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The design of a low power system based on a fuel cell and the series interconnection topology is proposed
in this paper. The detailed design of the power electronics devices, the small signal and dynamic modeling of the
system, and the associated control structures specification, design, and analysis are presented. The converters are
designed to protect the fuel cell from current harmonics and high frequency transients, and to provide regulated
voltage to the load, which could exhibits both steady state and transient current profiles. The proposed design
procedure is applicable to any power system based on fuel cells, and it is illustrated with an experimental H-30
fuel cell prototype, providing satisfactory detailed PSIM simulation and experimental results that validate the paper
contributions.
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DESIGN OF A LOW POWER SYSTEM BASED ON FUEL CELLS

Este articulo presenta el disefio de un sistema de baja potencia basado en pilas de combustible y la topologia
de interconexioén en serie. El articulo incluye el disefio detallado de los dispositivos de electrénica de potencia,
el modelado dindmico y de pequena senal del sistema y la especificacion, disefio y anélisis de las estructuras de
control de los convertidores, que son diseflados para proteger la pila de combustible de los arménicos de co-
rriente y los transitorios de alta frecuencia, ademaés para garantizar un voltaje regulado en la carga, el cual puede
exhibir perfiles de corriente de estado estable y transitorios. El disefio propuesto es aplicable a cualquier sistema
de potencia basado en pilas de combustible y es ilustrado con la pila de combustible H-30, que muestra resulta-
dos satisfactorios en un ambiente de simulacién con el software PSIM y en el prototipo experimental, los cuales
validan las contribuciones del articulo.

PALABRAS CLAVE: celda de combustible; convertidores CD/CD; disefio basado en proteccidon; energia
alternativa.

Este artigo apresenta o desenho de um sistema de baixa poténcia baseado em pilhas de combustivel e a
topologia de interconexao em série. O artigo inclui o desenho detalhado dos dispositivos de eletronica de potén-
cia, a modelagem dinamica e de pequeno sinal do sistema e a especificacdo, desenho e anélise das estruturas
de controle dos conversores, que sao desenhados para proteger a pilha de combustivel dos harmdnicos de co-
rrente e os transitérios de alta frequéncia, ademais para garantir uma voltagem regulada na carga, a qual pode
exibir perfis de corrente de estado estavel e transitorios. O desenho proposto é aplicavel a qualquer sistema de
poténcia baseado em pilhas de combustivel e € ilustrado com a pilha de combustivel H-30, que mostra resultados
satisfatérios em um ambiente de simulacado com o software PSIM e no protétipo experimental, os quais validam
as contribuicdes do artigo.

PALAVRAS-CODIGO: célula de combustivel: conversores CD/CD; desenho baseado em protecéo; energia
alternativa.
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Different types of electric generation systems
are available for both portable and residential appli-
cations. One of the most promising alternatives is
the fuel cell, which provides energy with no pollu-
tion or environment degradation. In addition, fuel
cells provide predictable amounts of instantaneous
power, which is not possible in other renewable
energy systems such as photovoltaic or wind based
generators due to the variability of solar irradiance
or wind speed, as described by Al-Salaymeh et al.
(2010). Therefore, to design a power system such
generators require to over-dimensioning the auxiliary
storage device, i.e. a more costly battery, while fuel
cell based systems can be precisely specified since
such a generator provides energy meanwhile fuel is
provided.

Crampsie (2009) presents the multiple types of
fuel cells that have been developed, all of them with
high efficiency in the generation of electrical energy
since they are not constrained to the mechanical
Carnot limit, as presented by Corréa et al. (2004) and
Ramos-Paja, Romero and Giral (2010). Marei et al.
(2005); Harfman-Todorovic, Palma and Enjeti (2006),
and Gencoglu and Ural (2009) report that fuel cells
have been successfully used in residential, vehicular,
and portable applications. In such applications the
fuel cell current profile must been regulated to avoid
high-frequency transients or current harmonics,
which degrade the fuel cell and cause the destructive
phenomenon of oxygen starvation (Ramos-Paja et
al., 2009a, 2010).

Some residential and portable applications
require DC or AC power, and DC applications could
also require regulated load voltages higher, lower,
or equal to the mean fuel cell voltage defined by
the load power. Such conditions could expose the
fuel cell to variable load transient or inconvenient
operating conditions reducing the fuel cell stack life-
time, as published by Harfman-Todorovic, Palma and
Enjeti (2006); therefore power electronics interfaces
are used to isolate the fuel cell and the load, while
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an additional storage device is commonly adopted
to supply power in transient conditions. The most
adopted structures to interconnect a fuel cell, an
auxiliary storage device, and a load, are the series
and parallel ones, showed by and Ramos-Paja et al.
(2008), and also by Ramos-Paja, Romero and Giral
(2010), who have demonstrated that the series topol-
ogy is the most efficient one for load profiles exhibi-
ting high-frequency perturbations, while the parallel
topology is the most efficient one for load profiles with
dominant DC components. But there is not a widely
accepted procedure to design the power electronics
components of such series and parallel solutions, this
taking into account the fuel cell protection and the
dynamics of the power electronics devices.

This paper proposes a design procedure for
a power system based on fuel cells. The procedure
considers the series topology to protect the fuel
cell from current harmonics and transients, and to
provide regulated voltage to the load, which could
exhibit both steady state and transient current pro-
files. Section 2 presents every element of the system
structure and its steady-state models. Later the design
of the power electronics devices from the application
specifications is presented in section 3. Then, section
4 deals with the dynamic modeling of the power
electronic systems, and section 5 illustrates the pro-
posed procedure by designing a low power system
based on an experimental H-30 fuel cell, describing
also the control systems design and its analysis. More-
over, such a section presents detailed simulations
of the closed-loop power system behavior under
high-frequency load transients, and it also presents
the validation of the designed system by means of
experimental measurements on a real prototype.
Finally, conclusions close the manuscript.

There are multiple structures to interconnect
fuel cells, batteries, and electrical loads, where the



DESIGN OF A LOW POWER SYSTEM BASED ON FUEL CELLS

series topology depicted in figure 1, as demonstrated
by Ramos-Paja et al. (2009b), is the most efficient one
for high frequency load profiles, which are the target
of this paper.

Such a topology takes into account a power
filter to remove high-frequency components from
the fuel cell current to avoid damages on the fuel
cell stack caused by current harmonics, this has been
discussed by Ramos-Paja et al. (2009a). In addition,
the system includes a battery to supply the high fre-
quency load transients, and two DC/DC converters
to interface the fuel cell, battery, and load.

Among the different fuel cell types, the proton
exchange membrane (PEM) fuel cells are the most
used in portable applications due to its low opera-
tion temperature and high efficiency, as reported by
Ramos-Paja et al. (2010). This paper is focused in a
low power fuel cell for portable applications, which is
analyzed by means of the analytical model proposed
by Ramos-Paja, Romero and Giral (2010), which has
been experimentally validated in a Nexa Power Mod-
ule de 1.2 kW. The model considers electrochemical
and experimentally derived relations, while a circuital
model is used to interface the fuel cell and electri-
cal loads. Such a model has been implemented in
standard software for power electronics simulation,

DC/DC
converter 1

which makes possible to test the model behavior
interacting with power converters, batteries, etc.

Ramos-Paja et al. (2010) reports that in fuel
cell systems it is important to avoid high-frequency
current ripple harmonics, since such current com-
ponents reduces the oxygen excess ratio (Ao,), which
relates the oxygen flow provided to the cathode and
the oxygen flow consumed by the fuel cell to supply
the load current. The oxygen excess ratio must be
Aop>1 to fulfill the stoichiometric relation and to
avoid the oxygen starvation phenomena, which
could degrade the fuel cell stack. Other important
variables included in the model are the load current
(Inet) and the stack voltage (Vst), which are used to
describe the fuel cell polarization curve. This paper
considers the low-power H-30 fuel cell, which is de-
picted in figure 2a, together with its polarization and
power curves. The low-power H-30 fuel cell has the
next characteristics: maximum power 30 W, voltage
8-14 V, 14 cells, pressure 0.3-0.5 bar, temperature
5-30 °C, and it uses hydrogen as fuel.

Figure 2b shows the H-30 voltage-current
relation, which is useful to calculate the fuel cell
impedance at the desired operating point. Such
information is required to design the power filters,
the power electronics interfaces, and the system con-
trollers. Similarly, figure 2c presents power-current
relation of the H-30, which is required to define the
operating point, given by the stack voltage, defined
by the required load power profile.

DC/DC

Battery converter 2

Fuel -
cell

L+ B
T . —

Load

Figure 1. General diagram of a series topology
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Since the design of the power filters, DC/DC
converters, and its associated controllers are based on
circuital analyses, a fuel cell simplified circuital equiva-
lent must be obtained. In this way, the operating point
imposed by the load can be expressed in terms of the
required load current and the corresponding stack
voltage, which permits to parameterize a standard
Thevenin-equivalent to represent the fuel cell, as
reported in Kim and Ha (1997) and in Ramos-Paja,
Romero and Giral (2010); it is given in figure 3.

A power filter must be placed between the
fuel cell and the associated DC/DC converter to
mitigate the current harmonics generated by the
power electronics switching operation. The current
harmonics can be expressed in terms of the fuel
cell current amplitude, where the effective fuel cell

current ripple must be reduced. Such an objective
is addressed by adopting an L-C power filter, and in
this work the fuel cell current ripple Ai.. to the fuel
cell current DC component I, relation, given in (1),
which is defined equal to 1 %, by Ramos-Paja et al.
(2009a), to avoid damages.

)

The adopted DC/DC converter must generate
a small input current ripple to allow the design of a
small power filter. In this way, analyzing the input
current ripples of boost, buck and buck-boost DC/DC
converters as in Erickson and Maksimovic (2001), the
boost converter is selected to interface the fuel cell
since its input current is continuous while the buck
and buck-boost input currents are discontinuous,
therefore the boost converter introduces a lower

15,
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a. H30 fuel cell
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Figure 2. H-30 fuel cell and its polarization and power curves
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Figure 3. Thevenin equivalent of fuel cells

amount of current harmonics. Figure 4a shows the
interconnection of the fuel cell reduced model, the
L-C filter, and the boost converter inductor.

Figure 4b presents a small-signal model
scheme of the fuel cell electrical connection, where
the boost converter is represented by a current
source generating the inductor current ripple, which
in boost converters corresponds to the input current
ripple, as presented in Erickson and Maksimovic
(2001). In such a scheme, the capacitor and inductor
impedances must be calculated at the switching fre-
quency, since it corresponds to the main component
of the converter input current ripple, which leads to
the expressions (2) and (3):

X
Aiye. = < (2Ai,) @)
X+ X, +Ry
Rf"{ ) Lf" Lnrfrm.'-i
’_/I'\.-""'-,-""'-.-'_'r NV Y Y N Y Y e -
P .
4 s I'\-T/ —C F —C erh.'

a. Interconnection of the L-C filter, boost converter and the fuel

cell reduced model

Bire _ 1o, _ X, 2Ai,
IFC XC+XL+RFC IFC

3)

where Ai; represents the boost inductor current ripple
magnitude, which is commonly defined to ensure
that the DC/DC converter operates in continuous
conduction mode (CCM) for the desired power
range. In this work a relation between the inductor
current ripple magnitude and DC component equal
to 10 % has been adopted to ensure a large CCM
region without an excessively large inductance.

The power filter capacitor and inductor are
related by (4) to ensure a fuel cell current ripple-
to-DC component relation equal to 1 %, which in
addition is parameterized on the adopted inductor
current ripple magnitude.

1 2Ai,

L,= -1-2nFCR @
"o4nFC| 0,017, e

In such an expression F' represents the con-
verter switching frequency, 7, represents the DC
component of the fuel cell current, which also cor-
responds to the load current DC component, and R,
represents the fuel cell impedance at the power op-
erating point. Finally, common practices recommend
to select capacitors lower than 100 pF to avoid the
use of electrolytic technology, and inductors lower
than 100 pH to avoid excessively weighed devices.

R_Ir.',: d L F
AT YT

2.-'*1!;_

oY .
["f-'f_' .\‘ _ /I — {

b. Boost converter and the inductor current
ripple representation

Figure 4. Power filter, boost converter and fuel cell reduce model
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The battery is placed between the DC/DC
converter interfacing the fuel cell, and the DC/DC
converter interfacing the load as depicted in figure 1.
This battery location allows it to supply high frequen-
cy transients, protecting the fuel cell against oxygen
starvation effects. When a load current transient takes
place, the battery supplies the difference between the
steady-state fuel cell power and the transient load
power, then the fuel cell power is changed following
a safe profile to restore the battery charge and supply
the new steady-state load power.

The battery selection must be performed in
agreement with the average load power and the
desired autonomy of the system, i.e. the time that
the system must be able to operate without hydro-
gen consumption, which is commonly expressed in
amperes per hour [A/h]. The small-signal model of
the battery more convenient to power electronics
analysis is the Thevenin-capacitor equivalent, re-
ported by Kim and Ha (1997) and showed in figure 5.

Cs R 5

— W\~

Figure 5. Battery small signal model

From the selected battery manufacturer
specifications, it is possible to calculate the model
parameters: the voltage source parameter Vs is cal-
culated from (5), where BC represents the battery
number of cells, the series resistance R, is commonly
reported by the manufacturer, otherwise (6) provides
an acceptable approximation.

Vs=1.75BC ©)
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Rs=0.04 BC ©)

To calculate the capacitance parameter Cs is
necessary to calculate the capacitor voltage. This is
done by calculating the maximum battery voltage
using (7), therefore the maximum capacitor voltage
V. is given by (8), and Cs is then calculated from (9)
taking into account the battery capacitance given

in [A/h].

V... = 2.45 BC @)

Ve=Via-V, ®)

¢, =3600C,, ©)
VC

The selection of a boost DC/DC converter to
interface the fuel cell, named DC/DC converter 1 in
figure 1, has been previously performed based on its
reduced input current ripple. The circuit scheme of
DC/DC converter 1 is presented in figure 6, where
the parasitic losses on the passive elements are taken
into account to provide a more realistic model.

But the DC/DC converter that interfaces the
load, named DC/DC converter 2 in figure 1, depends
on the load requirements. For classical grid-connect-
ed applications, where a full-bridge inverter is used,
a boost converter is required to interface the battery
and the inverter AC load, i.e. the system load, this
because the battery voltage level must be increased

L R;

ﬁ(\/—\f—\m \.rrI\ v .‘\.. x“{ r‘
Ry < g) R, g
{‘ o -

_ I

—

M
-V
=
VAN
o\
~

=

Figure 6. Circuit scheme of the DC/DC converter 1,
boost
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to the inverter required input voltage, which is
commonly higher than the grid peak voltage. Such
a connection structure is depicted in figure 7.

Similarly, there are multiple applications
where load voltages higher than the battery voltage
are required, e.g. lighting devices based on series of
LED, where the DC/DC converter 2 must adopt the
boost topology depicted in figure 6.

The design of converters is performed by
neglecting the resistances of passive elements since
they do not significantly affect the steady-state sys-
tem behavior, while such resistances are taken into
account in the dynamic modeling of the converters.

From the circuital analysis of figure 6 presented
in Erickson and Maksimovic (2001), the inductor
current ripple peak magnitude is:

_v,Dr;
2L

Al (10

where V, represents the converter input voltage, D
the converter duty cycle, T, the switching period, i.e.
inverse of the switching frequency, and L the inductor

value. Similarly, the converter voltage conversion
ratio is given by:

4 1
- = 11
v, (1-D) 4

The steady-state inductor current can be cal-
culated from the required input power and voltage
imposed by the fuel cell as in (12), where P,, repre-
sents the fuel cell power and V, its adopted voltage.

[, == (12)

v

g

In addition, the design of converters must also
ensure CCM operation at the operating point, as
recommended in Erickson and Maksimovic (2001):

Il L= Al L (13)

Since the battery is connected at the output
port of this converter, the design of the output capac-
itor is not possible by traditional power electronics
equations, therefore its capacitance must be selected
by filtering requirements. The most common poly-
ester capacitors adopted in design of converters are
the MMK and MKT, whose series resistance can be
calculated from (14), where F represents the con-
verter switching frequency, C the capacitance, and
Q is 160 for such capacitors.

DC/DC DC/DC
converter | converter 2
Lr
A g a— L |
Fuel Cr= L+ Load
Cell = T . = ~,
Battery Inverter

Figure 7. General diagram of a series topology with inverter
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R ="~ (14)

Following the nomenclature of figure 6, the
equivalent load impedance R is calculated from the
load power requirement P and the load voltage V at
the regulated operating point:

VZ
_?

R (15

and from the boost converter circuit analysis, its
inductor current ripple is defined by:
_ VDI,

2L

AI, (16)

where V. represents its input capacitor voltage.
The duty cycle is calculated from (11), the inductor
steady-state current is calculated from (12), and the
inductor parasitic resistance is extracted from the
inductor manufacturer specifications.

Since the boost converter exhibits a second
order output filter, as presented in Erickson and
Maksimovic (2001), the load interfacing capacitor
can be calculated from the desired load voltage
ripple following:

AILT;

AV = (17)
8C

where the capacitor series resistance is calculated
from (14).

This section provides dynamical models for
each DC/DC switching converter, which ones are
used later to design the controller for the power sys-
tem. Such dynamical models consider the converters
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parasitic resistances to ensure accurate controllers
design.

Analyzing the topology of the DC/DC con-
verter 1,1.e. MOSFET ON - Diode OFF and MOSFET
OFF - Diode ON, and using the averaging procedure
for inductor flux-balance and capacitors charge bal-
ance presented in Erickson and Maksimovic (2001),
the following average equations, where d represents
the average duty cycle, are found:

1-d 0
v, = A )+ (18)
R+R, R +R
I = Ve=Va—R,, (19)
’ R, +R
;. =R (1-d)-V, —RI, 20)
R+R,
where
E=RR+RR,+RR 1)
a=RV,+R,)V,—R,RI, (22)

f=-RV, +RRI,—RRI, (23

S=—(e)I, + RV, +RV, (24)

g c

The converter is then modeled as state-space
system average system:

X=AX+BU
Y=CX+DU (25)

where the state vector and input vector are given by:

X= [I . Vo VCO] ! 26)
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_ T and matrixes A and B are the Jacobians relating the
U=4d V, I, _ ) i _
g 27 states and inputs, respectively, which are given by:
B L0 1R, 1 R(-d) |
L|R,+R, R+R,| LR, +R) L(R+R,)
a=| L K LI 0
C, (R, +R) C, (R, +R)) (28)
R ( d) 1 1
= 0 -
C, (R+R,) C, (R+R,)
[ 1(-RRI,+RV,~RRL,) 1 R 1 ¢ ]
L R+R, L(R,+R) L(R+R,)
0 L1 0
B= C ( ) 29)
1 RI, 1 R
- 0 -
C() (R + R()) C{) (R + R() )
where
¢=R R(1-d) (30)

In steady-state, the state derivatives are null,
0 = AX + BU, and the perturbation current is also
zero, therefore the voltage conversion ratio of this
boost converter is given by:

Vo R(1-D)

v R’ 2(1=gV

« [etR, | 9+ R(1-d) -
R,+R R+R,

and the steady-state inductor current is given by:

.
I, = -
E+R,  ¢+R*(1-D)
+ (32)
R, +R R+R,

The boost based DC/DC converter 2 follows
the same modeling approach previously adopted:
apply circuital analysis and both flux and charge
balances. From such a procedure, the following
expressions are obtained:

v, :ﬁ+RozLd—VCO(1—d)+R010(1—d)

g (33)

I, :M+(1L ~1)(1-d) (34)
%:@—%—&g

R, +R, (35)

where

w=RV,+R,V,

g’ c

—I,(E+R,R,+RR))
(36)

Revista EIA  Rev.EIA.Esc.Ing.Antiog



In this converter the battery imposes the input
voltage, and the load voltage is regulated to provide
a steady DC bus. Therefore, the states and inputs
vectors are:

and the A and B Jacobian matrixes are

RO(]L _]0)+VC0
L

0

Lci Yooloo -1

0

From the steady-state conditions 0 = AX + BU,
the converter voltage conversion ratio and steady-
state inductor current are given by:

v, 1 _IO(Rg+RL+R0(1—d)) )
V, 1-d Vg(l—a’)2
Vd-Vdl-d)+RI (1-d
— g 0 ( ) 0 0( ) (42)

L

R, d+R d+R,(1-d)

To illustrate the system design and the appli-
cability, this section presents the design of a fuel

Escuela de Ingenieria de Antioquia

X = [IL VCi VCU]T (37)
v=la v, v 38
1R (-d)
L(R, +R, L
LI 0 (39)
C iRg +R,.i
d
0 -
C()RO
o L K
LR, +R,
0 11 (40)
C \R,+R
d
— 0

cell power system to supply an electrical load that
requests 15 W and requires a regulated voltage equal
to 15 V, exhibiting an equivalent load impedance
equal to 15 () calculated from (15). Since the adopt-
ed battery provides a 12 V steady-state voltage, the
load interfacing DC/DC converter must be a boost
converter. In addition, the battery exhibits a parasitic
resistance equal to 0.1 () extracted from the manu-
facturer specifications, where the Thevenin model
parameters have been calculated as V; = 10.5 V and
Cs; = 1028.6 F from (5) and (9) respectively.

The load interfacing boost converter has a
switching frequency of 20 kHz, and to guarantee an
inductor current ripple of 270 mA, an inductance
of 220 uH has been selected (16), which exhibits
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a parasitic resistance of 0.05 (. The input and
output capacitors have been selected to obtain
voltage ripples up to 5 % of the DC component
(17), obtaining capacitance of 22 uF with parasitic
resistances equal to 0.01727 ) (14). The efficiency
of the converter was calculated as 95.55 % with
a required input power of 15.6879 W to supply the
15 W load power.

The fuel cell interfacing boost converter must
provide 15.6879 W with an output voltage of 12 V
imposed by the battery. Since both load and fuel cell
interfacing converters support similar power flow,
its efficiency are also similar, therefore the H-30 fuel
cell must supply 16.4289 W to support the 15 W load
power. From the H-30 polarization curves, proce-
dure presented by Kim and Ha (1997), it is found that
the fuel cell operating point is defined by a fuel cell
voltage and current equalto 11 V and 1.8 A, respec-
tively, where its Thevenin equivalent has a resistance
of 1 Q) and a voltage source of 11.8 V. The fuel cell
interfacing boost inductor was designed to achieve a
current ripple of 100 mA, obtaining an inductance of
220 uH, which exhibits a parasitic series resistance of
0.05 . The input and output capacitors are selected
as 22 uF to filter the current injected to the fuel cell

and battery, exhibiting capacitors parasitic resistances
of 0.017278 Q.

The controllers for the DC/DC converters have
been designed to provide null steady-state error and
a closed loop bandwidth of F/5, where F represents
the converter switching frequency, since such a band-
width provides the faster system response achievable
with the linearized converter model as presented
by Leyva et al. (2001) and Vidal-Idiarte et al. (2006).
Similarly, the controllers must exhibit a damping ratio
of 0.707 to provide a satisfactory dynamic response
(Ogata (2001). In addition, since the boost converter
exhibits a non-minimum phase behavior to control
the output voltage, as demonstrated in Erickson and
Maksimovic (2001) and Vidal-Idiarte et al. (2006),
an internal inductor current control is required to
regulate in cascade the boost output voltage. Figure
8 shows the adopted control structure for the fuel
cell interfacing boost converter, where a first con-
troller regulates the inductor current providing the
duty cycle command to the PWM, while a second
voltage loop provides the reference to such a current
controller.

Li L K
Y Y Y Y ¥ ¥ AN, — }
=
R.: — ﬁ::\’? RH
Fuel —C 9 4 ol | +
Cell ] — Vs
—1 (1I —— (_1” fwar

-l".l'ln.'ir'r'."

S o On

f} V.lmr

Figure 8. Structure of the battery voltage control in the DC case
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Using the dynamic models designed in section
4, the current PI controller given in (43) has been
designed to fulfill the requirements imposed. The
closed-loop Bode diagram of the current loop is pre-
sented in figure 9, where it is observed the accurate
reference tracking, reported by TI, ., and the rejec-
tion of load current perturbations, reported by TI, .

G, =568.93

[0.000595 +1) 3

Then, the fuel cell interfacing converter
output voltage is regulated to ensure a steady-state
battery voltage, avoiding an excessive overcharge or
discharge of the battery. But it is important to avoid
high-frequency changes on the fuel cell current that
could lead to oxygen starvation effects, therefore

a current filter function is introduced between the
current and voltage controllers to constrain the fuel
cell current slope as depicted in figure 8. Such a
filter has been designed, as given in (44), to mitigate
current harmonics higher than 10 Hz, constraining
in this way the requested current slope.

62.832

f TS 162.832 )

Such a battery voltage loop can be represent-
ed in a simplified form, as depicted in figure 10, whe-
re the fuel cell interfacing closed-loop converter is
modeled as a current source affected by the current
filter, while the load interfacing converter is modeled
as a perturbation current source, and the battery is
represented by its Thevenin equivalent.
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Figure 9. Bode diagram for the current in the DC/DC converter 1 with the fuel cell H-30

From electrical analysis of the proposed small-
signal mode of figure 10, relations (45) and (46) are
found. Applying the Laplace transformation, the
transfer functions that relate the battery voltage
with the current reference of the fuel cell interfacing
closed-loop converter G,,,, and relate the battery
voltage with the current requested by the load in-
terfacing converter G,,,;, are given by (47) and (48),
respectively.
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Figure 10. Structure for the battery voltage control
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Vh = ICRb + VC (45)
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From the loop transfer function G, .Gf, the PI
voltage controller given in (49) has been designed
to ensure null steady-state error, a damping ratio of
0.707, and a closed-loop bandwidth of B/5, where
B, represents the bandwidth of the current loop,
which guarantees the fastest system response within
the linear models validity frequencies.

G,,. = 632.6454(%) 49

In the same way, the voltage control of the
load interfacing bost converter requires a cascade
control structure similar to the one adopted in figure
8, where the designed current controller that ensures
the requirements fulfillment is given in (50), exhibiting
both satisfactory reference tracking and rejection of
the load current perturbations.

1+0.0014S

)

A cascade PI voltage controller G, given in
(51) was designed to ensure null steady-state error, a
damping ratio of 0.707, and a closed loop bandwidth
of B.,/5, where B, represents the bandwidth of this
converter current loop, which guarantees the fastest
system response within the linear models validity
frequencies.

Grpons = 199.71( (50)

Gy, =360.22

(0.00017S+1J 51)

The fuel cell non-linear model proposed by Ra-
mos-Paja et al. (2010) was parameterized to represent
the H-30 in the power electronics simulation software
PSIM, where all the circuits of the system, depicted
in block diagram of figure 1, were implemented: fuel
cell non-linear model, power filter, fuel cell and load
interfacing DC/DC converters, non-linear load, cur-
rent and voltage controllers, and battery regulation
controller. The complete power system has been
tested for a high-frequency step-up load current
perturbation from 1 A to 1.2 A, which test the system
under a dangerous condition due to the probability
of experiment an oxygen starvation phenomenon.

Figure 11 presents the simulation results for the
step-up perturbation, where the load current profile
is depicted in figure 11a; figures 11b and 11c show
the accurate current control of both fuel cell and load
interfacing converters. Similarly, figure 11d shows the
battery current profile, which exhibits both positive
and negative values that compensates the extracted
energy. In the same way, figure 11e depicts the cur-
rent requested to the fuel cell, where it is observed
the action of the filtering block G, that constrains the
fuel cell current to avoid oxygen starvation. Finally,
figure 11f shows both load and fuel cell power pro-
files, where the fuel cell provides a safe low frequency
transient for the high frequency load perturbation.

Figure 12a presents the satisfactory battery
voltage regulation, which avoids excessive over-
charge or discharge of the device. In addition, figure
12a presents the change exhibited in the fuel cell
voltage due to its non-linear nature. An accurate load
voltage regulation is achieved, and it is observed in
figure 12b.
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Figure 11. Simulated signals of the power system for 1 Ato 1.2 A step perturbation

Such results put in evidence the satisfactory
behavior of the power system based on fuel cell,
which supplies high-frequency load profiles, protects
the fuel cell from dangerous current profiles, and
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regulates the battery voltage to protect such device.
From the last results it is concluded that the proce-
dure of design guarantees satisfactory behavior of
the power system based on fuel cell.
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Figure 12. Simulated voltage signals of the power system for 1 Ato 1.2 A step perturbation

5.3 Experimental results of the
power system based on fuel cell

An experimental prototype has been imple-
mented to validate the proposed system topology,
design methodology and control structures, adopt-
ing the parameters and calculations presented in
previous sections 5.1 and 5.2, but imposing the load
voltage reference at 14 V. Figure 13a shows the ex-
perimental fuel cell device, while figure 13b presents
the developed fuel cell and load interfacing boost
converters, the battery, the control circuits, and the
electrical load.

—_— )
| DL/ converter
| CONmECHon

a. H-30 fuel cell device

Figures 14, 15 and 16 presents the experimen-
tal measurements of the system operation under
three different load resistances: 15, 11 (, and 7 ().
Figures 14a, 15a and 16a present the PWM signals of
both load and fuel cell interfacing boost converters.
Figures 14b, 15b and 16b show the satisfactory load
voltage regulation, where the error obtained for the
designed 15 Q) load is 1.4 % with a low frequency
ripple of 1.5 %, while for the 11 (Q, and 7 Q loads
the errors are 2.9 % and 3.6 %, respectively, with
a low frequency ripple of 3.5 %. In the same way,
figures 14(c), 15(c) and 16(c) show the fuel cell

‘ontroller circuits
of the converters

b. Power electronic system

Figure 13. Experimental set up
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and battery voltages, where the fuel cell operating is observed in the presented AC components, exhi-
point, observed in the fuel cell voltage, is constant.  biting errors around zero in the range of 3.2 % for
Similarly, the satisfactory battery voltage regulation  all load resistances.

s M00sex Vanswa

a. Boost converter PWM signals b. Load voltage c. Fuel cell and battery voltages

Figure 14. Experimental signals for aload R =15 Q)

a. Boost converter PWM signals b. Load voltage c. Fuel cell and battery voltages

Figure 15. Experimental signals for aload R = 11 ()
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a. Boost converter PWM signals

b. Load voltage
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Figure 16. Experimental signals for aload R =7 ()

Such experimental results put in evidence
the satisfactory system behavior achieved with the
designed power system and associated controller,
making it ideal for low-power portable applications.

A design procedure for low power fuel cell
systems has been proposed, illustrated and validat-
ed by means of both simulation and experimental
results. The proposed structure is based on switching
DC/DC converters and the series connection topol-
ogy to support high-frequency load transients, isola-
te and protect the fuel cell, and provide regulated
voltage to the load. In addition, design equations
for the power converters and power filters have
been developed to ensure safe system operation.
Similarly, the dynamic model of each system com-
ponent has been mathematically obtained, and
the associated controllers have been developed to
ensure a safe system operation. In addition, a de-
sign example has been developed based on a real
fuel cell device, where simulation results illustrate
the accurate system operation and experimental
results validate the proposed procedure for low
power fuel cell systems design. Finally, the solution

can be further improved by designing non-linear
controllers to ensure a required performance in all
the operating range.
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