Revista Facultad de Ingenieria Universidad de
Antioquia

ISSN: 0120-6230
revista.ingenieria@udea.edu.co

Universidad de Antioquia

Colombia

R W RSOE B R R A R AR AR T RORER AN A

Ramos-Paja, Carlos Andrés; Saavedra-Montes, Andrés Julian; Giral, Roberto; Vega Hincapié, Julian
David; Rios Angel, Ramén Armando
Design, modeling, control and implementation of a fuel cell generation system
Revista Facultad de Ingenieria Universidad de Antioquia, nim. 59, junio, 2011, pp. 9-22
Universidad de Antioquia
Medellin, Colombia

Available in: http://www.redalyc.org/articulo.oa?id=43021205001

How to cite [ é)\_,- //‘«

Complete issue - .
P Scientific Information System

More information about this article Network of Scientific Journals from Latin America, the Caribbean, Spain and Portugal
Journal's homepage in redalyc.org Non-profit academic project, developed under the open access initiative


http://www.redalyc.org/revista.oa?id=430
http://www.redalyc.org/articulo.oa?id=43021205001
http://www.redalyc.org/comocitar.oa?id=43021205001
http://www.redalyc.org/fasciculo.oa?id=430&numero=21205
http://www.redalyc.org/articulo.oa?id=43021205001
http://www.redalyc.org/revista.oa?id=430
http://www.redalyc.org

Rev. Fac. Ing. Univ. Antioquia N.° 59 pp. 9-22. Junio, 2011

Design, modeling, control and implementation of
a fuel cell generation system

Diseiio, modelado, control e implementacion de
un sistema de generacion basado en una pila de
combustible

Carlos Andrés Ramos-Paja*!, Andrés Julian Saavedra-Montes!, Roberto
Giral®, Julian David Vega Hincapié', Ramén Armando Rios Angel’

"Universidad Nacional de Colombia, Carrera 80 N.° 65-223, Medellin,
Colombia

2Universitat Rovira i Virgili, Avda. Paisos Catalans 26, 43007 Tarragona,
Espaiia.

(Recibido el 8 de marzo de 2010. Aceptado el 10 de marzo de 2011)

Abstract

This paper proposes analytical expressions to support the design, modeling,
control, and implementation of a fuel cell generation system based on power
electronics. The system has been designed to ensure safe operating conditions
for the fuel cell. The system protection constraints have been obtained by
analyzing a detailed fuel cell model. The paper also proposes analytical
expressions for designing a DC bus and its regulation system, which have been
designed to ensure a voltage deviation between performance limits defined
by the application. Finally, the analytical expressions, design procedures
and control strategies have been implemented and experimentally validated
interacting with the 1.2 kW NEXA Power Module, which is representative of
the state of the art in fuel cell prototypes.

—————— Keywords: Fuel cell, DC/DC switching power converter, safe
operation conditions

Resumen

Este articulo propone expresiones analiticas para el disefio, modelado,
control e implementacion de un sistema de generacion basado en una pila
de combustible y una interfaz de electronica de potencia. El sistema fue
disefiado para garantizar condiciones seguras de operacion de la pila de
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Ramos)
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combustible. Las restricciones de proteccion del sistema fueron derivadas
a partir del analisis de un modelo detallado de la pila de combustible. El
articulo también propone expresiones analiticas para el disefio de un bus DC
y su sistema de regulacion, los cuales fueron disefiados para garantizar una
desviacion de voltaje dentro de los limites de desempefio definidos por la
aplicacion. Finalmente, las expresiones analiticas, procedimientos de disefio
y estrategias de control fueron implementadas y validadas experimentalmente
interactuando con el sistema “1.2 kW NEXA Power Module”, el cual es
representativo del estado del arte en prototipos de generacion basados en

pilas de combustible.

------ Palabras clave: Pila de combustible, convertidor de potencia DC/
DC conmutado, condiciones de operacion segura

Introduction

Fuel cells (FC) are efficient electric energy
sources that produce minimal pollutant emissions,
and therefore are called low emission power
sources. Fuel cells transform chemical energy
into electrical energy as long as reagents and
appropriate conditions are provided [1]. Unlike
batteries, in fuel cells the reagents are stored
outside the system providing higher autonomy
[2]. The main drawback of fuel cells compared
with batteries is their low safe bandwidth, which
is mainly due to mechanical restrictions in the
fuel cell and ancillary devices, thus requiring an
additional energy storage device to supply high-
frequency electrical loads [3].

Different types of fuel cells use different
technologies, electrolytes and/or membranes,
being polymer electrolyte membrane (PEM)
fuel cells an interesting option due to its high
efficiency, low operating temperature, high
power density, solid electrolytes, relatively low
corrosion and fast start-up compared with other
generation systems and fuel cell types [1].

The main fuel cell damage sources are the
current ripples and high frequency load transients
produced in its operation without any type of
control [4]. Those situations generate degradation
in the fuel cell membrane and electrodes, it
mainly caused by starvation of the reactants
required to produce the current requested by
the load. Such phenomenon is discussed in the
following section.
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Those topics have been addressed by using
power electronics devices with over-dimensioned
input filters, which are commonly designed by
considering static electrical characteristics of the
fuel cell [5] instead of important dynamics such
as oxygen excess ratio [6]. To deal with this topic,
analytical expressions for designing a power
electronics system to ensure its safe operation are
proposed. The constraints in the system design
are obtained by analyzing a detailed fuel cell
model. Similarly, its control strategy is designed
to ensure a safety operation according to the
restrictions imposed by the model analysis.

The remains of the paper are organized as follows.
The next section describes a dynamic fuel cell
model used to define the power electronics
constraints. Furthermore, the paper presents the
generation system, describing the circuital design
and mathematical modeling of the switching
DC/DC power converter used to protect the fuel
cell, and also the control systems and protection
routines involved in the system operation.
Finally, the experimental validation of the system
by using a benchmark fuel cell prototype is
described. Subsequently, the conclusions of the
work are given.

Fuel cell model analysis

The fuel cell model used in this paper for the
analysis and design is control-oriented and
considers experimentally measurable inputs and
outputs in order to fit it to the real prototype. The



model interacts with the electrical load (DC/DC
converter, battery charger, etc.) through electrical
equations that model the fuel cell output
impedance. The thermal effects on the stack
voltage are also taken into account, and the main
internal state predicted in the model is the oxygen
excess ratio 4, , which is an important variable in
FC control and safety [1].

PEM fuel cells consume hydrogen and oxygen
to produce electricity; the hydrogen and oxygen
flows consumed in such electrochemical reaction
for supplying the required stack current (I ) are
given by the following equations (1) and (2),
respectively.

WHZ,reac = 2MH2 (nltt/4F) (1)
WOZ,rezu? = M02 (nlst/4F) (2)

where M ;; M, n, and F are the hydrogen and
oxygen molar masses, the number of cells in the
stack and the Faraday constant, respectively.

The relation between the oxygen flow provided
to the stack and the one required to supply the
current demand is normally expressed by the
oxygen excess ratio 4, , [1] defined in (3).

/102 = WOZ,ca,in /W()Z,reac (3)

Here, W,, ., represents the cathode oxygen flow
available in the air flow W, ,, supplied by the FC
compressor, and Wy, ... represents the oxygen
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flow consumed in the reaction, which depends on
the stack current (2).

High oxygen excess ratio, and thus high oxygen
partial pressure, improves the power of the stack;
however, after an optimum value is reached, a
further increase of its value causes an excessive
increase in air compressor losses, thus degrading
the system efficiency [2].

The control of the oxygen flow is critical because
an oxygen concentration lower than the one
required to supply the stack current generates the
oxygen starvation effect (OST), which leads to
the FC degradation [7]. Therefore, to prevent the
OST phenomenon, the oxygen excess ratio must
be regulated within /102 > 1. In [8, 9] the authors
propose to track A, =2 because this value
provides a safe margin against the OST effect.

Theappliedmodelingprocedure usesexperimental
data for identifying physical relations and for
simplifying complex equations derived from the
involved models [3]. The model, then, includes
physical and electrochemical equations as well
as behavioral relations obtained by interpolating
experimental data. The experimental setup used
is the Ballard 1.2 kW NEXA Power Module
(NEXA), which is composed of a stack of 46
cells with membranes of 110 ¢cm? surface area.
The physical configuration of the fuel cell NEXA
module can be seen in figure 1, which shows the
interaction between the stack, the air compressor,
the humidifier, the cooling system, the hydrogen
supply and the anode purge valve.
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Figure 1 Ballard 1.2 kW Nexa power module diagram and experimental system
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The model inputs are the load current I
and the ambient temperature T . . Its main
outputs are the oxygen excess ratio Ao, and
the stack voltage V . The stack temperature
T, is calculated in a thermal model used to

ar, _ 1 [57.641” +0.00241,(T,,;..,
dt  5.500 o

The FC-load interaction is modeled by anon-linear
relation, where the voltage at the FC terminals
dependents on A4, and I . Finally, the stack
voltage deviation dV caused by changes in the
stack temperature is also modeled, reproducing
in this way the non-linear fuel cell electrical
impedance. The model structure is given in
figure 2, which shows the compressor dynamics,
its losses, and the structure of the control board,
where the effective stack current depends on the
load current and on the compressor consumption.

T. Ta A
— ho2
2
Lnet +— +1em CM T ho2 dvr
» - + -1 »
Loss Model Model +l v
]SI f T ‘A 11 E . st
[ H st ) >
CM Thermal . Polarization j
Dinamiycs Model Circuit
\ t
CM A

Control

Figure 2 Fuel cell stack model structure

The model of the air compressor is based on a
Laplace representation of its dynamic behavior,
requiring a low computational load and, at the
same time, providing a good accuracy. Such
transfer function, given in (5), has been identified
from the NEXA experimental data,

0.1437s* +2.217s+8.544
$>+3.455% +7.3245+5.745

W, (s)= -V, (5)-45 (5)
where V_ is the compressor control signal
(0 % - 100 %) and W_ is the air mass flow
supplied to the FC stack. The compressor control
law implemented in the NEXA control board has
been experimentally identified as given in (6).
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estimate the voltage deviation caused by stack
temperature changes, but it can be also used for
prediction purposes.

The thermal model can be obtained by energy
balance as described in (4) [10].

- 298)_ 8 1 38 1(Tst - T:'arlL,in )_(08 125’1—;t - 08 1267;a<rlz,in)_ Vstlst] (4)

V., =0.99873 I, +46.015 (6)

In order to account for the power consumption
due to FC system ancillaries, and especially to
the air compressor, the stack current I, must
be calculated by the sum of the net current I,
requested by the load and the compressor current
I.. The consumption and losses of the ancillaries
have been identified experimentally from the
NEXA system as equation (7). ch (%), ch (6)
and I (7) identification processes have been
performed by following the traditional reaction-
curve method.

1, =-3.231x10"W,_, +0.018W  +0.616 (7)

In the polarization curve modeling by circuital
equations, the effects considered are: the activation
of both electrodes v,, which corresponds to the
voltage contributions of each electrode depend
on species and electrode materials; the charge
transfer from electrode to electrode v, according
to Fick’s first law of diffusion [10, 11], related to
the carrier concentration; and the voltage drop v
due to the resistive parts of the cell.

R

The equivalent electric equation that considers
these three effects, and therefore describes the
same V(i) characteristic of the cell at any time t,
is given in (8),

V(1) =AE" + 0, (i,0)+ v, (i,0) + U (i,1)  (8)

where AE’ is the open circuit voltage, it
representing the difference of the standard
potentials of the electrodes.

In the case of a stack consisting in the series
connection of m cells, some parameters in the



equivalent circuit multiplies by m. Finally, the
stack impedance model is presented in (9),

V,=m- AT 1ol 14 L= L
q Lgp
(€))
-m- AT n 1+.I—s’ -R.I,
q Lga

where m =46 forthe NEXA, R .=m-r .is the overall
stack resistance (7. is a singe cell resistance), 4,
and 4 are parameters experimentally obtained, &
is the Boltzmann constant, ¢ the electron charge,
and T the stack temperature in Kelvin.

The short-circuit current 7 depends on 4o, , and
the equation coefficients have been experimentally
obtained from polarization curves with A,
values between 3.0 and 6.5. The identified short—
circuit current equation is given in (10).

=—0.45%, +8.52, +35 (10)

To consider the effect of the temperature on the
stack voltage, the deviation of the polarization
curve dV depending on the changes of the stack
temperature from the reference temperature
(T,=35°C) has been experimentally identified as

(1D),
dVy =k, (T, - Tp) an

where {VT, >T,, k,, =0.138} A {VT, <T,, k,, =0.250}.
Finally, from the model equations, it is concluded
that fast positive changes in I generate fast
negative changes in 4, , and therefore it is
necessary to regulate the stack current and air
flow compressor to avoid OST. In particular, the
stack current and stack power slopes must be
in agreement with the maximum air flow slope
that ensures a 1, >1 condition, which can be
obtained from equatlon (5) and experimental
current and power measurements. In the 1.2 kW
NEXA power module, the maximum admissible
fuel cell power slew-rate is equal to S, =250 W/s.
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Experimental

Fuel cell generation system

The design of a fuel cell-based power generation
system to provide a regulated DC bus with
safe fuel cell operation must to consider power
conversion circuits and protection systems. The
proposed fuel cell generation system considers
an unidirectional power flow from the system
to the load. In order to design a generic bus
supply system, it has been considered a voltage
regulated unidirectional DC bus, but it can be
easily extended to bidirectional applications for
regenerative loads.

In this paper is proposed to regulate the fuel cell
current using an input current controlled DC/DC
switching converter [6], and an auxiliary storage
device is required for transients supply. In this
aspect, the interaction of supercapacitors and fuel
cells has been analyzed in [12, 13], whose results
are also valid for high capacitive-low resistance
capacitor banks.

The block diagram of the proposed fuel cell
generation system is depicted in figure 3. It
considers a DC/DC power converter and an
input filter in series with the fuel cell NEXA
module, which regulates a capacitive DC bus to
supply the load. Also, there are considered the
power converter input current control and bus
overvoltage protection.

Input power bus.
15V supply
and control bus
R , —p DC/DC boost
' ~[> converter module !
! 1,2kWNexa

i
:Peweroduls { ' | ekw '

T start system r’
[ —> DC/DC boost I
Y 15 converter module DC bus 1
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i 15V 1
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p==  DC/DC boost '
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[ converter module

T
i
i
i
i
i
'
i nputcurent |~ [ ey
1 control j==  DC/DC boost Over voltage 1—‘ \‘\ energy balance 1
! P I w protection | control systems |
i
i
1
i
i
i
i
i
I

Output power bus

Input fiter and

1Mmlab RTW)
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Figure 3 Fuel cell generation system block diagram
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The NEXA user manual [14] reports maximum
operating limits for stack voltage of 22 V at short
current transients (60 A - 70 A for 10 ms - 1 ms,
respectively) and 50 V for null stack current. In this
paper it is considered a real, and experimentally
measured, safe stack voltage range between 26 V
and 46 V. Also, considering the common use of
48 V (or above) DC buses (telecom, aerospace,
electric vehicle, etc.), a boost DC/DC switching
converter topology has been selected. In addition,
the boost topology has the inductor in series with
the power supply, allowing in this way to constrain
the input current ripple, which is not possible in
buck converters due to its discontinuous input
current, requiring therefore a high input filter for
this issue. The designed switching converter has
a nominal power of 1.2 kW to support the NEXA
requirements, but in order to make it robust,
redundant and scalable, it was developed using
four power conversion modules, each one of them
with a maximum power of 300 W. The converter
structure is also flexible to support lower or
higher power systems using different number of
modules. This is showed in figure 3, where input
and output power buses allow the connection of
multiple power conversion modules.

Considering the negative impact of high
frequency components of the current-ripple into
the FC health [4], this scheme allows to reduce
those current components by shifting the phase
of inductor current waveforms. Such procedure
generates that parallel modules exhibit opposite
current slopes for fractions of the switching
period producing a partial cancellation between
the corresponding current ripples.

DC/DC boost converter modules design

The circuit scheme of each DC/DC boost
converter module is depicted in figure 4, where it
is observed the boost converter, inductor current
sensing and conditioning, inductor current
control, and MOSFET driving circuit. The core
of the converter module is the DC/DC boost
converter, whose basic elements are the inductor
L, MOSFET N-channel and SCHOTTKY diode,
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and also a R shunt resistor was introduced to
measure the inductor current.

\/\ ,{/ \N Y +Qcmz 5 .

Inductor current
control

- Tuu

Figure 4 DC/DC boost converter module circuit
scheme

This switching converter can operate in two
modes [15, 16]: Continuous Conduction Mode
(CCM), when the inductor current exhibits
a continuous waveform; and Discontinuous
Conduction Mode (DCM), when the inductor
current exhibits a discontinuous waveform. In
this implementation, the converters operate in
CCM, and each module supports up to 300 W and
its inductor was designed for a nominal current
of 10 A.

Inductor design

Since the inductor current waveform is triangular,
the equation (12) is used to select the inductor
value L to obtain a desired Ai, value [16],

L=V,-D/QAi,f) (12)

where V, is the DC input voltage, V is the DC
output voltage, f is the switching frequency, and
D is the duty cycle given by D=(V-V )/V for this
boost topology. The parameters considered in this
design are V =34 V, V=48 V, =50 KHz, A1 =3.5
A and D=0.2917. The calculated inductor Value
was L=56 pH, and the values measured using
a QUADTECH LCR 1910 inductance analyzer
[17], at the nominal conditions, are: L=56 pH,
R =12 mQ, ESR, =145 mQ, ESR, =175

20kHz 2 50kHz
mQ and ESR =300 mQ.

100kHz



Input and output capacitors, and
protection diodes

Since the output capacitor voltage waveform
is triangular, equation (13) is used to select the
capacitance C to obtain a given output voltage
ripple magnitude Av [16].

C:V-D/(ZRLAVf) (13)

In equation (13), R, is the nominal load
calculated by R =V/I  =6.85 Q. Iout=Vg-Imm/V=7
A is the maximum output current, I =10 A is
the converter nominal current, and Av=0.5 V is
the desired voltage ripple. From those parameters
a 41 pF output capacitor was calculated, where
the selected commercial value was C = 44 pF.
The same value is used for the input capacitor.
Additionally, the capacitors were localized near to
the inductor and diode, and the selected capacitor
technology was EPCOS MKT (100 V, 10 %
tolerance), both to reduce the electromagnetic
radiation generated by the converter. Also, an
anti-parallel STTH12R06D diode was introduced
to allow the inductor discharge and to avoid
negative capacitor voltages. Another anti-parallel
diode was introduced in the converter output
to avoid negative voltage conditions in the
capacitive bus, i.e. in suddenly disconnection of
inductive loads.

In addition, the series resistance of a MKT
technology capacitor can be calculated from (14),

ESR=27fC/Q (14)

where Q is the quality factor, which for MKT
capacitors is Q=160. For the nominal operating
frequencies: ESR, =17.28 mQ, ESR, , =43.19

mQ and ESR .. =86.39 mQ.
DC bus capacitor design and voltage
regulation

A capacitive storage was selected to supply power
transients due to its high-frequency capabilities,
easy state of charge (SOC) estimation and low
serial resistance in contrast to battery-based

Design, modeling, control and implementation of a fuel cell generation system

systems. In order to provide a regulated DC
bus, the bus capacitor dimensioning and energy
regulation must ensure a system behavior into
admissible voltage limits and power transients
restoring times. In the power interface, the
relations between the switching converter,
capacitor bus and load currents and powers are
given by (15),

ldC/dC :lcb+anad N Pdc/dc ZR'b—'_PLoazl (15)

where i, , and P, correspond to the output
of the switching converter, i , and P, to the bus
capacitor, and i, and P, , to the load. Also, it
is necessary to take into account the switching
converter losses, which are represented by a
power conversion efficiency 7, considered

constant in all the power range.

In a power transient, the bus capacitor initially
supplies the power to the load, and then the fuel
cell operating point is moved to the new steady
state constraining its maximum power slope to
the defined slew-rate limit. If the load current has
a high-frequency ripple, this one is supplied by
the bus capacitor and the fuel cell provides the
low-frequency components.

In order to dimensioning the bus capacitor, the
following DC bus parameters were defined:
maximum load power transient considered AP,
[W], maximum admissible fuel cell power slew-
rate SRfC [W/s], and maximum acceptable bus
voltage deviation K, (%). Due to the power
converter efficiency, the effective slew-rate limit
that affects the power delivered to the capacitor
and load is S, . SRﬁ_ [W/s].

The most critical load transient case is reached in
a power step of AP, in which the fuel cell power
will be changed with a slope S, until it reaches
the new steady-state power point at Az, =AP /S,
[s]. Therefore, the power P _(t) supplied by the
capacitor in this time interval can be expressed
as (16),

= ndc‘/dc

Pcb(t)zAPL_SR't,OStSAtd (16)

and the energy £, exchanged between the bus
capacitor and the load is given by (17).
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Aty 2

Ey, = [P, (dt =
0

(17)
R

Also, this energy difference produces a bus
voltage variation of (K /100)-V, = from its
steady-state value V,, . This voltage change can
also be expressed as a function of the capacitor
initial and final energies, when the power
exchange with the load has ended, as (18).

E;, = (1/ 2)-C,- V02bus

Finally, from (16), (17), and (18) can be calculated
the capacitance that ensures the maximum bus
voltage change and restoring time desired, at the
given load transient, as (19).

1-(1-K,,/100°| (18)

AP’
2 2 (19)
ndc/dc ’ SRfc ’ VObus 1- (1 - Kvb /1 OO) ‘

ch =

di, _1
d L

where u represents the state of the MOSFET (u =
1 for ON, u = 0 for OFF) and diode (u). For the
converters sliding mode control [18], the desired
sliding surface is described by (21),

S(x)=1, =1, f 21)
where I, .represents the average inductor current
reference imposed to the boost converter, being
it considered constant in the cycle and in the
middle of the hysteresis band of the comparator
[19]: L, ,= AMAX+IMIN)/2, where IMAX and
IMIN correspond to the maximum and minimum
admissible current values, respectively.

To ensure a sliding trajectory around S(x), and
therefore to achieve the control objective, it is
necessary to satisfy the conditions given by (22)
and (23).

S(x)=0 22)

16

—[V,—i,R, —v.(1-w]

Considering the parameters of the experimental
system n, .= 85 %, V, = 48 V, K =5 %,

AP, =300 W and S, = 250 W/s, the required bus
capacitance is C = 1.9 F.

The power conditioning input current must be
controlled to regulate the fuel cell stack current,
and therefore the converter modules are controlled
in current mode. In this way, the inductor current
was controlled by using the sliding mode control
technique [18], which provides a fast transient
response with a small overshoot, and guarantees
a very low sensitivity to external perturbations.

DC/DC Boost converter modules
modeling and control

The scheme of the selected DC/DC boost
converter can be observed in figure 4. By
applying the average modeling technique, the
bilinear system [16] given in (20) is obtained,

A v, —i[_vc +1 (l—u):|
d  CLR " (20)
s _ (23)
dt
From (22), S(x)=0=I -1, ., therefore I =I_, . i
the control objective. Also, from (23), 1t is derlved
dS(x) _O_ﬂ_ dIBRef
that dr dt dt From this

equation, and using the sliding mode equivalent
control technique for switching converters [18],
equation (24) is obtained,

BRej [V R, —v, (1— Meq)] (24)

where u, , represents the percentage of switching
period when the MOSFET is ON. The conditions
to ensure the equivalent control are: 0 <u, Slel
>l-u > 0, which being applied to (24) leads to:

V,—-i,R,

g ey _Vemve—iR,
L d L (25)




Inequality (25) constrains the derivative of the
reference between the inductor current charge
and discharge slopes, which define the conditions
for existence of the sliding-mode.

Considering the modules current control, the
closed loop modules can be modeled by ideal
current sources, and therefore the voltage control
system can be expressed as given in figure 5. The
equations that describe the voltage dynamics

% dv
are: | =] ——<=C—<and [ =P /v,
c ref R dt of f/
P
which leads to b, =g Ve
d v.C RC

Defining the new state vector x =[v ], the voltage
dynamics can be expressed by x =Ax+Bw, where

A= aVC _ 1 Pref B 8\/( _[ 1 :|’ and

av, a _R_C_vczC N aP,, e

w = [P_]. In the nominal operating point, where
the system is linearized, the steady state values
arev=48 Vand P =530 W.

IBRef

!

IBRef

|

Iref
—>

IBRef lic

!

IBRef Lc R
1,9F >4R

|

Figure 5 Voltage control loop small signal model
The bus voltage model depending on the overall

input current is given by (26),

G.(s)= 0.02083 _ v.(s)
5403616 1,,(s)

(26)

and the controller designed to ensure a damping
factor £=0.707 and a settling time t =2.7s is given
by (27), which provides an infinite gain margin
and a phase margin PM=66.9.

123.75+209.7

N

G.(s) 27)
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Results and discussion

In the implementation of the current controllers,
a window comparator was used to detect when
the current reaches its maximum and minimum
allowed values, where it triggers the RESET or
SET signals of a S-R flip-flop, respectively, as
depicted in figure 4. This flip-flop reduces the
circuit noise sensibility and it stores the switching
state applied to the MOSFET driver. Figure 6
shows the experimental inductor currents of the
four converter modules operating in CCM, where
each module is controlled by its own local current
control which reference [, . 1is defined to obtain

BRef
the desired average input current I .
ef’

TekStop | B —— —

47.08kHz

~

Ch2 Freq

: : : i 41.76kHz

. g . . i~ Ch3 Freq
41.67kHz

. o . . | Chd Freq
/\/\/\\//W 47.73kHz

w

Chil 2.00V |Ch3[ 2.00V  IM10.0s| A Chi 7 2.40V,
Ch3[ 2.00v @@ 2.00V 23Jul 2008
#++[0.00000 s 00:06:18

Figure 6 Converter modules CCM operation for 7.6
A reference

The inductor currents in the converter modules
exhibit triangular waveforms, but due to the
small differences in the inductors, capacitors,
diodes and MOSFET drivers, the triggering times
are not equal, causing in this way partial current
ripple cancelation [20] as depicted in figure 6.
The experimental switching frequencies of the
sliding-mode converters are between 40 kHz and
50 kHz.

The amount of canceled ripple depends on
the inductor currents phase differences, which
depend on the electric elements discrepancies. In
this way, the four-module power system gives a
natural partial input current ripple cancelation.
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Input filter

To reduce the high frequency components injected
to the fuel cell, an input filter was designed to
absorb the remaining current ripple not cancelled
by the parallel operation of the converter
modules, which in normal operating mode, is
constrained to [0 A, 14 A]. The probability of
experimenting the 14 A worst case, four modules
in perfect phase, is minimum due to the electric
elements differences, but for fuel cell safety it
has been considered. The input filter consists in
the L-C network (Lf, Cf1) observed in figure 7,
which cut-off frequency is given by (28), and in
the implementation is equal to F_=3.5 kHZ.

F,=1/@mVLC)

This frequency is a decade under the minimum
switching frequency, being it enough to remove

(28)

Rf1

o2 M

LED
Lf
. * VYV .
2uH .
i
Df1 /% STTHI2ROBD
T 1mF
L

2k2
WinBoost

L)

Nexa_Y

Ri2
A
10R

GMND

s

(a) Input filter circuit scheme

(b)

Figure 7 Input filter circuit scheme and current waveform

Such current ripple is acceptable because it
represents less than 10 % of the nominal fuel cell
current [21], being a 0.82 % in this experiment.
Also, in the experiment presented in figure
7(b), the current ripple corresponds to 6.4 % of
the DC current, it being under the maximum
recommended 30 % limit for high and low
frequency current ripples in fuel cells [14, 22].
Finally, figure 7(b) also shows the current of one
phase to illustrate the switching frequency.
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the high frequency components from the fuel cell
current. If a higher load power is required, the
current capacity of the filter must be increased,
but keeping the same cut-off frequency, and
therefore the same inductance and capacitance
values.

The circuit scheme of the implemented
input filter, depicted in figure 7(a), has an
additional network Rf2-SW2 used to charge
the capacitive bus and input filter with a
constrained current slope to respect the fuel
cell dynamics, and to avoiding damages in the
start-up of the system.

The power conditioning experimental current,
and therefore fuel cell current, is depicted in
figure 7(b). The measured input current ripple
is approximately 377.3 mA, being this ripple
almost constant due to the low variation of the
hysteresis band.
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Channel 1: module inductor current

Channel 2: power conditioning system input current
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- [125.6008

22jul 2008
16:59:14

Input current in CCM operation for 5.858 A

Control board and overvoltage
protection

The supervisory controller of the converter
modules includes the average input current
control and overvoltage protection, which ones
must be applied to all the modules at any time.
Those control strategies were implemented in a
single control board described in figure 8.

The control board includes a 15 V voltage source,
which allows supplying the ancillary devices



using the fuel cell power without additionally
supplies.

The average input current regulation strategy was
implemented using a voltage average operational
amplifier, which calculates the average input
current value from the inductor current sensing
signals of the converter modules. Next, the error
of the average current from the reference I, is
processed by an integrator operational amplifier
that closes the control loop. The resulting control
signal defines the average current reference for
the sliding mode current controllers, where the
relation between RA and RB resistances in the
scheme of figure 8 defines the maximum and
minimum values of the hysteresis band.

e
w—-—«uf . -

Figure 8 Power system control board circuit scheme

The control board also implements the bus
overvoltage protection, which consists in a
comparator network that evaluates the bus voltage
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(a) Normal operation
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in front to a preset maximum allowed voltage of 55
V. The comparator generates an INHIBIT signal
that forces the MOSFET shutdown in the converter
modules, reactivating the MOSFET switching
control when the overvoltage condition is over.
An additional P-MOS MOSFET and resistors
network has been introduced to minimize the
current peaks in converter MOSFET reactivation,
which is activated by the comparator output,
INH_A in figure 8, forcing the fast drop to zero
of the integrator output. This condition disappears
when the overvoltage condition ended because the
P-MOS is inhibited and the integrator recover its
control inputs. This generates a burst mode (BM)
[23] behavior of the converter, where the converter
absorbs in DCM the required average power in
each cycle without incrementing the switching
frequency in small current conditions. BM is used
because to limit the output voltage, and therefore
to prevent the destruction of the bus capacitor, it is
required to reduce the converters current.

The experimental evaluation of the overvoltage
protection is depicted in figure 9, where figure
9(a) experiment shows a normal operation with
the bus voltage under the restriction of 55 V,
being 47.9 V in this case. Figure 9(b) presents
the effect of the protection when the bus voltage
arrives the 55 V limit, reporting a satisfactory
behavior. It is observed the BM caused by the
overvoltage protection, which generates a DCM
inductor current.

Tek Run | g | Trig'd
I
Channel 1: inductor current
Ch1 Freq
8.527kHz
Ch2 Mean
55.0V
Channel 2: bus voltage |
(2}
5.00V_ 4Ch2] 20.0V_WM[30.0us] A Chi 7 1.80
22)ul 2008
U+ [125.600p5 | 15:43:56

(b) Overvoltage protection

Figure 9 Bus overvoltage protection experimental evaluation
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Transient response of the fuel cell
generation system

The experimental fuel cell power electronics
interface is depicted in figure 10, where it is
observed the 1.9 F bus capacitor bank, the four
controlled DC/DC converter modules, the control
board, and the input filter.

Control Board

Bus Capacitor
Bank

![

From Fuel Call

Figure 10 Fuel cell power electronics interface
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Finally, the experimental behavior of the
developed power electronics system interacting
with the 1.2 kW Nexa power system is presented
in figure 11, where the load current exhibits high
and low frequency transients that are compensated
by the voltage controller, regulating in this way
the bus voltage in the desired performance, where
the maximum allowed deviation K | = 5% from
desired bus voltage V, =48 V is achieved. The
maximum time interval when the bus voltage is
deviated from V_ inside K band is calculated
from the capacitor differential equation to 5.4 s
for a load transient equal to 300 W. A first high
power step-up transient (P > 600 W) generates
a small voltage reduction that is satisfactorily
compensated by the voltage regulator. Similarly,
a second step-down transient is applied, and the
power electronics systems behave properly for
the bus regulation. In both cases the fuel cell
current slope is constrained to avoid damages,
and the restoring time fulfills the performance
criterion, and in particular in the higher load
transient of 289.6 W such time is 3.4 s, being
therefore satisfactory. Additionally, the slow
slew-rate power transients (12 W/s) are rejected,
which allows achieving a negligible deviation
from the nominal DC bus voltage.

Tek Stop | £ = !

- Bus Voltage
(10.0:V / div)

P “ s 4

i Load Current
- (5.00 A / div)

v

chi 0.0V M[10.0s A Chi / 48.0V

Figure 11 Transient responses of the fuel cell generation system

Conclusions

This paper proposes analytical expressions to
design power electronics systems intended to
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safely supply electronic loads using fuel cells.
Experimental results show the satisfactory
regulation of the load bus with safe fuel cell
operation, validating the analytical expressions.



The proposed approach consisting of an array
of four DC-DC converters in parallel to reduce
the current ripple in contrast to traditional single-
stage converters, which has been evidenced
in the comparison of a single module and the
overall system current waveforms. This system
is regulated to constrain the slope of the fuel
cell current into security limits. Additional filter
design has been discussed to provide an extra
margin on the safety conditions.

With the objective of supplying electronic loads,
it has been provided analytical expressions
to DC bus design according to performance
specifications. Besides, control structures were
designed to regulate both the converter and
the DC bus. Additional overvoltage protection
was designed to avoid damages on the DC bus,
load and converters. Experimental results show
the correct operation of protection systems in
presence of load transients, validating the power
structure.

Finally, the use of advanced techniques for
switching converters design and control, such
as interleaving, would optimize the cancellation
of current ripples to reduce significantly the
size of the input filter, which allows a future
improvement of the proposed system.
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