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Abstract—In this work, a methodology for the estimation of
the liquid fraction of a proton exchange membrane fuel cell
(PEMFC) is developed. Specifically, a model-based chattering-
free high order sliding mode (CHOSM) observer is designed for
the estimation of two dynamic states: the PEMFC temperature
and the liquid water saturation. The observation strategy
is discussed in a simulation environment using the common
ARTEMIS driving cycle (CADC) as a case study.

I. INTRODUCTION

As energy consumption increases, society, industry and
governments have become aware of the necessity to deploy
new sustainable energy systems that can cut down the
problems associated with the use of fossil fuels and other
non-renewable energies. Making use of these energy sources
generates carbon emissions and is not sustainable on a long-
term time horizon. Accomplishing this technological and so-
cial shift requires high amounts of investments and research
efforts addressed to alternative and clean energy sources.
Moreover, the problems of storage and transportability have
to be addressed when studying sustainable energy generation
solutions. Researchers [1], [2] have pointed out that it is
necessary for future energy systems to make use of energy
carriers that can be produced from renewable power sources.

Research studies [3], [4] have concluded that energy
generation systems that use hydrogen can be a potential
solution to satisfy the present and future energy demands
without additional carbon emissions. Hydrogen as an energy
vector has significant advantages compared to other power
carriers and its use can aid to reduce gas emissions and to
diversify the energy generation market [5]. This is mainly
because hydrogen has the possibility to be produced from
renewable primary energy sources (i.e. solar and eolic).
Moreover, hydrogen can be burned directly in gas turbines
to obtain electricity, producing only water and heat as by-
products. It also may be used to feed a fuel cell. Long-term
storage is also a feature of hydrogen, making it perfect for
long distance transport and mobile applications.

Proton exchange membrane fuel cells (PEMFCs), which
use hydrogen as fuel and have high power densities while op-
erating at low temperatures, are gaining increasing attention
as clean and efficient energy conversion devices for a broad
range of applications: automotive, stationary combined heat
and power (CHP) and portable systems. Researchers from
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all over the world are dedicating a great effort to improve
efficiency, reduce degradation and decrease the production
costs of PEMFC technology. In order to optimise their
performance, PEMFC systems require active control and
therefore, in-depth knowledge of the system dynamics, which
include multi-physics phenomena such as fluid mechanics,
thermal dynamics and chemical kinetics.

Efficiency and degradation of PEMFCs are directly related
with the internal operating conditions. In the automatic
control field, new observation [6], diagnosis [7] and control
[8] solutions are being developed to improve the operating
conditions of PEMFC based systems. The system tempera-
ture, gas species concentrations, current density and water
content are some of the variables that affect the performance
of the system. Additionally, the remaining useful life of a
PEMFC is drastically reduced when the system is subjected
to sudden and unexpected load changes that can trigger
reactant starvation scenarios.

Quantifying degradation in PEMFCs is a challenging task.
One of the approaches proposed in the literature [9] is to
model the electrochemically effective area of the cathode.
This area is a measure of the total active platinum (Pt)
available in the cathode catalyst layer (CCL). The amount
of active Pt particles depends, among others, on the Pt
loading of the CCL during the manufacturing process and
the hydration state of the cathode. The hydration state is the
only variable that can be actively controlled by modifying
the temperature of the stack and the inlet cathode relative
humidity (RH). However, determining its value while the
system is being operated is not possible with the current
sensor technology. In this sense, advanced models and esti-
mation procedures can help to determine the hydration state
of the cathode and deploy active control solutions that can
manipulate this variable.

Modelling plays a key role in the research areas of control
and health monitoring of PEMFCs. In fact, in order to
develop and deploy control strategies that aid to improve
efficiency and enhance the durability of PEMFC systems,
mathematical models are necessary. Effects of the operating
conditions on the fuel cell performance have been studied
by several authors with different experimental approaches.
However, while experimental analysis gives back reliable
information about the performance of the system, it can
be exceedingly expensive and inaccurate (i.e. not being
able to represent the internal dynamics of the fuel cell).
Mathematical models aid to reduce experimentation costs
and they can be used to develop control and observation
techniques that study aspects of the fuel cell that can not be



analysed conveniently through experimental measurements.

Estimation of internal states and performance variables
in PEMFC systems is a topic directly related with the
implementation of advanced control techniques to improve
efficiency and durability. While a certain amount of mea-
surements are feasible using the existing sensor technology,
there are parts of the system that are inaccessible because
of its structure. Distributed parameter models combined with
model-based state estimation techniques is a novel solution to
study the internal conditions in PEMFC, with the possibility
of using this information in a control strategy [10]. Addi-
tionally, the use of mathematical observation tools is directly
related with the reduction of the number of sensors and their
associated cost [11], hence state observation tools can aid in
the reduction of the overall cost of PEMFC systems.

The main contribution of this work relies on the devel-
opment of a nonlinear observer that uses quasi-continuous
sliding mode techniques to estimate the liquid water fraction
inside a PEMFC. A dynamic model of an open cathode
PEMEC is used to design the observer.

The paper is organised as follows. In Section II, the
general system description is introduced. In Section III the
simulation model of the open cathode PEMFC is presented.
The observation problem and the liquid water fraction ob-
server are developed in Section I'V. Simulation results of the
proposed observer for a common ARTEMIS driving cycle
(CADC) case study are presented and analysed in detail in
Section V. Finally, Section VI summarises the results of this
paper and proposes research lines for future work.

II. SYSTEM DESCRIPTION

In this study, the commercial PEMFC stack H-100 devel-
oped by Horizon Fuel Cells Technologies is analysed and
modelled in Section III. This stack is composed of 20 cells
and has a rated power of 100 W. It has an open-cathode and
does not require reactant gas humidification. It is air cooled
and has an active area of 22.5 cm?.

Figure 1 shows a schematic diagram of the fuel cell system
installed in the laboratory test station. The fan is powered by
a 12 V external power source. A controller sets the rotational
speed of the fan by adjusting the PWM duty cycle. The air
speed is measured using a high precision airflow sensor E75
E + E Elektronik. The anode inlet is fed with dry hydrogen.
A manual pressure regulator keeps the pressure of the anode
inlet constant at about 0.4 bar.

III. FUEL CELL MODEL

In a previous work [12], a dynamic second-order model
has been developed for the system described in Section II.
The model is defined by the following set of equations:

Tre = Ki-IpViet+ K- 17,

+ (Ks - Tamp — K2 - Te) Uairs (D
Spc = K3 -Tpe—Ka- fp(Te) spe— fa(spe), 2)
Vie = K5 Tre fa(TresSpesIye) - 3)

The dynamic states correspond to the fuel cell temperature
(T'y.) and liquid water saturation (sy.). The system has 3

inputs which are the fuel cell current (Iy.), the ambient
temperature (7y,,,5) and the cathode inlet air velocity (uq;;-).
The latter is often used as control action. The output of the
system, V., corresponds to the fuel cell stack voltage. Thus,
the generated electrical power by the stack is defined by
Pro=Vie-Ipe.

The equations (1)-(3) are highly nonlinear, because of the
involved complex expressions f,, fq and f, composed by
nonlinear components [12]. In addition, the control action
is multiplied by K; functions that depend on the dynamic
states. Appendix A contains the expressions for all the
parameters.

Equations (1)-(3) can be partially simplified by the fol-
lowing variable change:

a v

Ugir = s
“r KQTamb - KQch

“4)

where v corresponds to the heat extracted from the system.
With this variable change, the system description results in

Tre = Ki-Ipe-Viet+ Ki-I7, +v, (5)
Sfc = KS'Ifc*Kél'fp(ch)'Sfcffd(sfc)a (6)
Vfc = Ks- ch : fa (Tf(,‘7 waIfc) . @)

IV. HOSM OBSERVER

Following the nonlinear observer structure proposed by
[13], the observer for Equations (5)-(7) is expressed as

i = Kilje — K It Vie + v+ g1 (X)us, (8a)
vy = Kslpe — Kafp(i1)da — fa(@2) + g2(X)ua,  (8b)
§ = h(x) = &1, (8c)

where X £ [21,#2], 1 = ch and 3o £ 5fc. The observed
output variable is the temperature of the fuel cell as denoted
by Equation (8c). Functions g; and go and the corrective
terms u; and us will be designed in order to reduce the
estimation error to zero in a finite amount of time.

A. Observability analysis

In nonlinear systems, the study of the observability is
related with the rank of a given observability matrix O [13].
In particular, the observability matrix is defined as

h(x)
o | Lieoh(x)
O(x) = I : , )
L}‘(;l)h(x)

where 7 is the number of states in x and L (x)h(x) is the
Lie derivative of the output vector h along the vector field
f(x) € R™, defined as follows [14]:

Oh
Lyooh() = 2 pix. (10)
And the k-th Lie derivative:
0 Lk_lh(x)
f(x)
@mM@=<ax)ﬂ@. (1)
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Schematic of the fuel cell system H-100 installed in the laboratory test station

Using Equations (10) on Equation (8), the observability
matrix is obtained:

0 = [¢f) o3

being ¢ and ~ nonlinear functions that depend on the states
of the system.

As demonstrated by [13], to guarantee the observability
of Equation (8), the rank of O has to be equal to n, being
n = 2 in this work (two states). The rank of Equation (12)
only depends on ~y, which is defined as

12)

1. K, K5d
(&) = ——— Lo (13)
Ssopt <1 -2 So;txz)

being s°P! the optimal water content for the H-100 PEMFC,
defined in Table I.

The condition that guarantees that rank(Q) = 2 is

(%) # 0. (14)

Since K; and K3 are constant, non-zero parameters (see
Appendix A), the condition (14) holds if x;, x2 and Iy, are
different from 0.

Once the observability is guaranteed, functions g; and go
in Equation (8) are obtained as follows [13]:

)

. g1(x =1 T
X) = | =0 0 1|, 15
g(x) {92()()] (x) [ ] (15)
which results in g1 (%) =0 and g(X) = 7;[;;90;

Finally, considering g; and g2, Equation (8) is expressed

as
i1 = Kiljo — K It Vie + v, (16a)
A AN\ a ~ 3Ifci'2
= K3lj. — K - —r g,
T2 3dy afp(@1)T2 — fa(@2) + K1K5m1u2
(16b)
§ = 1. (16¢)

B. Correcting action design

Since the only state measurement is 7', the observation
error e, is expressed as the difference between the estimated
output y of the observer and the measured vector y:

ey =9—y=1=1— 1. (17
The sliding surface o is chosen as follows:
c=e,. (18)

And the sliding manifold ¢ for the sliding surface in Equa-
tion (18) is

{ =6 —ko, (19)
where k is a positive parameter.

To drive Equation (17) to zero in a finite amount of
time, a second-order quasi-continuous correction input us
is implemented [15]:

= o+ |o|?sign(o)
? G+a]t2 )"

(20)

where (3 is the gain of the observer.



C. Chattering-free HOSM Observer

To solve the chattering problem in Equation (20), an
adaptative B gain is proposed in this section.

Following the methodology proposed by [16], the deriva-
tive of the adaptative gain for the corrective input in Equa-
tion (20) is defined as

/;_{ 0(=pB+llo—pll), if£+0, on

0, otherwise,
being 0, p € RT constants to be tuned. The variable g
represents a small positive number introduced to maintain
B at the smallest possible value while preserving state
estimation capabilities in the presence of uncertainties [16].

V. RESULTS

In this section, the observer developed in Section IV is
tested by simulation using the driving cycle described in
Section V-A. The CHOSM observer in Equation (16) uses
the adaptative gain in Equation (21) with # = 5, p = 10 and
@ = le~*. The initial state of the estimation is assumed to
be %(0) = [£1(0), 22(0)] = [298 K, 0.

A. Case study

A CADC driving cycle [17] is used to test the observation
strategy in a simulation framework. The CADC is a speed
profile (see Figure 2) that represents urban and motorway
driving scenarios to evaluate pollutant emissions and energy
management strategies. In this work, the CADC motorway
speed profile is used to test the power demand that the
fuel cell has to deliver. Considering no hybridisation of the
system, it is assumed that the fuel cell has to provide all
of the demanded power. Because of this, the 20 cells of the
laboratory H-100 have been substituted by 370 cells in the
simulations, the same amount of cells present in the Toyota
Mirai [18].

A virtual car model [19] is implemented to transform the
speed profile to a power demand profile, assuming that a low
level control system (not presented in this paper) allows the
fuel cell to provide enough power to follow the speed profile.
The required power profile is shown in Figure 3. It has to be
noted that the auxiliary subsystems consume 400 W when
the car is stopped. Figure 4 shows the current and voltage
of the PEMFC during the simulation profile. The current
corresponds to one of the model inputs and the total stack
voltage is one of the measured outputs.

B. Results and discussion

Figure 5(a) shows the evolution of the fuel cell tem-
perature, 1., the HOSM observer estimation ch and the
CHOSM observer estimation ch-,c ¢. Similarly, Figure 5(b)
shows the dynamic response of the liquid water fraction s¢.,
the HOSM estimation § and the CHOSM estimation response
5cf. It has to be remarked again that s ;. can not be measured
and its estimation is especially valuable for future control
applications using the proposed observers.

As shown in Figure 5(a) and (b), the observation of both
states (red dashed line for the HOSM observer and black
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dashed line for the CHOSM observer) is performed satis-
factorily through all the simulation scenario. Specifically,
Figure 5(a) shows how the CHOSM observer is slightly faster
than the HOSM. In a similar way, the CHOSM observer
performs faster for the estimation of sy, in Figure 5(b).
However, the overshooting before stabilisation is greater than
in the HOSM case.

Figure 6 shows the corrective action for the HOSM
and CHOSM observers (up and ug .y respectively). These
corrective actions are used to drive the observation error in
Equation (17) to zero in a finite amount of time. Both signals
have an initial transitory response where e, # 0. After a short
period of time, uy starts commuting to guarantee that the
state variables are kept on the sliding surface that makes that
the estimated states are the same as the model states as shown
in Figure 5. However, as it can be observed in the detail
of Figure 6, there is a switching dynamic for the HOSM
case. This switching, when implementing the observer in the
real laboratory system, can create issues with the measuring
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estimation (HOSM and CHOSM) during the CADC profile

equipment.

The response of the CHOSM corrective action ug .y has
a higher oscillation dynamic before the convergence of the
observer with the model states. Nevertheless, it does not have
a switching dynamic as shown in the detail of Figure 6.
When the observer needs to correct the possible observation
error, a small change on the value of B is enough to drive it
back to the sliding surface. This improvement and the faster
convergence time shown in Figure 5 corroborates the superior
observation capabilities of the CHOSM approach.

VI. CONCLUSIONS

In this paper, a nonlinear CHOSM observer to estimate
the liquid water fraction in the cathode side of a PEMFC
has been presented. The estimation of this unmeasurable
parameter is critical to characterise the PEMFC health state.

Currently, the observation strategy is being implemented
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Fig. 6. Evolution of the HOSM and CHOSM corrective actions during the
CADC profile

in the PEMFC experimental bench presented in Section II in
order to experimentally validate the results. After validation,
the observer will be used to deploy advanced control solu-
tions to enhance the PEMFC performance and durability.

APPENDIX
A. Model parameters
E
Kl _ thMcell (22)
myeCp,fe
K'Yy = —— (23)
myeCp,fe
A )
K2 — Pair znletc ,air (24)
mycChp, e
Mm,0
K: = 2 (25)
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Keva MH O
K, = P 2 (26)
* RAporeeefdeLlesorp
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K7 = necenko (29)
Is.
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TABLE I
VALUES OF THE MAIN FUEL CELL PARAMETERS AND PHYSICAL

CONSTANTS

Parameter Value Units
Specific heat capacity of the fuel cell 1200 J kg TK1
stack, Cy, ¢e
Fuel cell stack mass, m . 0.3 kg
Air density @ 20°C, pgr 1.205 kg -m—3
Specific heat capacity of air @ 1005 J-kg=!1.K-!
20°C, Cp,air
Effective cross-section of the cath- 8.5¢~3 m?2
ode housing structure, A;pjet
Theoretical potential @ T7¢f = 1.23 \%
25°C and P"¢f = latm, Ey,
Number of cells in the stack, ncej; 370 -
Intrinsic exchange current density of 5e~3 A-m~2
Py, ip®!
Charge transfer coefficient, « 0.28 —
Activation barrier for the ORR on 70000 J - mol™1
Pt, AG*
Optimal reachable liquid water sat- 0.165 -
uration, s°P?
Geometric catalyst surface area, 22.5¢~4 m?
Ageo
Ohmic stack resistance, Ropm 0.7 Q
Partial pressure of oxygen at the 0.21- P7ef Pa
cathode, po,
Effective porosity, €.y s 0.5 —
Effective permeability, K¢ ¢ le 14 m?
Liquid water density, p; 970 kg -m~3
Liquid water viscosity, p; 3.517e~4 Pa-s
Liquid water surface tension, o 0.0625 N-m™!
Effective contact angle, 0 91 ©
Effective thickness of diffusion me- 0.41e—3 m
dia, ddi ff
Catalyst layer volume, Vo, 2.25¢—8 m3
Catalyst layer thickness, dof, 0.01e=3 m
Sorption time constant, Ksorp 360 —
Evaporation time constant, Keyap 8.6€° —
Pre-exponential factor, pO 1.196€11 Pa
Activation energy of evaporation, 0.449 eV
E,
Boltzmann constant, kg 8.617e5 eV -K-!
Cathode ambient pressure, Py,,p 1.013€® Pa
Cathode ambient temperature, 7,5 298 K
Cathode ambient vapour pressure @ 2380 Pa
75% RH, p¥
Pore surface area per unit volume, 2e” m?-m~3
Apo're
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