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An air-breathing fuel cell was investigated as an alternate power source for a laptop
computer application. An empirical model was developed to include the phenomena of
activation and ohmic polarisation as well as mass transport effects in order to simulate the
behaviour of an air-breathing fuel cell. The model was used as the input source for a
quadratic buck converter, which is used to power the central processing unit (CPU) core at
1V. To achieve tight voltage regulation and good dynamic performance, the quadratic buck
converter was implemented with average current mode control. The quadratic buck con-
verter hardware setup has been developed with a fabricated fuel cell module in order to
validate the model of the air-breathing fuel cell as well as the voltage regulator module.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

A fuel cell is an electrochemical device that converts the
chemical energy of a fuel and an oxidant (pure oxygen or air)
directly into electricity, eliminating the intermediate step of
classical, chemical combustion used in the normal process of
heat extraction from fuel [1,2]. Since it is a direct single step
energy conversion device, it contributes to high electrical ef-
ficiency. Moreover, the fuel cell uses pure hydrogen for the
electrochemical reaction, giving water, heat and electricity as
products, and so is a clean source of energy. These charac-
teristic features [3] of the fuel cell, ie., high efficiency,
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zero/low pollutant emission and fuel flexibility, make it an
extremely desirable option for future power generation. Pro-
ton exchange membrane fuel cells (PEMFCs), alternatively
referred to as polymer electrolyte membrane fuel cells, fall
under the category of low-temperature fuel cells. During the
reaction, the hydrogen at the anode gets oxidized to protons
through the release of electrons. The protons move from the
anode to the cathode through the proton conducting electro-
lyte, while the electrons move through the external circuit to
reach the cathode. At the cathode, oxygen combines with the
protons emanating from the membrane as well as the elec-
trons from the external load circuit to produce water and heat
according to reactions (1)—(3).
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Nomenclature

A% Voltage, V

Ac Active area of cell, cm?

AV Overpotential, V

Ver Voltage loss due to crossover, V
i Current density, mA/cm?

icr Crossover current, mA/cm?

p Partial pressure of hydrogen, bar
P Pressure of hydrogen, bar

Psat Saturation pressure of water, bar

r Ohmic resistance, Q-cm?

L Thickness of membrane, cm
T Temperature, K

K Proportionality constant

Z Zero of a transfer function

P Pole of a transfer function

D

Duty cycle
i Limiting current density, mA/cm?
io Exchange current density, mA/cm?

Greek letters

o Charge transfer coefficient

A Water drag coefficient

c Conductivity of membrane, S/cm
p Specific resistance, Q-cm

At the anode : 2H, »4H" + 4e~ (1)
At the cathode : O, +4H" + 4e~ —2H,0 2
Overall reaction : 2H, + O, —2H,0 + Electricity + Heat (3)

Fuel cells that take up oxygen by passive means from
ambient air for the reaction at the cathode are known as air-
breathing fuel cells (ABFC) [4—6]. In ABFCs, oxygen is sup-
plied to the cathode through free convection air flow and
hydrogen is supplied to the anode from compressed gas cyl-
inders. Free convection oxygen delivery at the cathodes of
ABFCs eliminates the need for an auxiliary fan or compressor
(air circulating device) as in forced convection fuel cells. The
considerable reduction in weight and volume of the overall
system makes it more viable for commercialization, especially
in portable electronic devices like laptops. Also, to mitigate the
inflammable nature of hydrogen, air is preferred over oxygen.
Under normal operation, a single ABFC typically produces
0.5 V—0.7 V. Several ABFCs are connected in series to form an
ABEC stack.

Besides the ABFC, other significant system components are
the power conditioning unit (PCU) and their controllers.
Switched mode power supplies (SMPSs) play a vital role for
processing power in modern gadgets because of their high
efficiency and compactness. They call for wide conversion
ratios, for example 1V, 1.5V, 3.3 V and 12 V power supplies.
Existing buck converters are unable to support such conver-
sions as their switches demand minimum ON time [7].
Moreover, a cascade connection achieves wider conversion
ratios, although it may compromise the overall efficiency

owing to switching losses in the metal oxide semiconductor
field effect transistors (MOSFETs). This paper proposes the
quadratic buck converter (QBC), an advanced dc-dc converter
as a viable ABFC stack PCU [8]. The converter circuit when
applied to laptop computer voltage regulator module reduces
the dc voltage of 19 V obtained from the fuel stack to 1 V. The
paper will shed light on the behaviour of the ABFC by
comparing the characteristics obtained through PSIM simu-
lation [9] with the experimental results of a commercial fuel
cell module.

ABFC power system model

The power system model implemented here consists of the
following sections:

e PSIM model of an ABFC stack.
e PSIM model of QBC with average current mode (ACM)
control technique.

The proposed ABFC Power system schematic is shown in
Fig. 1. The modelling of each section is explained in the suc-
ceeding sections.

Development, experimental investigation and
validation of the ABFC model

Development of ABFC stack model
To simplify the analysis, the following assumptions are made.

a) All gases obey the ideal gas law.

b) Hydrogen gas supplied to the anode is pure.

c) The hydrogen and oxygen temperatures are equal to the
cell temperature.

d) Constant pressure in the gas flow channels.

e) Liquid water is the only reaction product.

The standard potential of a hydrogen/oxygen fuel cell at
STP (25 °C and 1 atm) is 1.229 V when liquid water is the
product. However, due to irreversible losses, there is a
decrease from its equilibrium potential. The three types of
irreversible losses present in ABFCs are activation, concen-
tration and ohmic losses. The output voltage of the single cell
ABFC [10—12] is represented by Egs. 4—10.

De-De Converter

ABFC FUEL >
CELL STACK

L

Il o
Side

LV

Ml

Controller

Fig. 1 — Proposed ABFC stack power conditioning unit.
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Fig. 2 — Scheme of the model developed in PSIM in order to simulate single cell behaviour under steady state conditions.

VEuelcel = VOpencircuit — AV activation — AVonmic — AV concentration (4) Table 1 — Simulation parameters of the ABFC.
Parameter Value
V ircuit = V] -V 5
Opencireuit Nernst Crossover ©) Specific resistance of GDL 0.0017 Q-cm
Thickness of GDL 0.036 cm
Viernst = 1.482 — 0.000845*T + 0.0000431*T*In <PH2 *p%25> (6) Specific resistance of graphite 0.00231 Q-cm
Thickness of graphite flow channel 0.1cm
Thickness of membrane 0.0178 cm
RT i g
Verossover = —ln( Cm§sovev> @) Water drag coefficient 12 ,
aF lo Crossover current 3 mA/cm
Contact resistance 30 Q-cm?
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Fig. 3 — Fuel cell test setup.

0.5Py,
P, = —7——— — Psar ®) ]
exp (1T-?53§4‘> Table 2 — Electro chemical parameters of the ABFC.
ADP
Temperature  Charge transfer Exchange current
Po, P o) coefficient () density (io)
Po, =7 —~ s
* " exp (4#3%;‘1) “ 30° C 0.967 1.02 mA/cm?
oo 40° C 0.725 1.662 mA/cm®
Poy = 10(—2.1794+O.02953*1"—9.1837*10’5*T2+1.4454*1O’7*Tz) (10)
2t =
It is necessary to overcome the limitation of the activation AV activation = RT (i) 11)
energy barrier to initiate the reaction at the electrodes. The aF = \lo
activation loss represents the energy spent by the ABFC in Internal losses in an ABFC occur due to the diffusion of
crossing the barrier and is modelled according to Eq. (11). hydrogen molecules from the anode to the cathode and the
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Fig. 4 — Polarisation characteristic of the single ABFC. Fig. 5 — Validation of the ABFG at 30 °C.

Please cite this article as: RavindranathTagore Y et al., Modelling, simulation and control of a fuel cell-powered laptop computer voltage
regulator module, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2019.02.141



https://doi.org/10.1016/j.ijhydene.2019.02.141

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX 5

—a—V_Model
1.0 q o V_Exp
CT=40°C

Voltage(V)

0.0 T T T T T
0 20 40 60 80 100

Current density(mA/cmz)

Fig. 6 — Validation of the ABFC at 40 °C.

movement of stray electrons through the membrane. These
losses, although insignificant, can impair the cell potential
considerably, especially when operating at very low current
densities. To simulate this phenomenon, the term ijoss is
incorporated into the current ‘i’ in Eq. (12) with a fixed value of
3 mA/cm? [12]. So, in a fuel cell the activation losses are:

A\/Activation = %h’l <l i 10’) (12)

o
The ohmic loss and resistance offered by an ABFC are
represented by Eq. (13) and Eq. (14). Electrical and ionic re-

sistances are modelled according to Egs. 15—18 and the con-
tact resistance is assigned a fixed value of 30 Q-cm? [12].

A\/Ohmic = 1'*rol'm'lic (13)
Tohmic = TAnode 1 TCathode + Tionic + Tcontact (14’)
PGDL ey, |, PGraphite*Loyqpnice
= 15
T Anode AC + AC ( )
o PGraphiter
Tcathode = p%:;l“ GmAf)i}st“- (16)
L

Tionic = %ﬁme (17)
o — (0.005169*2 — 0.00326)*exp 1268 ( - — = (18)
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Fig. 7 — Schematic of quadratic buck converter.

Table 3 — Design specifications of the QBC.

Parameter Value
Input voltage 19V
Inductance (L,) 1.84 uH
Inductance (L) 0.21 uH
Inductor resistance 0.95 mQ
Capacitance (C,) 22 uF
Capacitance (Cy) 1.64 mF
Capacitor (ESR) 1.67 mQ
Switching frequency 300 KHz
Load resistance(min) 0.067Q
Load resistance (max) 0.18 Q
Output voltage 1V

Concentration losses that occur due to the mass transfer of
reactants at high current densities as well as the presence of
concentration gradients can be expressed by Eq. (19).

RT 1 i
AVconcentration = E <1 + E) In <iL L_ 1) (19)

The model built in PSIM is obtained from Egs. 4—19 which
are shown in Fig. 2. The ABFC model gives a steady-state
polarisation curve as a function of anode dew point temper-
ature, hydrogen pressure and cell temperature. The simula-
tion parameters shown in Table 1 are taken from
manufacturer data sheets and also the literature [12—14].

Experimental investigation

The fuel cell membrane electrode assembly (MEA) was fabri-
cated with a 5-cm? active area, a Pt/C (40%) catalyst loading of
1 mg/cm? and 30% and 20% hydrophobisation on both the
anode and cathode side. Nafion 117 was used as the electro-
lyte membrane. The 850e Compact Fuel Cell Test System was
used for conducting the experiments on assembled single cell
as shown in Fig. 3. The measured fuel cell characteristic at a
cell temperature of 25 °C is shown in Fig. 4. The experimen-
tally calculated values of charge transfer coefficient and ex-
change current density are tabulated in Table 2.

Validation of the ABFC model

The validation of the characteristics obtained from the PSIM
model with those experimentally measured with the fuel cell
at cell temperatures of 30 °C and 40 °C are depicted in Fig. 5

Y, _
BC .
Q I
A
\
PWM H
A
Viet
Ci(s) Cy(s)
Current Loop Voltage Loop
Compensator Compensator

Fig. 8 — Block diagram of average current-mode controller.
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Fig. 10 — Hardware setup of quadratic buck converter.
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and Fig. 6, respectively. There is good agreement in these
results.

Design of the power conditioning unit and
controller

Design of the quadratic buck converter

It is possible to achieve good dynamics with the incorporation
of a power electronic processor, i.e., d.c.-to-d.c. converter.
Also, when considered in view of the voltage deviation and
settling time during load transients, better dynamic perfor-
mance is possible. The QBC schematic is shown in Fig. 7. The
QBC conversion ratio is modelled by Eq. (20). The values of the
simulation parameters obtained from the design of the QBC
are shown in Table 3.

M(D) V.,

=D? (20)

Design of the average current mode controller

For continuous conduction mode based QBC, the control
transfer functions exhibit right-half-plane (RHP) zeros [8].
These RHP zeros cause dramatic undershoots and longer
settling time, particularly in voltage mode control based QBC.
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Fig. 11 — Output voltage and input voltage waveforms. (a)
Simulation results. (b) Experimental results.

Nevertheless, ACM control [8] can overcome sluggish
response as indicated in the block diagram of Fig. 8. ACM
control has several dominant aspects over peak current mode
control such as absence of noise and subharmonic oscilla-
tions. This paper presents ACM control based QBC for exam-
ining both the steady-state and dynamic behaviour.

Design of the current loop

The crossover frequency of the voltage loop is lower than the
current loop. Also, the corner frequency of the low-pass filter is
equal to the converter switching frequency. Cy(s) is a lag
compensator whose transfer function is represented by Eq. (21).

K(s+Zy)

Ci(s) = S

(21)
Design of the voltage loop
Cy(s) is a lag-lead compensator in the voltage loop whose
transfer function is represented by Eq. (22).
_ K(s+2Z4)(s+2>)

Gals) == 5 p) (22)

The gain and phase margins for the stable current and voltage
loops are 6.22 dB, 48.5° and 24.8 dB, 49.8°, respectively, as shown
in Fig. 9. The experimental setup of the QBC is shown in Fig. 10.
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Fig. 12 — Output voltage for periodic variation in load
current. (a) Simulation results. (b) Experimental results.
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Results and discussion

Controller performance for a stack voltage of 19 V at
constant load current

When an input voltage of 19 V obtained from the ABFC stack is
applied to the QBC with ACM controller, a constant output
voltage of 1 V is maintained with negligible steady-state
voltage ripple of +1%, representing tight voltage regulation
of the system. The simulation and experimental results
shown in Fig. 11 (a) and Fig. 11 (b) are in close agreement.

Controller performance during periodic load variation from
5.6 A to 15 A and 15A-5.6 A for a stack input voltage of
19V

For periodicload variation as shown in Fig. 12, the output voltage
undergoes a transient voltage deviation of 10% rise during a step
down load transient and a 10% fall during a step up load tran-
sient with a settling time of 0.85 msec, indicating fast dynamic
response of the system. The simulation and experimental re-
sults are showninFig. 12 (a) and Fig. 12 (b). A good match is found
between the simulation and experimental results.

The results show that the QBC provides tight output
voltage regulation as well as good dynamic performance,
which are stringent requirements for the CPU voltage regu-
lator. The ABFC and QBC power system is a potential alter-
native for CPU power applications.

Conclusion

An ABFC and QBC power system was proposed for powering a
laptop CPU core. Activation polarisation, ohmic polarisation
and mass transfer effects were included in the model to
simulate the actual behaviour of an ABFC. The model shows a
good match with experimental results. The ABFC stack output
voltage is unregulated and often not constant. The required
dynamic performance is achieved with an ACM controller-
based QBC in addition to tight voltage regulation. QBC hard-
ware was developed and found to match closely with simu-
lation results. From the results, it is evident that the proposed
ABFC and QBC power system is well suited for CPU power
applications. Hybrid power system like ABFC and lithium-ion
battery combination can be investigated for further extending
the life of the system as well as improving its efficiency.
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