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and a battery bank. This system has been sized to supply a typical telecommunication load profile, but
moreover, the system can supply other profiles. For this purpose, a modular low cost electronic load bank
has been designed and built. This load bank allows the power demand to be chosen by selecting different
solid state relays. Moreover, a virtual instrument based on NI Labview® has been designed to select the
load power demand from the computer.

© 2008 Elsevier B.V. All rights reserved.

EM fuel cell
ack-up hybrid system

. Introduction

This work designs, builds and studies the real behaviour of a
tand alone hybrid system (Fig. 1), which is made up of a PEM
uel cell stack, a battery bank and all the associated power elec-
ronics. The aim of this work is to size and build an environmental
riendly back-up stand alone system (without harmful emissions,
oise or grid connection). This hybrid system has been sized to sup-
ly a telecommunications station located in remote places without
lectrical grid nearby and with the load profile shown in Fig. 2.
he outputs are 48 and 12 V-DC (see Fig. 1). The telecommunica-
ions station is connected to 48 and the 12 V-DC outputs is useful
o evaluate the hybrid system under other different profile such
s automotive applications. For example, in trucks, driver use a 12
-DC connection for loads such as TV, microwave, laptop, etc.

Fuel cells are widely recognized as one of the most promis-
ng technologies to meet future power generation requirements,
esponding to concerns for decreasing oil consumption and dan-
erous CO2 gas emissions [1,2]. One of the advantages is their
odularity (they can be configured to operate with a wide range

f outputs, from 50 W to 50 MW). But the dynamics of the fuel
ell is limited by the hydrogen/oxygen delivery system. Therefore,
n auxiliary power source with a fast response is needed. Then,
combination of a fuel cell and a battery or supercapacitor bank

an form an ideal hybrid system [3]. Recently several works can

e found related to fuel cell hybrid system applied to automotive,
ninterrupted supply systems or auxiliary power systems [4–6].

Another characteristic which is solved with auxiliary power
lectronics is that PEM fuel cells supplies unregulated power [7].

∗ Corresponding author. Tel.: +34 959 217385; fax: +34 959 217348.
E-mail address: francisca.segura@diesia.uhu.es (F. Segura).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.111
According to its polarization curve, fuel cell stacks can be working
at different operating points. These operating points are character-
ized by the voltage and current values achieved. Then, if a fuel cell
stack is going to be connected to a DC load which work at constant
voltage, a power conversion stage is needed. In this paper, we will
called fuel cell system (see Fig. 1) to combination of fuel cell stack
with DC/DC converter.

On the other hand, to evaluate in the laboratory the whole
system behaviour under the load profile considered, a DC load
controlled electronically is needed. There are multiple commer-
cial solutions [8–12] for programmable electronic loads. But there
are three main disadvantages in all of them: their high cost, their
low operation range and their poor approachability, which can be
seen almost like a black box. Moreover, the voltage and current val-
ues at maximum power are determined by the power contour. Ref.
[13] proposes a programmable DC load, based on duty-cycle con-
trol of a DC/DC converter, whose relationships between input and
output resistance are well known [14,15]. This option is a low cost
interesting solution which allows selecting the load resistance, but
not guaranteeing a fixed output voltage. Moreover, this solution is
suitable when the load is connected to only one source.

For reasons above, a load bank controllable from a PC has been
designed and built. This load bank is based on single resistive loads
connected in parallel. The power demand can be decided with only
selecting some solid state relays. This selection is made, to increase
the security, using a virtual instrument (VI) based on NI Labview®

which has been designed for this purpose. The main characteristics
of the load bank are: low cost, versatility and modularity.
Several recent works focus on analyzing hybrid systems made up
of one fuel cell stack [16–23]. Particularity, hybrid system supplying
a remote telecommunication system are described and investigated
in Refs. [24,25]. This work gives a further step, the sizes of the
sources are justified, the power conversion stages are designed,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:francisca.segura@diesia.uhu.es
dx.doi.org/10.1016/j.jpowsour.2008.12.111
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Fig. 1. Back-up fuel cell stand alone hybrid system.

b
e

s
c
s
o
t
C

Fig. 2. Typical telecommunication load profile.

uilt and tested, the voltage control loop is implemented and the
xperimental results of the whole system are shown.

This paper is organized as follows: Section 2 contains design con-
iderations. Taking into account the load profile, the use of a fuel
ell is justified according to storage capacity, weight, flexibility, con-

umption and autonomy criteria. Section 3 gives a brief description
f each component which integrate the whole hybrid system. Sec-
ion 4 shows testing results obtained from the real hybrid system.
onclusions are presented in Section 5.

(

Fig. 3. Polarization and power cur
Fig. 4. (a) Boost converter scheme. (b) Boost converter implemented.

2. Design considerations

To carry out the design task, the load profile must be taken into
account. Then, according to load profile shown in Fig. 2, the suit-
able hourly fuel cell power generation in the fuel cell/battery hybrid
system is the following [26]:
A) Before the first power peak: fuel cell stack (see Fig. 1) supplies a
power value (PFC) similar to Pmin. Considering DC/DC converter

ves for the NexaTM module.
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er con

(

(

Fig. 5. (a) Voltage control loop block diagram. (b) Boost convert

efficiency (1)

PFC = Pmin

�
(1)
conv

B) During power peaks: fuel cell stack works at net power and the
battery helps to supply the load demand.

C) Between power peaks: fuel cell stack supplies the load demand
and recharges the battery.
trol board schematic. (c) Boost converter voltage control board.

Then, if the value of the fuel cell stack rated power is known, it
is easy to establish the energy management in the back-up power
system for the specified telecommunication load profile. In gen-

eral, fuel cell stack size must be selected according to the following
considerations:

1. Fuel cell stack rated power must be larger than average load
power in the time interval considered.
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DC/DC Boost converter is needed (see Fig. 1).
Fig. 4(a) shows the Boost DC/DC converter electrical scheme and

Fig. 4(b) shows the converter implemented for this purpose. The
relation between the inductance size and input current ripple and
the capacitor size and output voltage ripple are widely known [28],
Fig. 6. Load control p

. Minimum fuel cell stack power (recommended by the manufac-
turer due to poor efficiency at low power levels) must be smaller
than minimum load power.

. The larger the fuel cell stack size, the higher the cost of the fuel
cell stack is and the less restrictive the battery requirements are.

Therefore, an optimum fuel cell stack size must be chosen
o minimize the system costs. In this practical case, according
o commercial availability, the hybrid system will be made up
f a NexaTM Ballard Power module [26] (with 1.2 kW of rated
ower) and four GF 12 094 Y VRLA batteries. This justifies the
ack-up hybrid system proposed (Fig. 1). In this system, the DC
us voltage is fixed to 48 V, and then, batteries are connected in
eries. In Ref. [4] an exhaustive modeling task of a hybrid sys-
em similar to our system is done. Refs. [5,6] are useful works
o accomplishes the system design and implementation. Develop-

ents done in Ref. [5] about the power electronics can be extended
o our system, taking into account the differences in voltage and
ower levels. Design and packaging considerations in Ref. [6] might
e a useful guide because NexaTM power module is employed
oo.

The goals of this work are to design and build the whole hybrid
ystem (including its associated power electronics) as well as to
valuate and test the real behaviour of the system.
. Designed system description

Next, some design and operation characteristics of each compo-
ent will be briefly described.

able 1
oost converter electrical parameters.

evice Type Characteristics

osfet-transistor STP80NF10 2 || 100 V–80 A, 1.3 V at 25 ◦C
iode MBR6045WT 2 series 45 V–60 A, 0.75 V at 25 ◦C

nductance PCV-2-568-08 6 || 568 �H, 8 A, 90 m�
apacitor MXR 160 V–2200 �F 2|| 2200 �F, 160 V
Virtual Instrument.

3.1. NexaTM PEM fuel cell power module

The NexaTM Ballard Power system is capable of providing up to
1.2 kW unregulated DC power. The output voltage level can vary
from 43 V at no load to about 26 V at full load (Fig. 3). The stack
is composed of 48 single cells connected in series. The operating
temperature in the stack is around 65 ◦C at full load. The fuel is
99.99% gas hydrogen. For more details, Ref. [27] can be consulted.

3.2. DC/DC Boost converter

To connect unregulated DC output of the fuel cell module (which
varies from 43 V at no load to 26 V at full load) to a 48V-DC bus, a
Fig. 7. NexaTM module operating points achieved with the load bank.
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3.4. Load bank

The implementation of the load bank in our laboratory was car-
ried out taking into account the following considerations:

Table 2
Sepic converter electrical parameters.

Device Type Characteristics

Mosfet-transistor HGTG40N60B3 600 V, 70 A, 1.4 at 25 ◦C
Fig. 8. Load bank scheme (communications with PC, res

qs. (2) and (3):

= Vid

�iLf
(2)

= Iod

�vC f
(3)

Electrical parameters of components used are specified in
able 1. Inductance and capacitance values are chosen to restrict
he current and voltage ripple below 10%. The switching frequency
s fixed to 30 kHz.

To convert the unregulated fuel cell stack output to 48 V fixed
oltage, it was necessary to design and build a control system
Fig. 5(a)). The control signal (duty-cycle) is delivered from the

easurement of the error between the voltage reference and the
onverter output voltage. The error signal is compared with a saw-
ooth signal. When the error signal is higher than sawtooth signal,
he duty-cycle is “1” logic (high value) and the switch S (Fig. 4(a))
n “on”. If the error is lower than sawtooth, the duty-cycle is “0”
ogic (low value) and the switch S in “off”. This control system
mplements a voltage control loop based on TL494 [29]. This chip

rovides a PWM signal (duty-cycle) to control the DC/DC converter
nd incorporates all the functions required in the construction of a
ulse-width-modulation (PWM) control circuit on a single chip. The
uty-cycle is the output of a pulse-steering flip-flop. Fig. 5(b) shows
he control board schematic and Fig. 5(c) show the final result.
e groups, number of resistances, power levels achieved).

3.3. Battery system

The battery system is a bank made up of four GF 12 094 Y VRLA
batteries connected in series. From the manufacturer characteris-
tics [30], it can be observed that the charging cycle is composed
of three highlight intervals: the main charging time at constant
current, the second time at constant voltage and the third time
at constant current. The two last times correspond to balancing
periods.
Diode MBR6045WT 3 || 45 V–60 A, 0.75 V at 25 ◦C
Inductance (L1) CH 820045 4 || 820 �H, 4.5 A, 110 m�
Inductance (L2) CH 220045 4 || 220 �H, 4.5 A, 42 m�
Capacitor (C1) TK series 330 �F, 400 V
Capacitor (C2) TK series 470 �F, 400 V
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1. The load power demand must achieve the Pmin and Pmax power
levels (Fig. 2), following the load profile.

. To increase versatility and follow any other load profile, the
power demand must achieve values different from Pmin or Pmax.

. The load bank can be connected to system outputs (12 and 48 V).

. To increase safety (the user does not handle any switch manu-
ally), power selection can be done by means of solid state relays
ruled by a virtual instrument (Fig. 6). With this, the user sends
commands from the PC to a control board, selecting which switch
is open and, consequently, what power is demanded.

The load bank has been built with several resistive load groups.
ach group has a sufficient number of resistive loads to achieve dif-
erent power values (Fig. 7). Polarization and power curves shown
n Fig. 7 are obtained by adjusting fuel cell model parameters to
NexaTM module [31–34]. The selection of each resistive group is
one by solid state relays. Fig. 8 shows how conceptually the load
ank has been designed. There are seven groups of loads which
ave been built with a number of resistors depending on the power

evel to be achieved. The selection of each solid state relay is done
y a control board. In the board, a MAX232 convert [35] receives

ignals from the PC (the commands are sent along the RS-232 wire)
o TTL levels, and sends them to the microcontroller, a PIC 16F877A
36]. The microcontroller sends the commands to solid state relays
hrough Darlington optocouplers, isolating the communication part
rom the power signals part. Then, when the relay 1 is switched

ig. 9. (a) Load bank designed and implemented in our laboratory. (b) Load bank
ontrol board designed and implemented in our laboratory.
Fig. 10. (a) Sepic converter topology. (b) Sepic converter implemented.

on, the power demand is P1 = Pmin, and when relay 1, 3 and 4 are
switched on, the power demand is P1 + P3 + P4 ∼ Pmax. The rest of
groups have been included to extend the load bank utility to any
other load profile and to any other hybrid system (with three or
more renewable sources). Fig. 9 shows the final load bank built
in our laboratory connected to solid state relays, Fig. 9(a), and the
relays selection board, Fig. 9(b).

3.5. DC/DC step-down converter

To convert the regulated 48V-DC bus to 12V-DC output, a DC/DC
step-down converter is needed. The advantages and disadvantages
of different step-down topologies are known [28]. In this sense, in
Buck converter, the input current is always discontinuous because
of the switch is located in series with the input source, causing great
harmonic components in the current and therefore producing high
input ripple and significant noise problems. Sepic converter exhibit
nonpulsating input current and the output voltage is not inverted
(Fig. 10(a)). Therefore, Sepic topology has been selected.

On the other hand, to control the low voltage output, a voltage
control loop similar to Boost converter one has been implemented
with two little differences: the resistances divisors made up of
R2–R7 and R3–R8 (Fig. 5b) must have different because, now, ref-
erence value is 12 V.

The relation between the input current ripple and inductances
size and the output voltage ripple and capacitors size are also
known [28], Eqs. (4)–(7):

Vid
L1 =
�iL1 f

(4)

C1 = ViT
2
on

2 �vC1 f
(5)
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Fig. 11. Sepic converter voltage control board.

2 = Vid

�iL2 f
(6)

2 = V0d

�vC2 Rf
(7)

Electrical parameters of components used are specified in
able 2. Inductances and capacitances values are chosen to restrict
he current and voltage ripple below 10%. The switching frequency
s fixed to 20 kHz. This converter has been sizing to work a rate
ower of 240 W (Pmin). In this way, experimental results can be
btained without handled high current values. Fig. 10(b) shows
epic converter and its control board is shown in Fig. 11.
. Experimental results

Experimental results are divided into two cases. The first one
onsists of connecting load bank to DC bus, where both fuel cell

ig. 12. Experimental results when load bank is connected to DC bus: load current (Channe
us voltage (Channel C3: 10 V div−1, 500 ms div−1). Oscilloscope: LeCroiy 500 MHz.
ources 193 (2009) 276–284

stack and battery bank are working together. We can check how bus
voltage remains at 48 V ever under power demand steps and how
when a step load occurs, the battery bank helps to fuel cell system
to supply the current demanded by the load bank (see Fig. 12). The
second one consists of connecting load bank to 12 V-DC output (see
Fig. 13). In this case, the aim is guarantee the high and low voltage
level under the whole Sepic converter operating range (0–240 W).

4.1. Load bank connected to DC bus (Fig. 12)

In this case, fuel cell system and battery bank are supplying
power to DC bus. Then, when the load bank emulates the profile
shown in Fig. 2, we can observe the following:

1. At low power (Pmin), load current is Io = 5 A, bus voltage is fixed to
48 V and fuel cell module voltage is Vi = 35 V. Taking into account
Boost converter equations which related input voltage and cur-
rent values to output voltage and current values:

Vo = Vi

1 − d
, Io = Ii(1 − d)

To guarantee Vo = 48 V at converter output, converter duty-cycle
must be d = 0.27. Input current, according to duty-cycle value,
will be Ii = 7 A. Then, with the help of polarization and power
curves (Fig. 3), the fuel cell operating point is known, and we can
conclude fuel cell stack is the only source which supplies power
to load bank.

2. At high power (Pmax), load current is Io = 30 A, bus voltage is fixed
to 48 V and fuel cell voltage is 28 V. Then, according to Fig. 3, fuel
cell stack works at rated power (1.2 kW). Battery bank supplies
the difference between Pmax and fuel cell rated power.
Moreover, the slow fuel cell response can be observed in Fig. 12
when a step load happens. This is the main reason to use an auxiliary
power source when a fuel cell stack supplies a variable load. We can
deduce that the whole system presented in Fig. 1 can satisfies the
load power demand according to profile considered in Fig. 2.

l C1: 5 A div−1, 500 ms div−1), fuel cell voltage (Channel C2: 10 V div−1, 500 ms div−1),
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ig. 13. Experimental results when load bank is connected to 12 V-DC output:
00 ms div−1), L1 voltage (Channel C4: 20 V div−1, 500 ms div−1), L2 voltage (Chann
scilloscope: LeCroiy 500 MHz.

.2. Load bank connected to Sepic converter output (Fig. 13)

In this case, the load bank has been connected to Vo = 12V-DC
utput. Because of low output voltage value and to handle secure
urrent levels, test is going to be carried out switching on the relay 1
P1 = 240 W). The current demand will be Io = 20 A and voltage con-
rol board have to adjust the Sepic converter duty-cycle to maintain
utput voltage to 12 V. In this case, the theoretical output current
ts in the experimental value, which can be calculated by means
he power Eq. (8):

o = P1

Io
= 240 W

20 A
= 12 V (8)

Fig. 13 shows the load current (output current) and voltage at
nductors and capacitor terminals. We can check how the voltage in
nductor L1, Fig. 10(a), reaches 48 V when the transistor is ON, and
ow the voltage in inductor L2 reaches 12 V when the transistor is
FF. Then, the load power demand and voltage restrictions in DC
us and low voltage output are achieved.

It is necessary to highlight that in this last test, the load power
emand is so low that the fuel cell system is the only source which

s working.

. Conclusions

This work solves a practical case related to a telecommunication
ystem powered by a stand alone fuel cell hybrid system. The main
estriction in the design process is the load profile to follow and
he availability of commercial components. When different kinds
f power sources and associated elements are selected, it is suit-
ble to solve first the sizing problem by simulation. The next step
as been to build the whole system. Finally, as the goal of this work

s to implement a real system, it is necessary to analyze and evaluate
he real behaviour of the hybrid system. This system is composed

f a fuel cell module, a battery bank and all associated electron-
cs. To fulfill the desired load profile, a resistive load bank has been
esigned and implemented and a virtual instrument has been pro-
rammed to control it. The system built can be used with other load
rofiles and different average power values.

[

[

urrent (Channel C1: 5 A div−1, 500 ms div−1), duty-cycle (Channel C2: 5 V div−1,
5 V div−1, 500 ms div−1) and C1 voltage (Channel C4–C3: 50 A div−1, 500 ms div−1).

The experimental results show the whole system works in a suit-
able way when different load power values are demanded to DC bus
(fuel cell system works simultaneously with battery bank). More-
over, experimental results are shown when load bank is connected
to 12 V output. The voltage control loop assure 48 V-bus voltage and
12 V-DC output when load steps occurs.

The designed system is an excellent testing bench; it is possible
to check the performance of a system at different interconnect-
ing points where voltage restrictions are done, the performance of
different power sources and the performance of a system under
different load profiles. Moreover, this system is versatile and
with a simple structure. The low cost and the approachability of
the controllable load bank implemented overcomes the principal
restrictions of commercial electronic loads.
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