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A Single-Phase Grid-Connected Fuel Cell System
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Abstract—In this paper, the boost-inverter topology is used as
a building block for a single-phase grid-connected fuel cell (FC)
system offering low cost and compactness. In addition, the pro-
posed system incorporates battery-based energy storage and a
dc—dc bidirectional converter to support the slow dynamics of the
FC. The single-phase boost inverter is voltage-mode controlled and
the dc-dc bidirectional converter is current-mode controlled. The
low-frequency current ripple is supplied by the battery which min-
imizes the effects of such ripple being drawn directly from the FC
itself. Moreover, this system can operate either in a grid-connected
or stand-alone mode. In the grid-connected mode, the boost in-
verter is able to control the active (P) and reactive () powers
using an algorithm based on a second-order generalized integrator
which provides a fast signal conditioning for single-phase systems.
Design guidelines, simulation, and experimental results taken from
a laboratory prototype are presented to confirm the performance
of the proposed system.

Index Terms—Boost inverter, fuel cell, grid-connected inverter,
power conditioning system (PCS), PQ control.

1. INTRODUCTION

LTERNATIVE energy generation systems based on solar
A photovoltaics and fuel cells (FCs) need to be conditioned
for both dc and ac loads. The overall system includes power
electronics energy conversion technologies and may include
energy storage based on the target application. However, the FC
systems must be supported through additional energy storage
unit to achieve high-quality supply of power [1]-[4]. When
such systems are used to power ac loads or to be connected with
the electricity grid, an inversion stage is also required.

The typical output voltage of low-power FC is low and vari-
able with respect to the load current. For instance, based on
the current—voltage characteristics of a 72-cell proton exchange
membrane FC (PEMFC) power module, the voltage varies be-
tween 39 and 69 V depending upon the level of the output
current as shown in Fig. 1 [5]. Moreover, the hydrogen and ox-
idant cannot respond the load current changes instantaneously
due to the operation of components such as pumps, heat ex-
changers, and fuel-processing unit [6]—[8]. Caisheng et al. [9]
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presented the cold-start which takes more than few seconds.
Thus, the slow dynamics of the FC must be taken into account
when designing FC systems. This is crucial, especially when
the power drawn from the FC exceeds the maximum permissi-
ble power, as in this case, the FC module may not only fail to
supply the required power to the load but also cease to operate
or be damaged [10]-[12]. Therefore, the power converter needs
to ensure that the required power remains within the maximum
limit [10], [12].

A two-stage FC power conditioning system to deliver ac
power has been commonly considered and studied in numer-
ous technical papers [3], [4], [7], [10]-[14]. The two-stage FC
power conditioning system encounters drawbacks such as being
bulky, costly, and relatively inefficient due to its cascaded power
conversion stages.

To alleviate these drawbacks, a topology that is suitable for ac
loads and is powered from dc sources able to boost and invert the
voltage at the same time has been proposed in [15]. The double
loop control scheme of this topology has also been proposed for
better performance even during transient conditions [16].

A single-stage FC system based on a boost inverter has been
proposed in [17]. The single-stage system is able to minimize
the problems with the two-stage FC power conditioning sys-
tem [17]. The paper reported overall efficiency dealing with the
single-stage and conventional two-stage FC systems. The total
efficiency of the single-stage system has been improved around
10% over the range of the power rating and [17]. The paper il-
lustrated the performance of a stand-alone FC system using the
boost inverter with a bidirectional backup storage unit to support
the slow dynamics of the FC and to cancel the ripple current
that causes reduction of the lifetime and efficiency of the FC
[17]-[19]. However, the performance and operating charac-
teristics of such a system for grid applications is an impor-
tant step forward that is yet to be reported in the technical
literature.

The objective of this paper is to propose and report full ex-
perimental results of a grid-connected single-phase FC system
using a single energy conversion stage only. In particular, the
proposed system, based on the boost inverter with a backup en-
ergy storage unit, solves the previously mentioned issues (e.g.,
the low and variable output voltage of the FC, its slow dynam-
ics, and current harmonics on the FC side). The single energy
conversion stage includes both boosting and inversion func-
tions and provides high power conversion efficiency, reduced
converter size, and low cost [17]. The proposed single-phase
grid-connected FC system can operate either in grid-connected
or stand-alone mode. In the grid-connected mode, the boost-
inverter is able to control the active (P) and reactive (Q) powers

0885-8993/$31.00 © 2012 IEEE
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Seventy-two-cell PEMFC system (Horizon H-1000, 1.0 kW). (a) Voltage—current characteristic showing the dc output voltage ranges from 39 to 69 V

across the operating range. At rated power, dc output voltage and current are 43 and 23.5 A, respectively. (b) Power—current characteristic showing the output

power ranges from zero when being idle to 1000 W at rated output power.
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Block diagram for the proposed grid-connected FC system. The backup unit and the FC power module are connected in the unregulated dc bus and the

boost-inverter output is connected to the local load and the grid. (P1: FC output power, P2: backup unit input/output power, P3: inverter output power, P4: power

between the inverter and the grid, and P5: power to the ac loads).

through the grid by the proposed PQ control algorithm using
fast signal conditioning for single-phase systems [20].

The remaining of this paper is organized as follows. In
Section II, the proposed grid-connected FC system is intro-
duced including the inverter topology, the control algorithm of
the boost inverter, the backup energy storage unit, and the PQ
control algorithm for a single-phase FC system. Design guide-
lines are also provided in Section II. In Section III, simulation
and experimental results are presented to document the perfor-
mance of the proposed system. Experimental results taken from
a 1-kW laboratory prototype are presented to verify the overall
performance of the proposed grid-connected FC system. Finally,
the conclusions are summarized in Section I'V.

II. PROPOSED FC ENERGY SYSTEM
A. Description of the FC System

The block diagram of the proposed grid-connected FC system
is shown in Fig. 2. Fig. 2 also shows the power flows between

each part. This system consists of two power converters: the
boost inverter and the bidirectional backup unit, as shown in
Figs. 2 and 3. Fig. 4 shows the laboratory setup of the proposed
FC system. The boost inverter is supplied by the FC and the
backup unit, which are both connected to the same unregulated
dc bus, while the output side is connected to the load and grid
through an inductor. The system incorporates a current-mode
controlled bidirectional converter with battery energy storage to
support the FC power generation and a voltage-controlled boost
inverter.

The FC system should dynamically adjust to varying input
voltage while maintaining constant power operation. Voltage
and current limits, which should be provided by the manufac-
turers of the FC stack, need to be imposed at the input of the
converter to protect the FC from damage due to excessive load-
ing and transients. Moreover, the power has to be ramped up and
down so that the FC can react appropriately, avoiding transients
and extending its lifetime. The converter also has to meet the
maximum ripple current requirements of the FC [6].
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Fig. 4. Laboratory prototype of the proposed grid-connected FC system.

In the grid-connected mode, the system is also providing
active (P) and reactive (Q) power control. A key concept of
the PQ control in the inductive coupled voltage sources is the
use of a grid compatible frequency and voltage droops [20].
Therefore, the active and reactive powers are controlled by the
small variations of the voltage phase and magnitude. The control
of the inverter requires a fast signal conditioning for single-phase
systems. In the proposed system, the second-order generalized
integrator (SOGI) algorithm has been employed [20].

B. Boost Inverter

The boost inverter consists of two bidirectional boost con-
verters and their outputs are connected in series, as shown in
Fig. 3. Each boost converter generates a dc bias with deliberate
ac output voltage (a dc-biased sinusoidal waveform as an out-
put), so that each converter generates a unipolar voltage greater
than the FC voltage with a variable duty cycle. Each converter

where V. is the dc offset voltage of each boost converter and
have to be greater than 0.5 A, + Viy,.

From (3), it can be observed that the output voltage V,, con-
tains only the ac component. This concept has been discussed in
numerous papers [15], [16]. The boost inverter employs voltage-
mode control.

In this paper, a double-loop control scheme is chosen for the
boost-inverter control being the most appropriate method to con-
trol the individual boost converters covering the wide range of
operating points. This control method is based on the averaged
continuous-time model of the boost topology and has several
advantages with special conditions that may not be provided by
the sliding mode control, such as nonlinear loads, abrupt load
variations, and transient short-circuit situations. Using this con-
trol method, the inverter maintains a stable operating condition
by means of limiting the inductor current. Because of this ability
to keep the system under control even in these situations, the
inverter achieves a very reliable operation [16].

The reference voltage of the boost inverter is provided from
the PQ control algorithm being able to control the active and re-
active power. The voltages across C; and C, are controlled
to track the voltage references using proportional-resonant
(PR) controllers. Compared with the conventional proportional-
integral (PI) controller, the PR controller has the ability to min-
imize the drawbacks of the PI one such as lack of tracking a
sinusoidal reference with zero steady-state error and poor dis-
turbance rejection capability [21], [22].
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Fig. 5. Boost-inverter control block diagram.

The currents through L; and L. are controlled by PR con-
trollers to achieve a stable operation under special conditions
such as nonlinear loads and transients.

The control block diagram for the boost inverter is shown
in Fig. 5. The output voltage reference is divided to generate
the two individual output voltage references of the two boost
converters with the dc bias, V.. The dc bias can be obtained
by adding the input voltage V;, to the half of the peak output
amplitude. V. is also used to minimize the output voltages of
the converters and the switching losses in the variable input
voltage condition.

The output voltage reference is determined by

Voret = (‘/;3];) + d‘/pp) . Sin(wot + 6),
A, =Vyp +dVy, and 0 = wot 46

when
()

where V), is the peak value of the typical grid voltage, dV/,,, is
a small variation of the output voltage reference affecting to the
reactive power, w, is the grid fundamental angular frequency,
and ¢ is the phase difference between V, and V, relating with
the active power. Then, V ;of and Vs 1o are calculated by (1)
and (2).

C. Backup Energy Storage Unit

The functions of the backup energy storage unit are divided
into two parts. First, the backup unit is designed to support the
slow dynamics of the FC. Second, in order to protect the FC
system, the backup unit provides low-frequency ac current that
is required from the boost inverter operation. The low-frequency
current ripple supplied by the batteries has an impact on their
lifetime [23], but between the most expensive FC components
and the relatively inexpensive battery components, the latter is
preferable to be stressed by such low-frequency current rip-
ple. The backup unit comprises of a current-mode controlled
bidirectional converter and a battery as the energy storage unit.
For instance, when a 1-kW load is connected from a no-load con-
dition, the backup unit immediately provides the 1-kW power
from the battery to the load, as shown in Table I. On the other
hand, when the load is disconnected suddenly, the surplus power
from the FC could be recovered and stored into the battery to
increase the overall efficiency of the energy system.

The backup unit controller is designed to control the output
current of the backup unit in Fig. 6. The reference of Ir,
is determined by /4. through a high-pass filter and the de-
manded current /e anq thatis related to the load change. The ac
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TABLE I
BACKUP UNIT SEQUENCE OF MODES OF OPERATION UNDER LOAD CHANGE

Pj; Increase P; Decrease Normal
(P1+Pr—Ps) (P1—PytPs) (P1=P5)
Discharge
Chzlirge Charge
! !
Normal Normal Normal

component of the current reference deals with eliminating the ac
ripple current into the FC power module while the dc component
deals with the slow dynamics of the FC.

D. Control of the Grid-Connected Boost Inverter

Fig. 7 illustrates the equivalent circuit of the grid-connected
FC system consisting of two ac sources (V, and V,), an ac
inductor Ly between the two ac sources, and the load. The boost
inverter output voltage (including the FC and backup unit) is
indicated as V,, and V, is the grid voltage. The active and reactive
powers at the point of common coupling (PCC) are expressed
by [20] and [24]

pP— rg Zf sin(6) (6)
V2 V..V
_ g _ Yg Vo
@= wo-Ly wy-Ly cos(9) @

where L is the filter inductance between the grid and the boost
verter.

From (6) and (7), the phase shift § and voltage difference
Vy =V, between V,, and V,, affect the active and the reactive
powers, respectively. Therefore, to control the power flows be-
tween the boost inverter and the grid, the FC system must be
able to vary its output voltage V, in amplitude and phase with
respect to the grid voltage V, [20], [24].

Fig. 8 shows the theoretical approach to control the power
between the grid and the boost inverter with different vector di-
agrams. According to these vector diagrams, power flow, active
power and reactive powers should be controlled by the phase
angle § and the inverter voltage amplitude, V,. For instance,
when the reactive power reference is zero, Fig. 8(a) shows ac-
tive power controlling with small variations of § and dV,,,,. If
active and reactive powers need to be controlled simultaneously,
Fig. 8(b) is the approach to control them. Fig. 8(c) illustrates
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that only dV,,, is controlled for reactive power while the active
power is zero by the magnitude of V,, equals V.

Fig. 8 illustrates that the system is sensitive to small changes
of the phase J and the magnitude dV,,,. Therefore, the grid-
connected FC system as parallel operation of voltage source
inverters requires a precise control. Grid-compatible frequency
and voltage droop were introduced to control active and reactive
powers in this paper. The droop control for the boost inverter
requires the fast acquisition of P and Q. The measurement of P
and Q at the PCC is obtained based on the following expressions
[20]:

Prcas = (vga ' iga + Vg3 * ig@) (3

— N =

Qumeas = i(vgﬁ : iga — Vga * Z.gﬂ) &)
where vy, and v, are the instantaneous orthogonal voltages at
PCC, and i, and i,z are the instantaneous orthogonal currents
at PCC. The orthogonal voltage and current are obtained using a
SOGlI-based algorithm which provides a fast signal conditioning
for single-phase systems [20].

Fig. 9 illustrates the PQ control algorithm with the phase-
locked loop and the orthogonal system generator. § and dV,,
are determined by PI regulators to track the active and reactive
power references. The inverter voltage reference is generated to
control the active and reactive powers using the droop control
method, as shown in Fig. 9.

E. Design Guidelines

The power components of the proposed system were designed
with the parameters given in Table II.
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Fig. 8. Vector diagrams for the active and reactive power control. (a) When
reactive power reference is zero. (b) Active and reactive powers are controlled
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Fig. 9. Boost-inverter output voltage reference generation block diagram with the PQ control algorithm.

TABLE II
DESIGN SPECIFICATIONS

FC output voltage 36-69V (72-Cell FC)
AC output voltage 220V RMS, Single phase, 50Hz
AC Grid voltage 220V, 50Hz
Switching frequency 20kHz
Output power 1kW
Vin 42V (min)
R, (resistance of L and L) =10mQ
Vi(t) 353V (max)
Va(t) 42V (min)
At; (maximum on time) 42.5us (max at 20kHz)
Aipmax 5% of i1 max)
AV, 5% of Vimax
R (load) 48.4Q at 1kW
V) (battery voltage) 22V (min)-27.3V(max)
Irip 45.5A (max)

The current of the inductors (i1, iz,2) consists of fundamental
and switching frequency components. To calculate the induc-
tance of L; and Lo, the following equations are used [15]:

: Vin—/Via 4R (Vi (1)) - (V2 () = Vi (1)) /R1)
17, (max) = SR,

(10)

A?:L (1’): (‘/in - RaiL (t)) . Atl (11)

L

where iy (max) is maximum inductor current and Aiy is high-
frequency ripple current of the inductor caused by switching.
The maximum inductor current ripple Aiy ., is chosen to be
equal to 5% of the maximum inductor current, as calculated
from (10) when the V; is maximum and V5 is minimum. From
(10) and (11), the minimum inductance is calculated as 650 and
700 pH which are the chosen values for L; and L. The ripple

TABLE III
SPECIFICATIONS FOR THE FC SYSTEM

FC output voltage 39-69V (72 Cell PEMFC)
AC output voltage 220V, 50Hz
Switching frequency 20kHz
Rated power 1.0kW (43V at 23.5A)
Power stack SEMISTACK-IGBT
Controller DSP TMS320F28335
Voltage transducers LEM LV25-P
Current transducers LEM HALS50s
Energy storage Two 12V-24Ah lead acid batteries
L=L, 700pH
Lyi=Ly, 150pH
Ly SmH
Ci=C= C5=Cy4 20pF
PR1 Kp:0.1, K210
PR2 Kp:1, K;:1000
PII Kp:0.1, K;:100
PI2 Kp: le-6, K;: 1e-3
PI3 Kp: 5e-5, K1:0.2
PI4 Kp:0.5, K;:0.03

voltage of the C; and C; is given by [15]

s (

A 15-uF designed capacitor value has been obtained using

Vl(t)_VQ(t)) A (12)

C-Ry

(12) and a 20-uF 800-V rated metalized polypropylene film
capacitor has been used as C; and C, for the experimental
setup, as shown in Fig. 4. The same value of 20 uF has been
used for the backup unit capacitors C3 and Cj.

During transient conditions, the backup unit should provide
all the power required by the load. In this case, the maximum
inductor current of the boost inverter should appear in the in-
ductor L. Therefore, the maximum inductance of L;o can be
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Fig. 10.

Simulation results of the proposed FC system. (a) Output voltages of the boost inverter. (b) Grid voltage V,, and current /, with full power feeding to the

grid. (c) Current waveforms of L; and Ly . (d) Input current of the boost inverter, /4. . (¢) FC output current during transient, /¢.. (f) Output current of the backup

unit, Iy,p2.
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Simulation results of the PQ control. (a) Active power measurement and its reference. (b) Reactive power measurement and its reference. (c) Small

variation of the phase ¢ for the active power control. (d) Small variation of the voltage amplitude dV,,, for the reactive power control.

calculated by (11) and Aij(t)max need to be larger than the
maximum inductor current of the boost inverter in order to track
the maximum slope of the current. The maximum inductance is
obtained from (11) as 366 H and the values of Ly and Ly, are
chosen to be 150 pH.

The capacity of the battery should be designed to recover
the slow dynamics (maximum current slew rate is 4 A/s [12])
and start up time (30 s at room temperature [5]) of the FC.
Two generic 12-V lead-acid batteries are introduced for energy

storage to deal with the need to provide fast dynamics and a
relatively low-cost solution. The FC startup time should be con-
sidered as worst case scenario to calculate the battery capacity.
The minimum and maximum voltages of the battery are shown in
Table II. The battery consists of six cells and recommended float
voltage for the batteries at 25 °C is 2.26 V/cell and the capacity
choice guideline is provided in the battery’s manual [25]. To
find the minimum voltage per cells, the minimum voltage of the
battery is divided by the number of cells (22/12 = 1.833 V/cell).
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Experimental results. (a) Output voltages of the boost inverter (V7,
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Vs, and V,) and dc input voltage, Viy,. (b) Current waveforms of L; and Ly.

(c) Voltage and current of the boost inverter when full-load is connected, V,, and I, . (d) When the load is increased, the backup unit supports the ramp-up operation

for the FC.

The load Watts per cell is obtained as the rated power divided
by the number of cells (1000/12 = 83.33 W/cell). The value
of Watts per cell per Ah can be found at 4.13 in the provided
Watts/Ah/Cell table [25]. The minimum battery capacity is ob-
tained as the load Watts per cell divided by the value from the
Watts/Ah/Cell table (83.33/4.13 = 20 Ah). Therefore, a 24-Ah
battery is selected for the system.

III. SIMULATION AND EXPERIMENTAL RESULTS

The proposed FC system (see Fig. 3) has been analyzed,
designed, simulated, and tested experimentally to validate its
overall performance. The simulations have been done using
Simulink/MATLAB and PLECS blockset to validate the analyt-
ical results. The ac output voltage of the system was chosen to be
equal to 220 V, while the dc input voltage varied between 43 and
69 V. The parameters of the proposed FC system for the simu-
lation and the laboratory prototype (see Fig. 4) are summarized
in Table III.

The simulation results show the operations of the boost in-
verter and the backup unit. In particular, Fig. 10(a) illustrates
the output voltages of the boost inverter (V;, Vo, and V,) and
Fig. 10(b) shows the grid voltage and grid current at the PCC.
The input currents of each boost converter flowing through the
inductors Ly and Ly are shown in Fig. 10(c). Fig. 10(d)—(f) il-
lustrates the waveforms of the inverter input current /., the FC
output current /., and the output current /755 of the backup unit,
respectively. Fig. 10(e) and (f) also illustrates how the backup
unit supports the FC power in transients when the load is in-

creased at 0.15 s. When full-load is required from the no-load
operating point, the entire power is provided by the backup
unit to the load, as shown in Fig. 10(f). Then, the power drawn
from the battery starts decreasing moderately allowing gentle
step-up to deliver power which should increase up to meet the
demanded load power. Moreover, the backup unit protects the
FC from potential damage by eliminating the ripple current due
to the boost operation. The high-frequency output ripple current
of the FC can be canceled by a passive filter placed between
the FC and the boost inverter. The active and reactive power
control performances are illustrated with the references and the
measured values in Fig. 11(a) and (b). In addition, Fig. 11(c)
and (d) shows the variation of the phase shift § between V,, and
V, to control the active power and the variation of the voltage
differences, V, — V,, related with the reactive power control,
respectively.

The obtained experimental efficiency for the proposed system
is about 93% at peak point and 83% at rated output power.
Consequently, the proposed FC system achieves an increased
total efficiency when compared with a conventional two-stage
FC system [17].

The proposed single-phase grid-connected FC system has
been developed as a laboratory prototype (see Fig. 4). In this
paper, a dc power supply is used to provide dc output between
43 and 69 V, same voltage range as a 72-cell PEMFC. The power
electronic stack consists of three insulated gate bipolar transistor
(IGBT) modules that are used to build the boost inverter for two
modules and backup unit for one module. The DSP controller
unit has been used for a number of reasons such as low cost,
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Fig. 13.  Experimental results for the grid connection. (a) Inverter output volt-
age V,, grid voltage V,, and current through the inductor Ly (I;) at 1-kW
injection to the grid. (b) FFT of the grid current /,. (c) Measured active power
controlled between 0 and 1 kW. (d) Measured reactive power controlled between
500 and —500 Var.

embedded floating point unit, high speed, on-chip analog-to-
digital converter, and high-performance pulsewidth modulation
unit.

Experimental results presented in Fig. 12 show the perfor-
mance of the boost inverter operation with the load changing.
Specifically, Fig. 12(a) illustrates the input and output voltages
of the boost inverter. The current waveforms of the two different
inductors are shown in Fig. 12(b). The FC system output voltage
and current are shown in Fig. 12(c). As can be seen in Fig. 12(d),
the FC power changed from approximately 500 to 850 Win 5 s
which is a moderate amount of time. Fig. 12(d) also illustrates

how the backup unit supports the FC, since the FC is expected
to have a slow power up operation.

Experimental results for the grid connection of the FC system
are presented in Fig. 13. Fig. 13(a) illustrates the current through
the inductor L; and the voltages of grid and inverter output
(Vy and V,). The difference between the two voltages is not
visible due to the small amount of the phase angle being under
0.01[rad]. Fig. 13(b) shows the fast Fourier transform (FFT)
of the grid current /, with the total harmonic distortion (THD)
being approximately 4%. Fig. 13(c) and (d) shows the active
and reactive power control performance.

IV. CONCLUSION

A single-phase single power stage grid-connected FC system
based on the boost-inverter topology with a backup battery-
based energy storage unit is proposed in this paper. The simu-
lation results and selected laboratory tests verify the operation
characteristics of the proposed FC system. In summary, the pro-
posed FC system has a number of attractive features, such as
single power conversion stage with high efficiency, simplified
topology, low cost, and able to operate in stand-alone as well as
in grid-connected mode. Moreover, in the grid-connected mode,
the single-phase FC system is able to control the active and re-
active powers by a PQ control algorithm based on SOGI which
offers a fast signal conditioning for single-phase systems. How-
ever, it should be noted that the voltage-mode control adopted
for the boost inverter may result in a distorted grid current (under
given THD) if the grid voltage includes a harmonic component.
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