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Abstract—Renewable energy sources can be used for
electric power generation to supply specific devices in dis-
tributed systems such as smart grids. Hydrogen fuel cells
have proven to be an effective solution to produce electrical
energy with fairly good efficiency and minimum environ-
mental pollution. A single-stage solution to interconnect a
fuel cell with a low-voltage distribution system is proposed
in this paper. The traditional boost dc/dc converter plus
voltage source inverter is replaced by a single-stage mul-
tilevel current-source inverter (MCSI). The MCSI can both
interconnect to the grid and perform the maximum power
point tracking algorithm. This novel single-stage converter
approach provides active power to the grid, power factor
compensation, and reduction of the line current harmonic
content. The synchronization, modulation, and control
scheme are implemented on a field-programmable gate
array board using a fast-prototype high-level synthesis tool
to reduce design time. Both simulation and experimental re-
sults show excellent behavior and fast dynamics while
complying with IEEE and IEC harmonic content regulations.

Index Terms—Field-programmable gate array (FPGA),
fuel cells, grid interface, maximum power point tracking
(MPPT), multilevel current-source inverter (MCSI).

I. INTRODUCTION

R ENEWABLE energy sources are one of the focal points
of research in distributed power generation, attracting a

significant amount of resources worldwide in the quest for new
methods of energy generation and storage. Recent develop-
ments in hydrogen technologies have allowed the conversion
between electric energy and hydrogen back and forth, increas-
ing efficiency and reducing costs. In environmentally friendly
applications, storing energy in the form of hydrogen and later
transforming it to electrical energy is an excellent choice since
hydrogen-based electric systems can be used as a substitute for
large battery banks [1]–[3].
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The use of hydrogen as an energy storage method presents
many advantages compared with batteries, particularly regard-
ing lifetime, weight, and environmental safety. Rechargeable
batteries such as sealed lead–acid, lithium-, or cadmium-based
batteries contain toxic heavy metals and may cause serious en-
vironmental problems if they do not get regular maintenance or
are not discarded with special care [4]. On the other hand, fuel
cell technologies have proven to be an attractive power source
because they are inherently clean, efficient, and reliable [5], [6].
These features make them a promising alternative to substitute
the pollutant technologies in various applications such as auto-
motive, portable power, remote generation, backup power, and
distributed generation.

Furthermore, supercapacitors can be used to respond to rapid
load changes or to start operation as soon as it is needed, com-
pensating for the fact that fuel cells do not have the capability to
respond immediately [7]. In addition, when a considerable pro-
portion of the power is generated by renewable energy sources
such as wind or solar sources, the electrical systems present
continuous disturbances such as sags and swells, which directly
affect the power quality [8], [9]. Aside from the ability of deliv-
ering energy from the fuel cell to the grid, power convert-
ers in conjunction with supercapacitors can help improve the
power quality problems by acting as active filters, absorbing
and releasing power much faster than traditional electrical
regulators [10].

To achieve the highest possible efficiency, it is mandatory to
use electronic converters in order to adapt the current and volt-
age provided by the cell to the requirements of the load or the
grid. Distributed power generation should be injected by three-
phase converters to avoid imbalances in an electric grid. Ad-
ditionally, since the fuel cell stack delivers direct current (dc),
which depends mostly on the temperature and fuel pressure, an
electronic interface is required to match both the load and the
operating conditions of the cell [11]. The electronic interface
can modify the current sink from the cell stack depending on the
voltage generated to obtain the maximum power at any time re-
gardless of the operating condition [12], [13]. Power converters
allow finding and tracking the maximum power point of oper-
ation not only of the cell stack but also of the whole system
[6], [13], [14]. A better dynamic response can be achieved by
controlling either the active or reactive power in both directions
between the converter and the grid. Thus, power converters
must have bidirectional power exchange capabilities in order to
compensate reactive power. A particular subclass of power con-
verters, called multilevel converters [15], offers major advan-
tages in terms of versatility, dynamic response, reduction of
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Fig. 1. System layout.

high-frequency electrical disturbances in the load generated by
the commutation of the switches [16], reduction in the require-
ments of maximum voltage and/or current of the switches, and
the possibility of fault-tolerant operation. The main drawback
is the increased complexity of the power inverter [4], [17], [18].

Additionally, any grid-connected power inverter requires a
synchronization method to track the main sequence, phase, and
frequency of the grid voltage to be able to control the exchange
of power between the electric system and the dc bus [19].

The speed and accuracy of the synchronization method di-
rectly impact on the performance of the inverter and the power
quality of the grid; thus, it must be carefully designed and
tested under the most severe fault conditions the system might
undergo.

Control systems based on field-programmable gate arrays
(FPGAs) allow high-speed data processing, variable bit accu-
racy, fault-tolerant architectures, and easily scalable designs.
Regardless of these qualities, one of the most powerful advan-
tages of an FPGA is the ability to compute all the converter
control system blocks in parallel, saving time and increasing
reliability [20]. In order to be scalable and comparable with the
experimental results, simulation models in this paper consider
the internal logic timing, the switches’ behavior, and the satu-
ration limits of the actual control and synchronization systems.

The interconnection of the fuel cell to the grid proposed in
this paper consists of a single stage only built with a multilevel
current-source inverter (MCSI). Since MCSIs can boost the
input voltage, there is no need for a supplementary stage. Maxi-
mum power point tracking (MPPT) is also achieved by control-
ling the reference signals of the MCSI. This solution reduces
the complexity and power losses while increasing the power
density, efficiency, and reliability of the system.

II. SYSTEM DESCRIPTION

A three-phase MCSI is used to inject the current provided
by a proton exchange membrane (PEM)-type fuel cell to a 3×
190 VLL, 50-Hz, and three-phase utility grid, as shown in the
basic schematic in Fig. 1.

An MCSI has three main advantages. First, it can be con-
nected directly to the utility grid without any coupling in-
ductors. Second, it can drain constant current from the fuel
cell. Third, it requires smaller input voltage compared with
traditional voltage inverters. Current source inverters (CSIs)
have a large inductor on the dc side; this means that the current
drained from the energy source has a low ripple. At the output,

a small capacitor bank is required to smooth commutation cur-
rents, avoiding overvoltages due to inductances in the current
path [15].

The control algorithms and modulation signals of the MCSI
are implemented on an FPGA, as well as data acquisition and
processing. A simple controller based on a Park transform (dq0)
controlling the MCSI output current is enough to compensate
both power factor and harmonics caused by the load on the
current of the grid [21]. Moreover, the MPPT controller acts di-
rectly over the active power set point of the system. If required,
a smart grid control can adjust the power provided to the grid to
a suitable level.

A. MCSI

The schematic of the inverter is shown in Fig. 2. It consists of
three identical modules with the capability of producing seven
levels in the output current, as shown in Fig. 3. Each module
has six switches with bidirectional voltage blocking capabilities
and two inductors to balance the current through them. All the
balance inductors are identical and carry the same average cur-
rent, simplifying the design, construction, operation, and main-
tenance of the inverter. The current of each module can be
balanced by the use of the well-known phase-shifted carrier
sinusoidal pulsewidth modulation (PSC-SPWM) [15], [22],
in which gate signals are calculated comparing the reference
signals with three equally phase-shifted triangular waveforms.
A block diagram of the PSC-SPWM is shown in Fig. 4, and the
SPWM of the first module is displayed in Fig. 5.

Power converters can be classified into voltage-source invert-
ers (VSIs) and CSIs depending on the topology of the power
supply [23]. The implementation of the SPWM in a CSI is
not as straightforward as that in a VSI. The gating signals
for a VSI are generated by the comparison of one triangular
carrier with three sine waves. The driving signals for a CSI
need more logic manipulation to generate the desired current
level at the load while assuring current continuity in all the
inductors. First, the standard SPWM signals PA, PB , and PC

in Fig. 5(b) are generated by the comparison of one triangular
with three sine waves. These phase signals are XORed two at a
time to obtain a logic equivalent to the line-to-line voltage in
a VSI. The obtained signals are ANDed with the required sign
of the current in each phase, or its logic complement, to obtain
the firing signals of upper or lower switches, respectively [as
shown in Fig. 5(c)]. These signals cannot directly drive the
gates of the insulated-gate bipolar transistors (IGBTs) since
they generate zero states by turning off all switches [Time “z” in
Fig. 5(c)], thus not allowing inductor’s current continuity. The
zero states generated by the SPWM logic should be recognized
and replaced by adequate zero states, taking advantage of the re-
dundancy of the CSI topology. A detailed analysis of the circuit
topology and the modulation method can be found in [22].

Each module can produce zero-current state in three different
ways by turning on both switches in any leg of the inverter.
This adds two redundant states to the switching combinations,
meaning that one of these available states can be chosen in
order to reduce the overall amount of commutations during a
cycle. The maximum instantaneous absolute value of the line
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Fig. 2. Schematic of the MCSI.

Fig. 3. Output current of the inverter. (Top) Phase-A unfiltered. (Bottom) Three phases filtered by the coupling capacitor bank.

Fig. 4. Shifted carrier SPWM.

currents dictates which of the six switches is currently having
the biggest ON time. Hence, if the zero state which utilizes that
switch is chosen, the number of switch commutations in a cycle
can be minimized, reducing power dissipation and increasing
efficiency. In this way, every possible zero state is used during
a complete cycle; therefore, an active algorithm is used to
perform this enhanced zero-state selection.

Fig. 5. Detail of the SPWM. Gate signals for one module.

The minimum voltage required by the MCSI to be able to
inject current to the grid is

Vsource =
3
√
3

2
√
2
maVphase cos(φ) (1)
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Fig. 6. Fuel cell current–voltage and power specifications.

which is the result of equating input power with output power
under an ideal no-loss condition. Vphase is the RMS phase volt-
age; ma is the modulation index of the converter, ranging from
0 to 1; and φ is the phase difference between the main voltage
and the injected current.

Although inductors are heavier and bulkier than capacitors,
they have a higher mean time between failures (MTBF) and
the failure mode is nonpolluting. Inductors can withstand high-
voltage ripple without losing performance, and their character-
istics hardly suffer from degradation, provided that they remain
within their operating temperature range. This implies safer in-
verters with longer MTBF, less maintenance requirements, and
a lower risk of pollution. In addition, inductors built with high-
temperature superconductors will reduce losses appreciably,
turning the MCSI into one of the most efficient solutions for
multilevel inverters [24]. In addition, implementation of fault-
tolerant topologies can be easily achieved by just adding a
fourth module in a hot-spare configuration [22].

Moreover, multilevel topologies present several advantages
regarding total harmonic distortion (THD) and stress on power
switches and inductors or capacitors [25], [26]. Thus, multilevel
converters are preferred against the standard solution with
three-level topologies in spite of the increasing complexity of
the circuit and control [24].

B. Fuel Cell

A fuel cell is an electrochemical device that converts chemical
energy into electrical energy by means of a chemical reaction
in an electrolyte, generating water and heat as waste [10]. In the
proposed system, a PEM fuel cell is used because it is commer-
cially available, providing many fuel cells manufactures and
models ranging from low-end fuel cells to high-power systems.

The system is designed for a high-voltage cell with voltage
versus current and power characteristics, as shown in Fig. 6,
where three different operating areas can be noticed, namely,
activation zone, ohmic zone, and decay zone. The best efficien-
cy is achieved by operating in the ohmic region where the max-
imum power can be obtained [27]. The power versus voltage
characteristic has a unique maximum point, which corresponds
to the nominal power of the cell.

Several PEM models have been proposed [28], [29], but since
this paper focuses primarily on system integration of fuel cells
with the grid, a simple model with the V –I characteristics and

Fig. 7. Control scheme.

first-order dynamics is good enough. This allows drastically
reducing the time required by simulations without affecting the
overall behavior and accuracy of the model. Due to the nonlinear
relation between the voltage and current provided by the cell, a
power converter must be used to set the desired operating point.

C. Control

The control block must fulfill five coordinated functions.

• Set the current drained from the cell to track the maximum
power point of the cell stack (MPPT algorithm).

• Synchronize the MCSI with the grid.
• Generate the reference signals used for the modulation of

the inverter Iinv.
• Adjust the active power delivered to the grid.
• Compensate reactive power and harmonics in the grid.

The MCSI modulation scheme, power factor and harmonic
compensation, phase-locked loop (PLL), and the MPPT con-
troller are implemented on a Xilinx FPGA. The design, sim-
ulation, and implementation are done using System Generator
for DSP, a tool by Xilinx to deploy and simulate algorithms
in the MATLAB/Simulink environment without the need to
write any hardware description language code. This allows
quickly developing and testing the modulation logic and control
algorithms while saving development time.

The schematic of the developed control structure is shown in
Fig. 7. To obtain the phase angle reference θ using a PLL algo-
rithm, first, the grid voltage is transformed from abc to dq0 ref-
erence frame using the Park transformation. The PLL is based
on a fixed-point dual second-order generalized integrator PLL
(DSOGI-PLL) as this implementation is one of the best solu-
tions regarding setup time, steady-state error, and noise immu-
nity [21]. The phase angle reference θ allows transforming the
load currents from abc to dq0 reference frame. The load current
in dq0 reference frame is then normalized to one by dividing the
result of the Park transformation by the amount of dc current on
the main inductor of the MCSI. This allows the modulation algo-
rithm to work on a fixed scale, saving FPGA space and maximiz-
ing computing speed. The transformed components of the load
current are dL (active) and qL (reactive). Hence, dL correlates
with active power, and qL is proportional to the reactive power.

A high-pass filter removes the dc component of thedL current,
which is not necessary for the modulation of the MCSI. The
mean value of the d reference current d̄ is set by the MPPT or the
smart grid control to supply active power to the grid. To avoid
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Fig. 8. MPPT algorithm.

saturation of the MCSI when entering in the overmodulation
region, the current signals are limited to the maximum amount
that can be provided by the MCSI without significantly increas-
ing distortion in the output current. Finally, these signals are anti-
transformed from dq0 back to the abc reference frame where they
are used as reference signals for the modulation of the MCSI.

The total active power the inverter supplies to the grid is com-
posed of the active part of the harmonics present at the load
plus the power provided by the fuel cell, which is controlled by
the MPPT algorithm [30]. The reactive power measured at the
load is directly fed to the MCSI controller, accomplishing power
factor and harmonic compensation on the grid caused by the load.

The MPPT algorithm changes the active power reference of
the system to track the maximum power point of the fuel cell in
order to maximize the power delivered to the grid and increase
the overall system performance. The MPPT is programmed in
the FPGA with communication ports that allow a smart grid main
control unit to adjust the amount of power delivered by the MCSI
and the fuel cell in order to fit the operating conditions of the
electric system,e.g., reducingor increasingactivepowermomen-
tarily in a distributed generation system when a change in wind
speed is detected. This feature allows improving the dynamic re-
sponse of the electric grid maximizing power quality and safety.

At startup, the main inductors of the inverter are discharged.
To insure a soft start, the initial value of d̄ is set to 1 in order
to generate the least amount of zero states to reduce the speed
of change on the current of the main inductors. As the inverter
charges, the MPPT reduces the value of d̄ to track the optimum
power point of the fuel cell.

The MPPT algorithm flow diagram, as shown in Fig. 8, is
based on a perturb and observe algorithm [31]. The derivatives
of both power and current are calculated for each measurement,
and based on the sign of these values, the d̄ component is in-
creased or decreased a fixed amount of 0.001 (0.1%) of the
maximum current that the inverter can supply.

III. SIMULATION RESULTS

Simulations were performed using the SimPowerSystem
toolbox from MATLAB/Simulink, building a detailed model
of all the components down to the transistor level, including

TABLE I
SYSTEM PARAMETERS

Fig. 9. Fuel cell voltage, current, power, and quadrature components of
the current reference of the inverter.

Fig. 10. Grid voltage and current of phase-A during startup.

dynamics and leakage components. Using this approach, the
simulations lead to detailed and realistic results of the startup,
steady state, the dynamic response of the system, and the acti-
vation of the power factor compensation (PFC) control. The
simulation model represents the system presented in Fig. 1 with
parameters detailed in Table I.

The simulation starts tracking the phase of the grid voltage in
order to allow the PLL to stabilize, whereas the MCSI remains
off by forcing the MPPT output to zero. Thus, the fuel cell pro-
vides no power to the grid. At 40 ms, the power reference of the
MCSI is increased by turning on the MPPT algorithm, and at
160 ms, PFC is activated.

In Fig. 9, the fuel cell and reference signals of the MCSI are
shown. The top two traces are the voltage and the current of the
fuel cell stack, respectively. In the third trace, the power that the
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Fig. 11. Detail of PFC activation.

Fig. 12. Grid current THD.

fuel cell delivers is shown. The reference signals that control
the inverter, i.e., d and q, are shown in the last plot. The MPPT
controls the power reference until a steady state is achieved. The
soft start forces a slow but steady increase in the output power,
reaching maximum power tracking 80 ms after activation. As
shown in Fig. 9, while the MPPT algorithm is active and locked,
the output power of the cell has an insignificant ripple caused
by the small change in voltage and current needed by the MPPT
algorithm to calculate the power derivative. It is shown that the
fuel cell provides up to 1 kW to the MCSI with a fast dynamic
response.

The effects of the startup of the MCSI on grid voltages and
currents are shown in Fig. 10. The upper trace shows the output
of the PLL. A small transient disturbance can be seen in the first
two periods until the PLL algorithm locks the line frequency
and phase. The MCSI is started at 40 ms after grid phase is
accurately tracked by the PLL. The fast response and high pre-
cision of the DSOGI-PLL avoids phase error propagation into
the modulation, which could cause an increase in THD. In the
bottom plot, the voltage and current of grid phase-A are shown.
The distortion on grid voltage after the MCSI starts, at 0.04 s, is
barely visible, below the acceptable limits established by IEEE

Standard 519. The current decreases when the MCSI starts,
reaching a steady value when the MPPT control is settled. At
this time, the MCSI is delivering the power required by the
smart grid, in this simulation case, full power of the fuel cell.

At time 0.16 s, the PFC control of the MCSI is activated.
Fig. 11 shows the details of how the PFC is performed within
milliseconds due to the high dynamics of the MCSI converter.
The grid currents are settled and in phase with the grid in less
than 2 ms. Grid currents are reduced as the power factor is com-
pensated because the reactive power required by the load is
being delivered by the MCSI.

Figs. 12 and 13 show the THD of grid current and voltage,
respectively. Results are very promising since voltage THD at
steady state is 0.71% and current THD is 0.44%. Both values are
below 3% established by the IEC 61000-4-7 and the IEEE Stan-
dard 519. In both cases, the distortion is caused mainly by the
switching harmonics. Since the MCSI consists of three identical
modules to produce seven levels in the output current, the switch-
ing components are three times the commutation frequency of
the transistors or 3mf 50 Hz, wheremf is the frequency modula-
tion index, in this case, taking a value of 63. The resulting switch-
ing frequency of the output current of the MCSI is 9450 Hz.
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Fig. 13. Grid voltage THD.

Fig. 14. Experimental setup.

IV. EXPERIMENTAL RESULTS

To verify the behavior of the whole system, the experimental
layout shown in Fig. 14 is built. A variable autotransformer
is used at the laboratory as the microgrid source for the 3×
190 VLL. The fuel cell used in this experiment, which is readily
available at our facilities, is an H-200 PEM (FCS-C200) from
Horizon Fuel Cell Technologies, is made of a stack of 40 cells,
rated at 24 V and 8.3 A, giving a total of 199 W at its maximum
operating point. The total load connected to the microgrid is
composed of a wye-connected three-phase resistor of 121 Ω,
accounting for 300 W of active power, and a reactive load
of 150 var obtained using a commercial three-phase induction
motor.

The nominal voltage of the cell used for the experimental re-
sults is several times lower than the dc voltage required by the
MCSI. To emulate the behavior of the high-voltage fuel cell
used in the simulations, a boost converter with a voltage gain of
more than seven times must be used. A standard boost converter
with an inductance of 400 μH, output capacitance of 47 μF, and
switching frequency of 20 kHz is built. These values were cho-
sen to provide an output voltage ripple smaller than 2% while
keeping both conduction and switching losses low enough,

Fig. 15. Measured THD of grid voltage and current.

Fig. 16. System startup: (magenta) grid phase θ, (yellow) grid phase
voltage Va−grid, (green) grid current Ia−grid, and (violet) inverter cur-
rent Ia−inv.

improving efficiency. The duty cycle of the transistor is fixed
at 86.7% to amplify the voltage from 24 to 180 V.

To measure the THD of current i and voltage v, a Fluke 435
power quality analyzer is used. Both THDv and THDi values are
below 0.6%, and their harmonic contents are shown in Fig. 15.
The measurements of the startup are shown in Fig. 16 where
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Fig. 17. PFC: (magenta) grid phase θ, (yellow) grid phase voltage
Va−grid, and (violet) grid current Ia−grid.

the grid phase is labeled θ. Phase-A grid voltage Va−grid can
be seen in the middle trace, whereas phase-A grid current
Ia−grid and phase-A inverter current Ia−inv are superimposed
on the bottom trace. The θ signal is calculated by the DSOGI-
PLL algorithm using the measured grid phase voltages and
showed on the oscilloscope by means of a digital-to-analog con-
verter connected to the FPGA. This signal is shown to prove that
the MCSI is properly following the phase of the grid voltage.
The actual startup can be seen when Ia−inv increases while
Ia−grid decreases simultaneously.

Fig. 17 shows the grid voltage and current when the PFC con-
trol is activated. The θ signal is in phase with the grid voltage
Va−grid even when grid current Ia−grid changes, showing excel-
lent dynamic response of the PLL algorithm. Without compen-
sation, Ia−grid lags Va−grid, whereas Ia−grid gets in phase with
Va−grid when compensation is activated. A decrease in Ia−grid

can be appreciated as the reactive power is compensated. The
fast performance of the PFC is shown in the experimental
results in accordance with the simulations.

V. CONCLUSION

The integration of an MCSI and a fuel cell to provide energy
and increase power quality in the electric grid has been pre-
sented. A system to deliver energy from a fuel cell to the elec-
tric grid using a seven-level MCSI power converter has been
designed, evaluated through simulations, and implemented on
a reduced scale model based on a 200-W fuel cell. The whole
system shows an excellent behavior, both in simulation and
experimental results. The MCSI output fulfills the IEEE Stan-
dard 519 and the IEC 61000-4-7 standard regarding harmonics
distortion. All the experimental results demonstrate that the
experimental setup has a good correlation compared with the
simulation counterpart, allowing to extrapolate the results ob-
tained to much higher power systems. The proposed system is a
good choice in distributed generation systems or smart grids as
it can provide active power while compensating power factor
and harmonic distortion on the grid current. The proposed
energy integration system is also suitable to integrate different

energy sources such as wind or solar using the same layout,
requiring only minimal changes in the control block.
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