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Abstract—In this work, a serial-parallel hybrid (SPH) power
system formed by a Fuel Cell (FC), an Auxiliary Storage Device
(ASD) and the current-controlled dc-dc converters responsible for
the power management are realized by using the Digital Signal
Controller (DSC) TMS32F28335. The main energy management
goal is to transfer energy from the sources (FC or ASD) to the
load while ensuring dc bus voltage regulation and high power
conversion efficiency. In addition, a safe and reliable operation
of the system has to be achieved. The selected converter and
its controller features are: non-inverting voltage step up and
step down, high efficiency, input and output currents regulation
an low ripple values, and the ability to change from input to
output current regulation loop, suddenly and smoothly, and vice
versa. All these features allow it to be positioned in different
FC system localizations and simplifies the design of the master
control. Simulation and experimental results have been validated
on a 48-V, 1200-W dc bus.

Index Terms—Current control, dc-dc power conversion, dc
power systems, digital control, energy management, fuel cells,
power conditioning, power system control.

I. INTRODUCTION

A proton exchange membrane fuel cell (PEMFC) is a device
that converts chemical fuels into electric power, with many ad-
vantages such as non-polluting emissions, high-current-output
ability, high energy-density and low-operating temperatures.
Additionally, this allows a fast start-up, high-efficiency and
low weight and volume compared with other fuel cell types
[1]-[3]. However, the relatively short lifespans of fuel cells
represents a significant barrier for their commercialization in
both stationary and mobile applications [4]-[11]. Therefore, a
significant part of research in fuel cells focuses on prolonging
their operational lives.

The PEMFC stack is a complex system that requires an
auxiliary power-conditioning system to ensure safe, reliable
and efficient operation under different operating conditions.
The output characteristics of a PEMFC are limited by the
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Fig. 1. PEM fuel cell system with main control subsystems: (a) fuel cell
stack, (b) load, (c) humidifier, (d) fan system, (e) air pump, (f) fuel cell
controller, (g) hydrogen tank, (h) air pump control, (i) inlet air, (j) exhaust
air, (k) fan control, (1) monitored process variables, (m) inlet hydrogen valve,
(n) hydrogen purge valve control, (o) hydrogen purge.

mechanical devices used to maintain the air-flow within the
cathode, either by using a compressor or a blower, hydrogen-
flow within the anode through an adjustable valve command,
temperature control using a cooling-fan, and the humidity of
the air in the cell using a humidity-exchanger, as illustrated in
Fig. 1. As the hydrogen, usually stored in a pressurized tank,
is fed through a mechanical valve, air-flow can be considered
as the main process that limits the PEMFC dynamics [12],
[13]. As a consequence of this limitation, a load transient
will cause a high voltage drop after a short time, which is
a symptom of the oxygen starvation phenomena [14]-[17].
This operational condition is harmful for the FC because it
accelerates the catalyst losses and the carbon-support corrosion
[16], [18]-[20] and for this reason a FC is considered to be a
slow dynamic response equipment with respect to the transient
load requirements [21].

Different approaches to prevent the oxygen starvation phe-
nomenon have been proposed in the literature. However, only
two approaches have experimentally demonstrated efficacy for
avoiding this phenomenon. The first approach focuses on the
air flow rate control by means of a predictive control as a
way of preventing oxygen starvation [12], [13], [22], [23]. The
main drawback of this strategy is the air compressor dynamics
can be slower than the load current variations. Hence, it is
impossible to avoid peaks in the oxygen excess ratio after load
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transients [13], which can lead to the appearance of oxygen
starvation phenomena in the fuel cell. The second approach to
avoid the oxygen starvation is hybridizing the fuel cell with
an energy storage unit (batteries or ultracapacitors) or other
auxiliary power sources for supporting the operation of the FC.
This ensures a fast response to any load power transient. In
the case of automotive hybrid powertrains, the fuel cell system
can store large amounts of energy due its high energy density
which provides the base power for constant speed driving
for hours while the capacitors or batteries can pump into, or
extract from, high power in microseconds or seconds which
provides additional peak power during acceleration, high load
operation and recover braking energy by regeneration as shown
in the Ragone plot of Fig. 2. In addition, these hybrid systems
can limit the slope of the current or the power generated
by the FC by using current-controlled dc-dc converters and
in this manner the oxygen starvation phenomenon can be
avoided [24] and the system can operate with higher efficiency
and extended operation compared to a purely fuel cell or
battery/supercapacitor system [25]-[30]. For this reason, there
is no need of modifying the FC internal control loops. Only
the FC current maximum and minimum slew rate (SR) limits
are required.
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Fig. 2. Ragone plot which describes the energy storage technologies in terms
of energy density and power density. Diagonal lines indicate the relative time
to get the charge in or out of the device. Reprinted from [31] with permission
from Elsevier.

In recent years, many configurations of a hybrid dc power
conversion system relating to fuel cells and auxiliary storage
device have been proposed for stationary and mobile applica-
tions in the literature. A mathematical analysis of efficiency
of the commonly used series and parallel hybrid topologies
is presented in [35]. A novel series-parallel hybrid (SPH)
topology has been also proposed in this research work and it
is illustrated in Fig. 3. This new topology exhibits a higher
efficiency than the series or parallel hybrid topologies in
non-regenerative operation independent of the load profile,
because a part of power passes through only one converter,
instead of all of the FC system converters. This advantage
is very important for applications with an unknown load
profile, however this topology presented major difficulties in
its practical implementation with a high efficiency and an easy
control design so far. The main challenges are described below.

The topology presented in Fig. 3 has been designed to
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Fig. 3. Fuel Cell serial-parallel hybrid topology.
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Fig. 4. Main states of the fuel Cell serial-parallel hybrid topology.

operate mainly in five different states. In the steady-state, the
fuel cell is continuously transferring energy to the load by
means of converter 1 and the other converters are not working
as shown Fig. 4. From the steady-state, when a load increase
appears, the FC system change to the ASD discharge state. In
this case, converter 1 controls its input current ¢4; with a slew
rate limitation to avoid the oxygen starvation phenomenon,
while the ASD provides the additional current to the load by
means of converter 3. In this state converter 3 is controlling
the dc bus voltage with a nested cascade loop by means of its
output current ¢,3. The system is kept in this state until the
FC reaches the new value of the load current which changes
back to the steady-state. If the load decreases, the system
goes to the ASD charge state. The converter 1 controls the
dc bus voltage and the converter 2 controls its input current
to charge the ASD with the energy excess provided by the
fuel cell. The three first states above correspond to the normal
operation of the FC system, in which the ASD state of charge
(SOC) is kept constant, but there are two additional protection
states and correspond to the maximum and minimum ASD
SOC. This states occurred when the load current decreases or
increases too much so that the ASD SOC reaches its maximum
or minimum value. The converter 2 must change its aim from
controlling 449 to 7,3 during the ASD charge state, or the
converter 3 changes its aim from controlling ,3 to 743 during
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TABLE 1
SUMMARY OF THE MAIN FC SERIAL-PARALLEL HYBRID SYSTEMS.

Presented | Fuel cell ASD Conv. 1 Conv. 2 Conv. 3 Output Switching Maximum | Experimental
in range type type type type voltage frequency load power Results
[Vl vo [V] [kHz] W]
[32] 20 to 40 Lead-acid Flyback Boost Flyback 200 20 360 v
battery
[33] 32 to 46 Lead-acid SEPIC Buck SEPIC 200 20 1000 v
battery
[34] 25 to 38 | Ultracapacitor Boost Flyback Boost 48 Not specified | circa 1000 X
In this 22 to 50 Aluminum Buck-boost | Buck-boost | Buck-boost 48 100 1000 v
work electrolytic
capacitor

the ASD discharge state, respectively. The voltage vasp is
limited by means this currents. After a long period of the
system being in the ASD discharge state, with a power load
consumption higher than the fuel cell can generate, the system
changes to the minimum ASD SOC state. In this state the
priority is to avoid an ASD deep discharge that could cause
its lifespan reduction. This is why the output voltage v, is not
regulated during this state as can be seen in Fig. 4. During
the minimum ASD SOC state, converter 3 changes its aim
from controlling its output current to controlling its input
current with an input current reference i4..y3 equal to zero
amperes. On the other hand, converter 2 is kept off to ensure
a maximum power transfer from the fuel cell to the load. Once
the fuel cell power generation is greater than the power load
consumption the system changes to the ASD charge state as
shown in Fig. 4. It is important to note that the minimum
ASD SOC state is not a normal system operation state but a
protection one. Since the ASD selected in this research work
is an electrolytic capacitor, the maximum and minimum ASD
SOCs can be limited properly by means its maximum and
minimum voltages values (Vaspmaz and Vaspmin)-

In the design of the SPH topology will be used a modular
converter so that it could be positioned in any location of the
FC system of Fig. 3. The use of the same converter at the
three positions in this FC system could reduce the costs and
development time and could simplify the control tasks. In this
case the converter and its controller should have the following
features:

e A non-inverting step-up/step-down DC-DC converter
characteristic. This would allow interfacing between un-
regulated voltage sources in the SPH topology such as
fuel cells, capacitors, batteries, etc.

« High power conversion efficiency. This can significantly
contribute to the efficiency of the whole system which
is considered a topology that can achieve extremely high
efficiency.

o A wide bandwidth to design fast controllers to protect the
fuel cell from abrupt load changes. In addition, system
control design becomes simpler and the ASD size can be
reduced.

o Input and output currents regulation ability. This is be-
cause converter 2 requires input current control, converter

3 requires output current control and converter 1 requires
both, input and output, current controllers.

« Ability to change its aim from controlling input current
to controlling the output current, and vice-versa in a fast
and smooth manner. This feature is very important to
ensure converter 1 the different combinations between
states shown in Fig. 4. In case of a sudden load change,
the control aim of the converter 1 has to be immediately
changed to controlling the input current to protect the
fuel cell from an overload condition and gas-starvation
phenomena.
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Fig. 5. Proposed modular buck-boost converter with its current control.
All above mentioned requirements can be fulfilled by the
non-inverting buck-boost converter proposed in Fig. 5 [36].
Its advantageous features include high power conversion effi-
ciency, wide bandwidth, the possibility of controlling either the
input and output voltages or currents [37] and achieving fast
and smooth transitions when changing the control objective
from controlling the input current to control the output current
and vice-versa [38]. This module has been used previously in
a simple FC series hybrid topology [39]. The series-parallel
hybrid topology challenges gave rise to the non-inverting buck-
boost converter and it is now presented for the first time in
the topology for which it was designed. The SPH topology has
been already studied in previous works [32]-[34]. Table I lists
the different configuration presented in the literature and the
proposed in this work. The main contributions of this paper
in comparison with the already existing SPH topologies are:

e The use of the same module for all the converters
represents a reduction of the manufacturing times and
costs. In addition, the modeling and control design tasks
are also simplified.
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FC serial-parallel hybrid topology circuit. The FC system elements are FC emulator, second order low-pass filter, modular buck-boost converter 1,

2 and 3, ASD capacitor C'45p, dc bus capacitor C,, and load. The master control regulates the input/output port voltages from each converter by means of

the current reference values.

o The boost converter used in [32] has startup problems.
This issue is solved through the use of a buck converter in
[32]. However, the nominal ASD value is within the range
of the FC which could avoid the ASD charge at certain
times. Both problems are overcome with the buck-boost
converter presented in this paper.

o The module used in this paper has better efficiency than
the flyback and SEPIC converters used in other works.

o Detailed information about the energy management algo-
rithm design is given in this paper contrary to the work
presented in other previous works [32]. Furthermore, the
energy management in this paper is simpler than the one
presented in [33] which depends of the battery state-of-
charge.

« In the presented SPH topology in this article, the fuel cell
slew rate limitation as a mechanism to avoid the oxygen
starvation is included.

o In contrast to other works, the experimental and simu-
lation results verifies the correct design of the proposed
energy manegement. These experiments include the sys-
tem startup and shutdown, and different load transients.
Most of the works presented in the literature only show
the fuel cell in steady-state.

This paper is organized as follows: Section II presents
a detailed description of the energy management algorithm
design. Simulations and experimental results are presented in
Section III and, finally, the main conclusions of this paper are
summarized in Section IV.

II. ENERGY MANAGEMENT DESCRIPTION

The circuit diagram implementation of FC serial-parallel
hybrid topology shown in Fig. 3 is presented in Fig. 6. Its
voltage, power control loops and protection specifications are
listed in Table I of [39], [40], where Vrcmin and Vecmas
and P,,,., have been changed into 26.0 V, 42.0 V and
1.2 kW, respectively, due to the FC emulator was replaced
by a real PEMFC. We have chosen a 600 mF commercial
electrolytic capacitor with an Equivalent Series Resistance
(ESR) of 1 mS2. This element was sized based on the energy
that the electrolytic capacitor can absorb or deliver [39], [41].

The selection of this ASD eases the control of the SOC from
this capacitor by means the ASD voltage regulation [39].
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Fig. 7. FC serial-parallel hybrid system control and protection block

diagrams: The FC minimum voltage VFcmin and the ASD voltage reference
Vasp from (a) and (b) are limited and regulated by means of ig.cf1 and
igref2. (¢) ASD maximum voltage protection loop. (d) Output voltage vo
regulation loop and (e) ASD minimum voltage protection loop.

The master control shown in Fig. 7 has the following
aims, among others: FC slope current limitation, FC and ASD
voltage range protection, dc bus voltage v, regulation at 48 V,
maximum current limitation in each converter, and ensure a
safe startup and shutdown of the system. This master control
sends the current references to the analog current loops of
each converter to regulate the different voltages of the system.
The master control parameters are listed in Table II of [39],
[40] and it has been implemented on a Texas Instruments
TMS320F28335 DSC.

Fig. 8 shows the small-signal block diagram of the State
Space Averaged (SSA) model of the modular buck-boost con-
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verter with its corresponding Average Current-mode Control
(ACC) [38], which is an analogue PI controller with an addi-
tional pole. Additionally, the continuous control variable w(t)
is related with the duty cycles d;(t) and da(t) of MOSFETSs
(@1 and )2 in Fig. 5. For a small-signal analysis, they are
related as follows:

at) = {

dy (1)
dy(t)

for boost mode
(1)

for buck mode

ig(s)

ﬂ»{Small—sjgnal SSA model

{oref (s)

K, <

-~ min 1
K5 <
2

ACC {gref(s)

17841
S TaS+1

Fig. 8. Small-signal block diagram of the converter and the interaction
between current loops.

The proposed modular buck-boost converter has two differ-
ent models according to the required time scale: the first one is
a dynamic model that allows to study the short-time transitions
as shown in Fig. 5. The second one is a static model to make
long-time simulations as can be seen in Fig. 9.

de-de converter & current control

min(igref, 42)  MIN(SEE, orey) Vo

Tgre ,/'4T Ti Toref

Fig. 9. Modular buck-boost converter block diagram to study long-time
simulations.

The output capacitor C,, value of 2.35 mF with an ESR of
11.8 m2 was selected following the output impedance criteria
of [39]. The output voltage loop bandwidth value of 2.37 kHz
was achieved by means of a digital sampling frequency of
100 kHz.

III. SIMULATION AND EXPERIMENTAL RESULTS

Some specific experiments are required to verify the correct
performance of the FC SPH system. These experiments are the
FC system’s startup and shutdown and its operation under load
transients, which are illustrated in subsections III-A and III-B,
respectively. In all of these experiments a real Nexa fuel cell
has been used. The Nexa PEMFC is a fully integrated system
that produces unregulated dc power, up to 1200 W, from a
supply of hydrogen and air.
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(b)
Fig. 10. FC system startup and shutdown with a constant resistance load
of 20.3 Q (a) PSIM simulation. (b) Experimental measurement. CH1: DC
bus voltage v, (10 V/div), CH2: ASD voltage v4sp (10 V/div), CH3: FC
voltage vpc (10 V/div), CH4: FC current ¢ ¢ (5 A/div) and time base of 2s.

A. FC hybrid System Startup and Shutdown.

This experiment studied the FC system’s behavior during its
startup and shutdown. Simulation results from Fig. 10(a) show
how the fuel cell started up and the output capacitor began to
charge until ¢;, where v, was then regulated at V;,..y = 48 V
by means %,,.s1 from the control loop of Fig. 7 (d). The figure
shows how the FC current had an appropriate maximum SR,
which corresponds to the control loop presented in Fig. 7 (b)
by means i4..r1 between 0 and ¢; and thus the FC current
maximum SR value has been well limited by means igy¢ 2.
At instant to, the capacitor reached Vagpmqn and continued
charging until it reached its reference value Vagprer of
50 V at t3. After the corresponding Shutting down signal
was applied at t3, the fuel cell shut down with a correct
current negative SR, and the output voltage v, continued to be
regulated by means i, 3 until the voltage capacitor decreased
below Vaspmin Vvalue, which occurred at t4. The control
loop active during this interval is the ASD minimum voltage
protection loop shown in Fig. 7 (e). Finally, the master control
regulates the minimum capacitor voltage from ¢4 onwards.
The simplified modular buck-boost converter from Fig. 9 was
used in the simulation. The corresponding experimental result
shown in Fig. 10(b) is in good agreement with the simulation.
In the FC system’s startup and shutdown experiment, and in
the remaining ones, the Vpcomin and Vagpmas protection
loops of Figs. 7 (a) and (c) did not have to be activated by the
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Fig. 11. SPH topology below a pulsating load power profile, with a frequency of 100 Hz and a 50% duty cycle, vec = 36.1V, Ipc = T.4 A, Vasp =50V
and V,, = 48V as mean values. Figures (a), (c) and (e) are PSIM simulations. Figures (b), (d) and (f) correspond to experimental measurements. Output
voltage v, (2 V/div, AC coupling), load current 7, (5 or 10 A/div), input currents ig1 and ig2 (5 A/div), output currents i,1 and io3 (5 A/div), fuel cell
current i (2 A/div, AC coupling), ASD voltage vasp (2 V/div, AC coupling) and the same time base of 4 ms.

master control. Although they were not included in this paper,
the correct activation and performance of these protections
were also tested.

B. FC hybrid System Operation Over Load Transients.

The second conducted experiment verified that the mas-
ter control regulated in a satisfactory manner the capacitor
voltage Vasp at 50 V and the output voltage v, at 48 V
while the load resistance changes from 47.5€2 to 4.7} with
a frequency of 100 Hz and a duty cycle of 50% as shown
in Fig. 11. Output voltage v, and load current ¢;, have been
shown in all the figures to show that all of the experimental
traces correspond to the same experiment. In the simulation,
the switching model of the buck-boost converter presented in
Fig. 5 was used. The experimental results presented in Fig. 11

are in good agreement with the simulation. Different current
ripple values from 447 and 74 in Fig. 11(a) and Fig. 11(b) show
the different operation points from converters 1 and 2, respec-
tively. Initially, the system is in the steady-state of Fig. 4 and
the FC energy is continuously transferred to the load and v,
is regulated at Vs through i4,..¢1 from Fig. 7 (d). Once i,
increases, the FC system is operating in the ASD discharge
state, which means that the FC current maximum SR and
dc bus voltage v, are limited and regulated by means ig.¢ 1
and %,,¢f3, respectively. When the load current decreases, the
SPH topology is operating in the ASD charge state. During this
third state, FC current minimum SR and dc bus voltage v, are
limited and regulated by means g, f2 and iocf1, respectively.
Between the ASD charge and discharge states the FC system
keeps the steady-state of Fig. 4 when the FC reaches the
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SPH topology below a large load variations from 20.3Q to 3.3 €2, with a frequency of 0.5 Hz and a 10% duty cycle that produce the ASD to

charge and to discharge. Figures (a), (c) and (e) are PSIM simulations. Figures (b), (d) and (f) correspond to experimental measurements. Output voltage
vo (100 mV/div, AC coupling), load current 77, (10 A/div), input currents ig1 and ig2 (2 A/div), output currents i,1 and i3 (2 A/div and 10 A/div,
respectively), fuel cell current iz (2 or 5 A/div), ASD voltage vasp (10 V/div) and the same time base of 2s.

new value of the load. Simulated and experimental output
currents from converters 1 and 3 are provided by Fig. 11(c)
and Fig. 11(b), respectively. Differences between simulation
and experimental results of Fig. 11(e) and Fig. 11(f) are due
to the delay in the startup from each dc-dc converter. This last
oscillogram shows that an output current change Ai, of 9.2 A
caused a maximum output voltage transient Av, of 1.6 V. In
addition, the capacitor voltage exhibited a peak ripple lower
than 0.4 V. Also, as Fig. 11(f) shows, the fuel cell maximum
current transient of 2.8 A.

The second experiment of this subsection tested the FC
hybrid system is under large periodic load variations, which
produced repetitive capacitor charging and discharging cy-
cles. A step-like load variation from 20.32 to 3.3 with a
frequency of 0.5 Hz and a duty cycle of 10% was applied

to obtain the simulation and experimental results shown in
Fig. 12. The simplified buck-boost converter model from Fig. 9
was used in the simulation. The maximum fuel cell power
was 512 W, which is in agreement with the product of the
FC parameters Vromin and I,q, in [39], [40]. However, the
large variations required a load peak power of 700 W, which
produced a charge and discharge of the capacitor. Fig. 12
shows that the bus voltage and the fuel cell current were well
regulated and limited during this demanding experiment. The
figure also shows good agreement between the experimental
data and the simulation results.

IV. CONCLUSION

A hybrid power system supplied by a PEMFC, an ASD
and current controlled dc-dc converters has been simulated
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and implemented on a 48-V, 1200-W dc bus. The energy
management algorithm of this topology has been realized
with a DSC TMS320F28335. Modular buck-boost converters
have been used in this topology for regulating the system
voltage loops by controlling their input/output currents through

the

appropriately limited reference values. Simulation and

experimental results show a desired FC system behavior under
short transients. The zero crossing saturation problem in the
low-level analog current controllers could be addressed by
means of implementing digital ones or using bidirectional
buck-boost modules in future studies.
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