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Abstract—This paper focuses on the hybridization of a
Proton Exchange Membrane Fuel Cell (PEMFC) and a
Supercapacitor to smoothen the voltage disturbance caused by
purging in the Fuel Cell. Firstly, a two-branch supercapacitor
(SC) model is implemented in Simulink. The parameters of the
SC are estimated using Genetic Algorithm Optimization and
compared with the classical Faranda method. There is good
agreement with the results generated using the Genetic
Algorithm Optimization approach. Additionally, experiments
were carried out on a 1.2kW PEMFC to acquire the voltage
data. Voltage drops during purge were measured and used with
the PEMFC model to simulate purge behaviour in the fuel cell.
The SC was then connected in parallel to the PEMFC to
smoothen the voltage output. The work is still in progress, and
so far, positive results have been achieved where the SC has been
effective in negating the effects of purge phenomena in PEMFC.

Keywords— Fuel Cell, Supercapacitor, Hybrid Systems,
Parameter Estimation, Genetic Algorithm, Purge, PEMFC

1. INTRODUCTION

Climate change and global warming are affecting the
islands, especially the low-lying atolls, in the Pacific and other
parts of the world. One of the main factors is the pollution
which is generated by the combustion of fossil fuels for
transportation and electricity production [1]. According to the
study by the World Energy Outlook in 2016 [2], fossil fuels
had been generating 85% of air-borne pollution that was
emitted into the atmosphere. However, due to the increasing
effects of climate change globally, renewable energy is
becoming an urgent tool to help end the reliance on fossil fuels
as the main source of energy [3].

The idea of the development of fuel cells (FC) has evolved
since the 1800s till 1955, when Thomas Grubb and Leonard
Niedrach made an advanced modification on the FC
producing the Polymer Electrolyte Membrane Fuel Cell
(PEMFC) [4]. PEMFCs powered by hydrogen gas (or in liquid
form) have become one of the most promising clean energy to
be developed because of their zero-emission attribute and
environmental friendliness [5]. A PEMFC is an
electrochemical device used to generate electricity which uses
hydrogen as the main fuel source mixed with oxygen/air in a
chemical reaction to produce electricity. Water (H0) is the
main waste product terminated from this chemical reaction
with unused nitrogen gas. PEMFC have become an attractive
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technology in the transportation sector because of its high
power density, solid membrane, and lower operating
temperature [6],[7]. Due to its numerous advantages, many
transportation industries are interested in manufacturing
vehicles, buses, and cars that use hydrogen as their fuel [8].

Further advancement in compressing the thickness of
Membrane Electrode Assembly (MEA) has become a vital
issue for current losses due to nitrogen build-up and excess
water in the membrane. Therefore, the “Purging Process” is
used to exhaust the build-up of nitrogen gases and also
rebalance the water (or remove the excess water) in the FC.

During the purging process, there is a temporary shut-
down of the FC which affects its performance [9]. Whenever
purging starts, the voltage will immediately drop until the
purging process is completed.

A large amount of literature have been published on the
purging strategy of the PEMFC. An online hydrogen sensor
was developed in [10] with an electromagnetically operated
purging valve that controls the hydrogen content during
purging. Similarly, [11] involved the same idea of supplying
hydrogen for the system to obtain a constant anode pressure
during the purging process. In [11], when purging occurs, it
forces the exhaust valve to open so the nitrogen and excess
water can be removed, which results in a pressure drop at the
anode volume. Also [11] proposed using an Iterative Learning
Control (ILC) strategy to control this adverse effect. The
research also endorsed the Optimal Learning Control (OLC)
strategy for the same pressure and concluded that ILC was the
best strategy to employ when multiple purging occurs. Also,
the OLC strategy should be employed during the fast
convergence of purging.

In comparison to the strategy of energy management for
the pressure at the anode, work done in [12] derived a method
of improving pressure distribution on the MEA which resulted
in better handling of flooding problem during the Dead-end
mode. In addition, [13] discussed another strategy based on
high-temperature dynamic performance. A model was
developed based on the transient characteristics of the high-
temperature PEMFC voltage and a fuzzy controller that
controls the purging schedule at the actual time when there
were changes in load.
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According to [12], increasing the period of closing the
valve (from 5s to 10s) results in more voltage fluctuations.
Experimental work and analysis from [14] were used to
approximate the duration of optimal purging as 0.2s. The
duration of purging is the time when the valve is open while
the purge interval refers to the time when the valve is closed.
Researchers in [15] utilized the purge interval using the
current density. They used 25% nitrogen concentration to
activate the purge interval and concluded that the purge
interval can be controlled and adjusted in regards to the
changes in current load. Besides, the purge interval at a current
density of 0.4 A/cm? can be extended for 520s. The same idea
of current density was proposed by [16]. Their finding
concluded that the back diffusion of water improves the
performance recovery time after purging. Thus, increasing the
current density reduces the performance recovery time after

purging.

Although many published papers discuss the strategy for
purging, the gap of voltage drop during the duration of purge
discussed above is a vital issue to address. According to the
literature, most of them discuss the control strategy of energy
management of PEMFCs dealing with dynamic load changes.
One of the control strategies of the voltage uniformity of the
load changes in a FC is to adjust the current step amplitude
and the current variation of frequency. Experiments were done
in [17] proving that the current step amplitude should be
reduced while the current variation frequency is increased as
much as possible to attain a uniform voltage during dynamic
loading.

Additionally, the SC and battery can store energy and be
utilized with the PEMFC to supplement any voltage transient
during the variation of loads [18],[19]. For decades, batteries
have been the preferred storage devices, mainly because of
their ability to store high energy density. But the downside is
it takes very long to discharge and recharge, which limits its
ability to deliver power. The focus these days is on SCs also
known as an ultracapacitor or double-layered capacitor which
holds the discharge characteristics of a capacitor and the
energy storage properties of a battery. Jayalakshmi et al. [20]
had proposed in using SC as a secondary source to supply or
absorb the power during load changes. Work done by [20]
implemented a current control strategy to balance the power
by using load current as a reference compared with the energy
source current. Another study conducted by Partridge and
Bucknall [21] addressed a similar scenario. They developed in
a similar system but with a control strategy that kept the FC
voltage constant while the SC supplemented for the load
transient.

SCs have been used in many applications to compensate
for the power fluctuations, including PEMFCs. FCs are
usually integrated with other auxiliary energy sources such as
batteries and/or SCs. These configurations are usually called
hybrid systems. Many of the configurations of the hybrid
system employed by the literature consist of DC-DC
converters that provide the control of the FC system. Work
done in [22],[23] focuses on the stability of FC output and SC
to supplement FC during high power transient. The scheme
discussed by [22],[23] employs an FC coupled in parallel with
a SC with two DC-DC converters. The boost converter works
as a unidirectional converter to maintain the constant output
voltage of the system. The buck-boost converter works in a
bidirectional way where the buck mode charges the SC while
the boost mode supplies the energy to the system when
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needed. This scheme gives a reference current that is
subtracted from the load current, which gives the signal to the
SC and buck-boost to adjust itself to meet the load demand
continually.

In comparison, [6],[24] also have a similar configuration
of a FC-SC hybrid system with two DC-DC converters.
However, the authors of [6],[24] used the state of charge
(SOC) of the SC to recover energy loss. Their algorithm
operates in the charging mode when SOC is less than 60% and
discharge mode when SOC is greater than 60%. The SOC is
mainly used with the application of the vehicle. Thus, the
mode of operation discussed was obtained when the vehicle is
at the acceleration, braking, and stopping phase. The SC
discharges when it supplies the energy during acceleration
mode where the FC was not connected. Likewise, it charges
up during the deceleration of the vehicle. During deceleration,
the energy generated from braking was used to charge up the
SC while the FC was not connected.

Furthermore, there is also the passive configuration of the
FC-SC hybrid system as discussed by [25]. The passive
system is somewhat a good choice for the users of the FC
applications due to its affordable costs. It is cheaper compared
to utilizing DC-DC converters with the FC but has a
disadvantage that cannot respond to the fast transient peak
power demand. Therefore, using the DC-DC converter
coupled with the FC and SC maintains the output voltage at a
desired level.

This paper presents a Passive FC-SC Purge compensation
scheme simulated using actual experimental FC purge data.
Firstly, an FC experimental rig is setup to capture FC purge
data which will be later used in simulations. Secondly, in
order to simulate the SC response to the FC purge
phenomena, the parameters of the SC are estimated. The SC
parameters are identified utilizing a separate experiment by
recording its current and voltage data and then applying a
classical method as well as an optimization algorithm.
Finally, the FC-SC hybrid scheme is simulated with actual
FC experimental data in conjunction with a SC model with
parameters representing a real SC.

The paper is organized as follows: Section II presents the
modelling and experimental rig of the PEMFC, Section III
describes the 2-branch model of the SC and the experimental
rig and methods used to identify it’s parameters and Section
IV presents the proposed FC-SC hybrid scheme with the
results.

II. DESCRITPION, MODELLING AND EXPERIMENTAL RIG OF
THE PEMFC

A. Experimental setup for PEMFC

A 1.2 kW open cathode PEMFC was loaded using a DC
electronic load, as shown in Fig 1. Data was collected from
the PEMFC user interface module. A single ramp current load
was programmed into the electronic load, starting at 2A and
ending at 60A. The PEMFC was not able to output a current
lower than 2A. Voltage and current were logged in the
Electronic load as well. The sampling rate in both cases are
2Hz.
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® o :
Fig. 1. Experimental setup of 1.2kW PEMFC
The Simulink model was run for 100s and the resulting
polarization curve (Fig. 2) was compared to the measured
experimental data. The PEMFC used to gather the
experimental results had 28 cells with a maximum voltage
reaching 0.9 V in each cell. The PEMFC area was 62 cm?
while its membrane thickness was 0.42mm. Parameter
estimation was carried out using nonlinear least squares
method. The parameter estimation details are stated in [26]
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Fig. 2. Experimental and model results compared

Generally, there is good agreement between the

polarization curve estimated through the model and the results
obtained through experiments.

B. PEMFC model

The Nernst voltage or the theoretical voltage potential the
PEMFC can develop at a certain pressure of hydrogen and
oxygen is given by:

E =1.229—0.85 X% 1073(T — 298.15) + 4.3085 X

- 1
1075T [ln(sz) + Eln(poz)] (5)
While the Nernst voltage provides the theoretical maximum
voltage, there are several voltage losses which occur in the
PEMEFC to reduce the actual output voltage for the cells:

Vfe = E — (Vact + Vonm + Veonc) (6)
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These losses arise from three areas — activation losses, ohmic
losses and concentration losses. The activation losses arise
due to energy requirements for breaking the bonds and the
sluggish rate of reactions at the electrode surface [27].

Vact = Vo + Vo(1 — e_cli) (7

where v, , v, and c; are constants that need to be estimated as
shown in [26]. The resistance of electron flow for conducting
electrodes and the resistance of ion flow for the membrane
results in ohmic losses:

®)

where R, is the internal resistance of the PEMFC. The
concentration voltage losses v, arise due to concentration
gradients as the reactants get used up at the cell surfaces and
the slow transport of reactants to and from the reaction sites.
This can be computed as:

. i\
VUcone = L\ C2 imax

The reactant flow dynamics in the PEMFC are used in
equation 9 to estimate the total theoretical voltage that can be
generated by each cell. The reactant gas flow changes in line
with the demand current, which can be assumed to be the only
input into the system.

Vohm = I Ronm

)

III. SC MODELLING AND PARAMETER ESTIMATION

A. The 2-Branch SC Model

A SC can be described by suitable circuits modelling its
terminal behaviour and numerous models are discussed in
literature [28],[29]&[30]. Among these the Classical Model,
Non-Linear Capacitance Model, 3-branch model, 4-branch
model, ladder model and transmission line model
[28],[29]&[30]. This paper focuses on the 2-branch model by
Faranda [12] sketched in Fig. 3 for its simplicity and ease of
analysis.
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Fig. 3. 2-branch model of SC.

The 2-branch model is well known since it can accurately
characterize the SC behaviour during frequent charging-
discharging cycles, which is best suited for EV’s applications
where this behaviour is exhibited [31].

The 1st branch consists of three components and models
the voltage dependency of the capacitance. This branch gives
the SC a time constant in the order of seconds. The 2nd
branch of the equivalent circuit consists of a resistance in
series with a capacitance and models the charge redistribution
with a time constant of minutes. The 3rd branch consists of
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one resistor and models the time varying self-discharge,
which is modeled as a function of the SC terminal voltage.
The state equations of this circuit are

dv .
d—tl = ?G” [Gl(Gl - G”)Ul + G1G2U2 + Gll]
dv 1
d_tz =66, [6,(G2 — G)))vz + G1Govy + G| ¢
Gvy + Gyv, + 1
v=—
G J
(10 a,b,c)

where: Gy = — (i=0,23), G = Gy + G,+Gy
al’ld Cl = CO + kvvl

B. Experimental Rig for SC Characterisation

An experimental rig is setup for the purpose of extraction of
the SC voltage and current curves. This data are then used
further in this research for purpose of parameter identification
of the SC.

The SC chosen for the emulation of the proposed
FC-SC hybrid model in this paper consisted of a “GreenCap”
MH47765 Super Capacitor bank which was constructed
using 6 x SC cells connected in series. Each single cell is
500F with a voltage rating of 2.7V shown in Fig. 4.

National
Instruments
DAQ Card

Current
Sensor

The SC Experimental Rig for Parameter Estimation

Fig. 4.

The series configuration has resulted in the net capacitance of
the Bank, Cgank, becoming 83.33F. The voltage balancing
between the cells is made possible via balancing circuit which
were pre-installed by the manufacturer. The voltage rating of
the SC Bank is calculated to be 16.2 V. A National
Instruments (NI) USB 6211 DAQ system was utilized to
capture the voltage and current profile of the SC. The
sampling frequency of the setup was 1 kHz.

C. SC Parameter Identification

For the purpose of simulating the FC-SC hybrid scheme in
this paper, the parameters of the SC in Section C need to be
identified in accordance with the Faranda 2-branch model.
This is achieved by two of the following means:
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(1.) By strictly following the methodology as laid out by
Faranda in [30]; and

(2.) Further verification of the above by means a
Computational Intelligence method, specifically by the use of
a Minimisation Algorithm — Genetic Algorithm (GA).

GAs have been proved to have the advantages for
demonstrating strong robustness, searching and simple
processing in many studies, and they are appropriate for
searching the ideal parameters of SC models. The GA has
three optimization factors, which are the optimization
objective, optimization variables and constraint criterion.

The State Space equations in (10) are simulated on the
Simulink Platform of Matlab by a random population
generated by the GA, which results in it’s voltage and current
variables giving a unique set of values for each iteration of
the algorithm. In each iteration, these are compared against
the experimental voltage and current of the SC. In doing so,
an error function is realized by the use of the Root Mean
Square Error. The objective of the GA is to minimize the
error.

Similar work was done by Wang et. al. [32] and Miniguano
[33] however, none of the models have the non-linearity
constraint as per the 2-branch model (Fig. 3) utilized in this
paper. The results show agreement between the 2 methods as
shown in Table 1 and in the Graph comparing experimental
with simulated voltage curves in Fig. 5.

TABLE 1: TWO BRANCH MODEL PARAMETERS

Parameters Faranda GA |% Error|
Parameters Parameters
R () 0.15 0.15 0.00
Co(F) 41.03 40.74 0.71
K (F/V) 2.29 1.70 25.76
R, () 22.59 22.31 1.24
C, (F) 29.56 11.24 61.98
R; () 70,000 70,000 0.00
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Fig. 5. Two Branch Modelling Output.

The voltage graph of the estimated SC parameters are
simulated and compared with the experimental curve shown
in Fig. 5 are analyzed for Goodness of Fit. Finally, the Root
Mean Square Error (RMS error) of the GA and Faranda
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voltage curves compared against the experimental voltage
curve were found to be 0.3939 and 0.46 respectively.

IV. FC-SC HYBRID SCHEME, RESULTS AND
DISCUSSION

A. FC-SC Hybrid Scheme

The FC-SC hybrid systems have been studied by many
researchers resulting in many different topologies. Most of
the topologies studied have been discussed in the
Introduction. This paper will analyze the passive topology as
shown in Fig. 6. The idea of the development of this topology
is obtained from the article [34],[35],[36]&[37] and justified
in the Section 1.

LOAD

Fig. 6. Passive topology — Direct coupling of PEMFC and SC

The topology in Fig. 6 shows the SC connected in parallel
with the PEMFC with a dynamic load attached. The system
is a passive FC-SC hybrid configuration defined without any
DC/DC converters, which makes the power distribution
inherently decided by the characteristics of the FC and the
SC. In this case, each device has to be properly sized to have
equal potential, since any potential difference would result in
resistance and attract current flow. Usually, when there is
resistance, it forces electric charges to move from lower
potential to higher potential. Therefore, a diode is placed in
front of the FC to prevent the possible charging of the stack
from the SCs in case of Open Circuit Potential of the FC stack
dropping below that of the SC [38].

B. FC Purge

Fig. 7 shows the purge data derived from experimental results
of the 1.2kW PEMFC. The voltage drop occurs to flush out
the unused excess gases from the PEMFC. The voltage drops
significantly during this phase as there are no reactant
material to generate voltage. At t = 52 s the voltage drops
from 23.2V to 0.5 V. This is 97.8% drop in the voltage during
purge. The sudden drop in voltage is too large to be
compensated for by a DC-DC converter.

A. FC-SC Purge Compensation Results

Fig. 8 shows the voltage after compensation by the proposed
FC-SC hybrid scheme. The SC easily compensates the
voltage drop and while voltage ripples exist at the purge
instances, these drops are minor. A DC-DC converter and can
be handled these minor ripples. Looking at t = 52 s, the
voltage drop is from around 23.2 V to 21.5 V. This is a
voltage drop of around 7.3% only compared to the 97.8%
drop with a purge compensation scheme. The purge
compensation scheme works even in the case of load changes.

Fuel Cell Purge Voltage
T T : r

\(J\k~w M nRRE i

Voltage (V)

= 0 = w0 =0 %
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Fig. 7. Purge results determined experimentally and modelled in
Simulink
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Fig. 8. Voltage results after purge compensation using the FC-
SC scheme.

V. CONCLUSION

This paper presents how to compensate for the voltage
drop when the purge process occurs in the PEM fuel cell. In
this, the SC as parallelly connected to the fuel cell as a charge
reservoir to make up for the voltage drop. Three schemes of
the FC-SC hybrid system were developed and analyzed. The
FC-SC passive topology was implemented having the fuel cell
purge data in place of the PEM fuel cell due to test the theory.
The results from the simulation included the polarization
curve with accounted losses from the fuel cell, and also the
charging and discharging voltage waveform of the SC. The
final results with the SC connected in parallel with the
PEMFC show a clear smoothing effect on the voltage drops
caused by purging in the PEMFC. While there are some
voltage ripples remaining, these can be accounted for using a
DC-DC converter which will be looked at in future.
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