate the polarization curve of a PEMFC in
different conditions. However, the values of the estimated parameters are different for each case. It should
be reminded that this model is effective as long as the information regarding the whole performance is needed
which is the case in this manuscript. For detailed physical interpretations, other models and electrochemical
methods should be considered.

TABLE VIII
Summary of the investigated models
Model Amphlett model Boulon model Squadrito model
Factor
Number of
parameters to 7 3 4
estimate
- Current - Current
. -Voltage -Voltage -Current
The variables -Temperature -Temperature -Voltage
-H, pressure -H, pressure
Complex: it takes into account Complex: it needs very specific
Simplicity many physical parameters of the cell data such as the thickness of Simple
svstem the membrane and the initial
Y water content of the membrane ...
Accuracy Very accurate Moderately accurate Low accuracy
Effect of Neglects temperature, but
Consider temperature Consider temperature theoretically the estimated parameters
temperature .
change depending on the temperature
Neglects H, pressure, but theoretically
Effect of H, . . . .
rossure Consider H, pressure Consider H, pressure the estimated parameters consider H,
P pressure.
Effect of . . . .
. Theoretically, the estimated parameters change depending on the degradation of the PEMFC.
degradation

7 CONCLUSION

The performance of maximum power mode based cold start strategies in a PEMFC stack highly depends on
the selection of a precise model. However, very few studies have focused on the performance evaluation of
PEMFC models in sub-freezing conditions. In this respect, three semi-empirical models, namely Amphlett,
Boulon, and Squadrito, are experimentally tested and compared in this paper with a view to selecting the
most accurate one for predicting the characteristics of a PEMFC stack in sub-zero temperature condition. The
performance of the selected models is thoroughly investigated regarding the estimation of polarization and
power curves for three 500 W open cathode PEMFCs with different levels of degradation under two operating
temperatures (1°C and -10°C). To carry out the comparative study, a current profile is applied to the PEMFCs,
and the measured data (current, temperature, and voltage) are transferred to the RML algorithm to tune the
parameters of the models in real-time by minimizing the error between the estimated voltage and the
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measured one. Once the parameters of the models are estimated, the models are used for predicting the
characteristics curves of the stacks. The conducted study shows that the model proposed by Amphlett et al.
has higher accuracy than the other two ones regarding the characteristic’s prediction in above and below zero
temperature conditions. This higher precision is achieved by Amphlett model due to two important factors:
first, its stronger thermodynamics background compared to Squadrito model, and second, its less dependency
on specific data, such as water content and membrane thickness, compared to Boulon model. While this
manuscript has demonstrated the potential of the suggested model for developing a maximum power mode
cold start-up strategy, some opportunities for extending the scope of this paper remain as follows:

e  Future works should focus on the use of Amphlett model in the design of maximum power mode
PEMEFC cold start strategies from -20°C. To this end, more focus should be given to the development
of an online ice estimation algorithm combined with a hybrid cold start solution. This algorithm
should be based on an adaptive maximum cold start mode, as the main cold start solution, and an
external heating method used when cathode catalyst layer is blocked by ice.

e Another direction to extend the perspectives of this work is to focus on the experimental
performance evaluation of the proposed PEMFC model with the maximum power mode cold start-
up strategy with a closed-cathode PEMFC system.
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