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Abstract—We describe an energy-efficient, fuel-cell power-con-
ditioning system (PCS) for stationary application, which reduces
the variations in the current drawn from the fuel-cell stack and
can potentially meet the $40/kW cost target. The PCS consists of
a zero-ripple boost converter (ZRBC) followed by a soft-switched
and multilevel high-frequency (HF) inverter and a single-phase cy-
cloconverter. The ZRBC comprises a new zero-ripple filter (ZRF),
which significantly reduces the input low- and high-frequency
current ripples, thereby potentially enhancing the durability of the
stack. A new phase-shifted sinewave modulation of the multilevel
HF inverter is proposed, which results in the zero-voltage switching
(ZVS) of all four switches without the use of any auxiliary circuit
components. For such a sine wave modulation technique, >90 %
ZVS range is obtained per line cycle for about 70% of the rated
load. Further, the line-frequency switching of the cycloconverter
(at close to unity power factor) results in extremely low switching
losses. The intermediate dc bus facilitates the inclusion of power
systems based on other forms of alternative-energy techniques
(e.g., photovoltaic/high-voltage stack). A 5 kW prototype of the
proposed PCS is built, which currently achieves a peak efficiency
of 92.4%. We present a detailed description of the operation
of the PCS along with its key features and advantages. Finally,
experimental results showing the satisfactory performance and
the operation of the PCS are demonstrated.

Index Terms—Active power filter (APF), conditioner, cyclocon-
verter, efficiency, fuel cell, grid, inverter, modulation, multilevel,
photovoltaics, power-conditioning system (PCS), ripple reduction,
zero ripple filter (ZRF).

LIST OF ABBREVIATIONS

PCS Power-conditioning system.
ZRBC  Zero-ripple boost converter.
HF High frequency.
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LFSC  Line-frequency-switched cycloconverter.
SPWM  Sinewave pulse-width modulation.

ZRF Zero-ripple filter.

APF Active power filter.

1. INTRODUCTION

N ORDER TO maximize the efficiency of the fuel cell

power system, the operating point of a fuel-cell stack should
be chosen close to the maximum power-delivery point [as
shown in Fig. 1(a)]. However, since the power-conditioning
system (PCS) connected to the fuel-cell stack usually draws
a current, which has a low-frequency ripple (e.g., 120 Hz for
single- and split-phase systems) and a high-frequency (HF)
switching ripple, the hydrogen utilization and fuel-cell effi-
ciency varies over the nominal dc operating point of the stack.
As a result, the operating point of the fuel cell is periodically
forced into the concentration or the mass-transport region
where the fuel-cell stack suffers from excessive losses and
overheating [1], [2]. In order to avoid the periodic operation of
the fuel cell in the concentration region, the dc operating point
has to be reduced below the maximum power-delivery (and
maximum-efficiency point), as shown in Fig. 1(a). However,
such a reduction will result in a decrease in the efficiency of
the fuel-cell stack, which is not desirable. In Fig. 1(b), the bar
chart shows the maximum allowable hydrogen utilization for
seven different values of fuel cell output-current ripple, from
which the following conclusions can be drawn: (a) fuel-cell
stack efficiency increases with increase in hydrogen utilization
and (b) with increasing fuel cell current ripple, the maximum
allowable hydrogen utilization decreases. Also, in [25], [31],
it has been demonstrated that current ripple results in loss of
fuel-cell stack power and has a degrading effect on its long-term
performance.

Thus, to ensure energy-efficient operation of the fuel-cell
stack, the output current ripple of the fuel-cell stack should be
minimized. In [3], it is suggested that, that the magnitude of the
low-frequency (<400 Hz) current ripple should be minimized
to increase the durability of the fuel cell. In [4], an experimental
impedance model of the proton exchange membrane fuel cell
(PEMEFC) has been demonstrated. It is shown that, the 120-Hz
ripple current of the power conditioner can contribute to a
reduction in the available output power of the fuel-cell stack
and increased distortion of the terminal voltage. It is shown
that, for PEMFC the size of the current ripple needs to be less
than 30% for energy-efficient operation. In [5], a high power
interleaved boost converter for fuel-cell systems is discussed,
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Fig. 1. Tllustration of the fuel-cell characteristics: (a) simulated voltage—current
and power—current characteristics plot for a 100-cell planar solid-oxide fuel-cell
(SOFC). It shows the activation, ohmic (normal operating region), and concen-
tration regions [29] of operation of the stack. The maximum power is obtained
close to the rated current of the stack. (b) The maximum allowable hydrogen
utilization and stack efficiency with variations in fuel-cell current ripple.

which can reduce the HF switching ripple. In [6], a new in-
verter current control is proposed, which achieves an active
low-frequency current-ripple reduction. However, the proposed
ripple-reduction method works effectively only in the presence
of a bulky capacitor at the boost converter output. In [7], an ac-
tive power filter (APF) for low-frequency ripple elimination is
demonstrated, but it is not a part of fuel-cell power conditioner.

While improving the energy density of the fuel cell is neces-
sary, it is also important to reduce the losses of the PCS to de-
liver the power of the fuel-cell stack efficiently to the load. The
choice of power-electronic topologies can be broadly catego-
rized as push-pull and full-bridge based topologies. In [8]-[11],
low cost push-pull topology for power levels >1 kW is pro-
posed. Push-pull based topology, owing to its low part count,
is a good candidate for a low-cost fuel cell converter and can
achieve an efficiency of 90% for low and medium power. How-
ever, at higher power it can suffer from transformer flux imbal-
ance and core-saturation problems.

For current-fed topologies, the main limitation is encountered
at greater than 3 kW, where, leakage inductance of the trans-
former poses a problem, unless soft switching is used. Further,
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the limited available range of switch duty cycle also makes it
difficult to track variations in the input voltage.

In [12]-[18], full-bridge based fuel cell inverter topologies
are discussed. Because of the symmetrical transformer flux
and equal electrical-stress distribution, several variations of
full-bridge inverter topologies have been found to be useful
from the cost and efficiency point of view, especially when
implemented for power levels greater than 3 kW. A 1.8 kW
prototype of a boost converter followed by a two-stage dc—ac
converter is discussed in [13]. The two-stage dc—ac converter
comprising a full-bridge HF inverter and a cycloconverter,
both operating at the same switching frequency, is based on a
novel multicarrier pulse-width modulation (PWM) scheme. A
similar two-stage dc—ac converter is discussed in [17], which
incorporates a zero-current switched cycloconverter; while the
full-bridge HF inverter is switched with a fixed 50% duty cycle.
An improved version of the prototype in [17], comprising a
soft-switched sinewave PWM (SPWM) full-bridge HF inverter
followed by a cycloconverter (operating at line frequency) is
proposed in [18]. Among all the low-cost fuel cell inverters
[8]-[18], which aim to achieve an efficiency of greater than
90%, a maximum full-load efficiency of 87% and 89% is
demonstrated in [8] and [18], respectively. Also, the PCS
topologies in [8]-[18] are not designed to improve efficiency
of the stack.

In [15], [23], a low-cost fuel-cell inverter for residential ap-
plication has been presented. This converter also has a high-fre-
quency link as in the cycloconverter topologies discussed above.
However, instead of achieving a high-frequency dc—ac followed
by an ac—ac forced cycloconversion, this topology first achieves
a high-frequency isolated dc—dc conversion followed by dc—ac
conversion using a full-bridge inverter. This topology has an es-
timated peak efficiency of 92% at 5 kW. However, no measured
efficiency results are provided. Further, it has no mechanisms
to mitigate and reduce the high- and low-frequency current rip-
ples.

In a more recent [24], a voltage-clamped and soft-switching
based fuel-cell inverter has been proposed, which has a mea-
sured peak efficiency of 95%. However, the peak power is only
350 W (which is < 10% of the power requirement for resi-
dential fuel-cell inverters). Further, the inverter apparently does
not have any high-frequency transformer for galvanic isolation
(which is necessary). The presence of the transformer reduces
the overall efficiency. On the other hand, if [24] uses line-trans-
former for isolation, then the weight and size of the converter
will be significant. Finally, this converter also does not have
any ripple-mitigating mechanism in the topology.

In this paper, we present a low-cost and energy-efficient PCS
[Fig. 2(a)], which significantly reduces the fuel-cell ripple cur-
rent. The mechanism of ripple mitigation is based on a zero-
ripple filter (ZRF) that comprises a coupled inductor based filter
[27] for minimizing the high-frequency switching ripple and an
APF for mitigating the low-frequency ripple. We believe this
is the first paper on fuel-cell inverter that provides a topological
mechanism [see Fig. 2(a)] that mitigates both low- and high-fre-
quency ripples of the stack current. As illustrated in Fig. 1, by
reducing the current ripple, one can enable the fuel-cell stack
to operate closer to its maximum-efficiency point. Thus, the
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Fig. 2. (a) Schematic of the proposed PCS, which comprises a ZRBC connected

©

to the fuel-cell stack and it is followed by an isolated dc—ac converter comprising

the HF inverter, HF transformer (with N = N_/N_and the LFAC. Although, only one ZRBC module is shown, for actual experiments, four such modules are
connected in parallel to reduce the conduction loss by sharing the large stack current. (b) Current-mode control scheme for the ZRBC. (c) Control scheme for the

overall dc—ac converter.

overall energy efficiency of the fuel-cell power system (which is
a product of the efficiencies of the fuel-cell stack and the power
electronics) will increase considerably. The overall efficiency of
the total energy system is of higher importance to the end user
than the efficiency of the power electronics alone.

Reducing the ripple of the fuel-cell current not only has an
impact on the stack efficiency but also on its performance and

durability. For instance, in [25] it has been demonstrated (using
1000 hours of test) that if two similar planar solid-oxide fuel cell
(SOFC) stacks are subjected to only a dc current and the same
dc current with additional current ripple, respectively, then, for
the second scenario, the area-specific resistance of the stack may
increase at a higher rate. The latter translates to progressive loss
of stack power and degradation.
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Finally, reducing the current ripple using the ZRF based
PCS also enables better utilization of the fuel-cell stack. As
shown [Fig. 1(a)] in the voltage—current (V-I) characteristics
of a planar a SOFC, if the stack is subjected only to a dc
current, then, its output voltage reduces only when the stack
output current increases in magnitude. However, if the stack
output current has a ripple component on top of a dc current,
then the stack output voltage will swing even for the same dc
current. Consequently, to meet the efficiency requirement of the
follow-up converter in the presence of varying stack voltage,
one may be forced to limit the load current or for the same load
current use a stack with higher current capability. This will be
a costly proposition because the cost of a stack is usually lot
higher than that of power electronics.

Apart from the ZRF, which is integrated with a boost con-
verter to yield a zero-ripple boost converter (ZRBC), the PCS
in Fig. 2(a) comprises a followup low-loss isolated dc—ac
converter. The first stage of this dc—ac converter comprises
a soft-switched phase-shifted sinewave PWM (SPWM) mul-
tilevel zero-voltage-switching (ZVS) HF inverter, which is
followed by a line-frequency-switched cycloconverter (LFSC)
[18]. We believe this is the first time, a topology comprising
multilevel HF inverter followed by an LFSC has been demon-
strated for fuel-cell-inverter application. In [21], [26], a
three-level inverter is designed. However, its application is
for dc—dc application (instead of dc—ac application). As such,
the secondary of this isolated dc—dc converter comprises an
ac—dc rectifier and not a cycloconverter. These differences
have an impact on the parametric design and efficiency of
the PCS, which are addressed in this paper. For instance, for
dc—ac applications, not only the load but also line variations
are important which have an impact on the commutation losses
and efficiency of the system. The multilevel arrangement of the
HF inverter switches reduces the voltage stress and the cost of
the semiconductor switches. This will be of interest when using
the inverter for high-power and high-voltage applications. The
LFSC is switched at ac line frequency based on the power-flow
information leading to considerably low switching losses.
Therefore, the heat-sinking requirements of the LESC switches
are significantly reduced.

Section II of this paper discusses the overall PCS schematic.
It provides a detailed description on the following: i) a discus-
sion on the ZRBC comprising the ZRF and the mechanisms for
high- and low-frequency current-ripple mitigations; ii) discus-
sions on the isolated dc—ac converter with regard to modes of op-
eration, ZVS range of the HF inverter, and leakage optimization
of the high-frequency isolation transformer for energy-efficient
design. Section III provides hardware setup, values of key pa-
rameters of the PCS, detailed experimental results showing per-
formances of the ZRBC and dc—ac converter under steady-state
and transient conditions and the overall energy-conversion effi-
ciency of the PCS (as well as ZRBC and the dc—ac converter).
Section IV draws conclusions from the results and the design
tradeoffs while Section V illustrates the application of the pre-
sented PCS for other energy sources.

II. DESCRIPTION OF THE PCS

The PCS [shown in Fig. 2(a)] consists of a dc—dc converter,
which steps up the input dc voltage of the fuel-cell stack, and is
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followed by a dc—ac inverter, the output of which can be fed to
a standalone load or a utility grid. The energy buffering for the
fuel-cell PCS can be provided by standard add-on battery-based
power conditioner (connected across capacitors C3 and C4) or
by direct grid support [30]. The 5 kW 20 kHz PCS unit, shown
in Fig. 2(a), comprises a fuel-cell powered dc—dc ZRBC, which
generates a high-voltage dc at its output.. The ZRBC is fol-
lowed by a soft-switched, transformer isolated dc—ac inverter,
which generates a 110 V RMS ac. The HF inverter switches are
arranged in a multilevel fashion and are modulated at 20 kHz
by a fully-rectified sine wave to create a HF and three-level ac
voltage Vi, as shown in Fig. 2(a). The HF inverter is followed
by the LFSC, which [as shown in Fig. 2(a)] basically rectifies
this HF PWM waveform to generate a pulsating 40 kHz wave-
form that is almost similar to that of the output of a conventional
voltage-source inverter (VSI) [20]. (We remind the readers that
although the LFSC output is a 40 kHz waveform, its controlled
power devices are still switching at line frequency.) The primary
difference between the dc—ac converter in Fig. 2(a) and a VSI
is that when the signal is rectified (i.e., the output signal of the
LFSC), although the effective frequency doubles (40 kHz), the
fundamental modulation of the pulses is still based at 20 kHz.
In contrast, in a VSI, a 40 kHz output will require an actual 40
kHz switching of the power devices, which has implications on
switching losses. However, frequency spectrums of the output
of a 40 kHz VSI and the dc—ac converter [in Fig. 2(b)], with the
HF inverter operating at 20 kHz and the ac—ac converter oper-
ating at line-frequency to rectify the inverter output, are slightly
different. The output of the dc—ac converter is passed through
a low-pass filter, which converts the three-level ac voltage to a
sinusoidal output voltage with a line frequency of 60 Hz.

A. Zero-Ripple Boost Converter (ZRBC)

The ZRBC is a standard non-isolated boost converter, in
which the conventional inductor is replaced with a ZRF. The
ZRF [as shown in Fig. 3(c)] is viewed as a combination of a
coupled inductor [shown in Fig. 3(a)] and a half-bridge ac-
tive-power filter (APF) [shown in Fig. 3(b). The simple control
mechanism for the master module is shown in Fig. 2(b). The
outer voltage loop regulates V4. using a linear compensator
G, and the current reference of the outer loop is compared
with I;,, for better dynamic response. Output of the current loop
compensator (Gr) is compared with a ramp carrier to generate
the PWM signal for switch S. Although we describe only one
ZRBC below, in the actual implementation, four ZRBC mod-
ules were connected in parallel to reduce the conduction loss
due to high source current (because a fuel-cell stack usually
provides power at low voltage and high current). The PWM
signals for the switches of all the other three modules are the
same as that for switch S.

The hybrid structure of the ZRF serves the dual purpose of
reducing the high- and the low-frequency current ripples so that
Irc (which is the current supplied by the fuel cell) is a dc.
As shown in Fig. 3(a), the coupled inductor, in combination
with capacitor C [in Fig. 3(a)] or equivalently identical capac-
itors C; and Cs [in Fig. 3(c)], minimizes the HF ripple of the
fuel-cell current (i.e., isgr ). On the other hand, the APF [shown
in Fig. 3(b)] minimizes the low-frequency ripple of the fuel-cell



MAZUMBDER et al.: RIPPLE-MITIGATING AND ENERGY-EFFICIENT FUEL CELL POWER-CONDITIONING SYSTEM

Coupled Inductor

lrc )
—> >
loa A A }N1

Vi T
Tb

@
APF

|
—>

—> linF

(b)

Low-Frequency
Ripple Reduction

1441

) High-Frequency
loHF Ripple Reduction

===

I ZRF
—> et lince

acLF T IoHF

I
I
I
I
I
I
]

Fig. 3. Schematic diagrams for (a) coupled-inductor structure which reduces the HF current ripple [27]; (b) the half-bridge active filter which reduces low fre-
quency ripple current of the fuel-cell stack; and (c) the schematic of the ZRF. For (c), with reference to Fig. 2(a), I, = Lacrr + lonr and I;, = Ipc + Lic.

current (i.e., I .r,r) by providing a low-impedance path via ei-
ther storage reactor (L, ) and C; or L, and Cs. Thus, in Fig. 3(c),
for effective mitigation of the HF current from the fuel-cell
output, the values of C; and C, should be so chosen such that
the impedance of the path (formed by C; and Cs and the cou-
pled inductor) as seen by the high-frequency ripple current is
much smaller than that seen by the low-frequency ripple cur-
rent. Similarly, L, should be so chosen such that the impedance
of the path (formed by one of C; or Cy and L,) as seen by the
low-frequency ripple current is much smaller than that seen by
the high-frequency ripple current. Therefore, for a chosen value
of capacitor (C), the following relations should hold true:

Cl = Cz =2C (la)
1

fgp = —— 1b

HF DI, el (1b)
. (1¢)

fip= —
L o VaLC

where Lo is the self inductance of the secondary winding of
the coupled inductor (with No turns) and fyp and frp are the
resonant frequencies. In the design of the APF, the value of L,
should be minimized. Therefore, assuming that

far > 20fLF (1d)
the value Lioo and L, can be determined using
1 10v/2
\/_ or Lr > 200L22 (le)

e — > e —
vL5L22C  VL,C

Therefore, the value of Loy should be small in order to limit
the value of L, and also to minimize the phase shift in low-

frequency ripple current. Also, from a control standpoint, the
values of Las, L, and C should be chosen in such a way so that
fyr and frr and the ZRBC corner frequencies do not overlap
and are separated by a decade.

1) HF Current-Ripple Reduction: In this section, the effec-
tive inductance offered by the coupled inductor and the achiev-
able ripple reduction is derived. Because, the values of the ca-
pacitors C; and C, are large and that of Lo is small, the dy-
namics of the APF is assumed to have minimal effect on the
coupled-inductor analysis. For the m-model of the coupled in-
ductor, the excitation voltage and the current for the primary and
the secondary windings are shown in the Fig. 4. The parameters
of the coupled inductor are defined as follows:

M

K= (2a)
VLaaLig
M
Ly =— (2b)
n
N, Los
n=-—=,/=—=2 (for low leakage 2c
N VL s 09
Lii =L +Lu (2d)

where L is the primary side leakage inductance, and Li;; and
Lgo are the self inductances of the primary and secondary wind-
ings, respectively, Ly is the primary magnetizing inductance, M
is the mutual inductance, and k is the coupling coefficient of the
coupled inductor. The currents i;gr and isgp are the primary
and the secondary ac currents, respectively, as shown in Fig. 4
and are derived using

dijpr L

di
vrc = (L1 + L) i + nLy ;?F

(3a)
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Fig. 4. AC w-model for the coupled inductor shown in Fig. 3(a).

dirgr
dt

+ (La + nLy + nLyy)

ve = (L1 + Ly + nly)

dizar
dt

(3b)

where L is the secondary side leakage inductance. To reduce
the ac component of the fuel-cell-stack current to zero, the fol-
lowing condition should hold true:

diigr _ dizmr
dt  dt

“4)
Using (2)—(4) and assuming negligible leakage, we obtain

dizgr _ VFC
dt Li; |:1 + nLMj|

VFC

kvIL2aL
Lig [1-}- S TR “]

VFC
L11 (1 + kn)
VFC

" L’ )

The denominator of (5) is the effective inductance Lg exhibited
by the coupled inductor of the ZRF.

Fig. 5(a) shows the dependence of the scaled L.g onn as k is
varied. For the values of the scaled L.g shown in Fig. 5(a), the
corresponding values of the achievable ripple current in both
the coupled-inductor windings are shown in Fig. 5(b). Using
Fig. 5(b), a designer can decide on a value of high-frequency
current ripple and using the corresponding values of n and k,
the scaled L. can be chosen using Fig. 5(a). However, while
deciding on the value of k and n, the bandwidth requirements
of the ZRBC must be kept in mind. An increase in Leg has a
two-pronged effect on the open-loop frequency response of the
ZRBC. Firstly, the bandwidth is reduced and secondly, the right-
half-plane zero is drawn closer to the imaginary axis, resulting
in a reduction in the available phase margin.

2) Low-Frequency Ripple Reduction: We derive the condi-
tion for low-frequency current ripple elimination from the PCS
input current (the low- and high-frequency dynamics of the ZRF
are assumed practically independent of each other for a small
secondary self inductance Ls5). For the APF shown in Fig. 3(b),
the voltage across L, is obtained as

Vv 1
Vab = Va —%—VFC <sa—5> (6)
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where S, is given by

S. =05+ Z By sinn(wt + ¢).
n=1

The current through L, is given by

Var  Vrc (Sa—13)

Ir = - = .
oL, o,

(7a)

Considering only the fundamental component of I, in (7a), we
obtain

Vrc
i B sin (wt+¢— —)

wliy

I = (7b)

using which the fundamental current injected by the APF is ob-
tained as follows:

1
IacLF = <Sa - 5) Ir

VFC VFC
= oL B3 sin(wt + ¢) sin <wt +¢— —) = ool
x B2 cos (2wt 26— 5) . (8)
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Fig. 6. Gating sequence of the HF inverter switches and illustration of its modes
of operation.

Now, the input current of the PCS without the ZRF (but using
a conventional boost inductor) comprises a dc component and a
120 Hz ac component and is expressed as

Vout,pcahout,pcak cos f
nVrc
Vout peahout peak
- : : cos(2wt — 0) (9)
nVrc ( )

IFC + Iac(t) =

where Ipc is the dc component of the fuel cell output current;
Iac is the ac component of the fuel cell output current; Vout peak
is the PCS peak output voltage; Ioy¢ peak 1S the inverter peak
output current; V¢ is the fuel cell stack voltage; # is the load
power-factor angle; 7 is the energy efficiency of the PCS.

In order to reduce the 2nd harmonic component of the stack
output current to zero, one needs to satisfy the condition I,.pp =
Tac, where I, is the ac component of the dc—ac inverter input
current. Using this constraint and (8) and (9), we obtain the fol-
lowing:

Vrc
2wl

B2 |:COS (2wt +2¢ — g)}

Voll " ea. :[O'll, ea
= tpeakout peak cos(2wt — 6)
nVrc

(10a)

which yields

_ \/2WLrV0ut,peahout,peak/7]

B
! Vrc

(10b)
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Therefore, in order to eliminate the 120 Hz from the fuel-cell
output current, the modulating signal of the APF should have
amplitude of B; and should be phase shifted by an angle of ¢
with respect to the modulating signal of the HF inverter.

B. DC-AC Converter

In this section, the ZVS operation of the dc—ac converter
is discussed. A tradeoff analysis between the achievable ZVS
range and duty ratio loss is done towards the end of this sec-
tion. Such a study is necessary for energy-efficient design of the
transformer-isolated topology. The control scheme for the dc—ac
converter is described in Fig. 2(c). The switching pulses for the
HF inverter are obtained by feeding the output of a voltage-loop
controller (that regulates V) to UC3895. The latter creates
phase-shifted ZVS SPWM pulses (shown in Fig. 6) for switches
S1-S4. Fig. 6 shows the schematic waveforms of the five oper-
ating modes of the HF inverter for a positive primary current.
Modes 2 and 4 show the ZVS turn-on mechanism for switches
S4 and S3, respectively.

The LFSC modulation scheme [18], as illustrated in Fig. 2(c),
is simple as well and its control relies on the signals V, and
Iout, which are sensed (without appreciable feedback delay)
using Hall sensors. Basically, if the polarities of V¢ and Iy,
detected using two zero-crossing detectors are the same, then,
either Q1 and Q4 or Q2 and Q3 are turned ON permanently
for half a line cycle depending on whether V,, is positive
or negative, respectively. The switches are, however, commu-
tated at high frequency when the polarities of the output cur-
rent and voltage are different. For near-unity power factor oper-
ation, this duration is small and therefore, the switching loss of
the LFSC is considerably reduced compared to the conventional
forced-switching control method [17].

1) Modes of Operation: In this section, five modes of the
dc—ac converter operation are discussed for positive primary
current. Additional five modes, that can be derived using the
same procedure below, exist for a negative primary current.

Mode 1 [Fig. 7(a)]: During this mode, switches S1 and S2 of
the HF inverter are turned ON and the transformer primary cur-
rent I, is positive. The output current I, is positive and flows
through the bidirectional switch pair Q1 and Q2, the output
filter, and the center-tap of the transformer secondary. Switches
S3 and S4 and Q3 and Q4 are turned OFF during this interval.

Mode 2 [Fig. 7(b)]: At the beginning of this interval, the con-
trol signal of the switch S1 undergoes a high-to-low transition.
As a result, the switch S1 begins to turn OFF. During this time,
the output capacitance of S1 begins to charge, while the output
capacitance of switch S4 begins to discharge through the fly
capacitor (Cﬂy). During this time, the voltage across the pri-
mary of the transformer begins to fall towards zero. As a result
the transformer primary current, I,,; also reduces. This mode of
operation ends when the output capacitor of S4 has discharged
completely and its output capacitance is charged to Vg./2.

Mode 3 [Fig. 7(c)]: This mode initiated after the switch S1
is completely turned OFF, while the output capacitor of switch
S4 is completely discharged. During this time, the switch S4
is turned ON under ZVS conditions. Because the voltage across
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Fig. 7. Topologies corresponding to the five operating modes of the dc—ac converter for positive primary current and for power flow from the source to the load.

the primary of the transformer is zero, there is a sharp fall in
the transformer primary current I, at the beginning of this
mode. During this mode, the transformer primary current I,
freewheels through the diode D1 as shown in Fig. 7(c) and con-
tinues to reduce in magnitude. The rate of decrease of the current
is governed by the combined effects of the magnetizing induc-
tance of the transformer and the output filter inductor.

Mode 4 [Fig. 7(d)]: At the beginning of this mode, the control
signal of the switch S2 undergoes a high-to-low transition. As

a result, the output capacitance of S2 begins to charge and at
the same time, the output capacitance of switch S3 begins to
discharge, as shown in the Fig. 7(d). The transformer current
makes a transition from positive to negative. During this time,
the flow of current on the secondary side makes a rapid transition
from the bidirectional switches Q1 and Q2 to Q3 and Q4.
Mode 5 [Fig. 7(e)]: This mode starts when S2 is completely
turned OFF and the voltage across its output capacitance is
V4e/2. Also, the output capacitance of switch S3 is completely
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| PSOFC Stack

Fig. 8. (a) Experimental prototype of the proposed PCS. (b) Experimental setup for scaled testing with planar SOFC stack shown in (c).

discharged; as a result, the switch S3 can be turned ON under
ZVS. During this mode, the transformer secondary current
flows through switches Q3 and Q4, while the primary current
increases in the opposite direction due to the negative voltage
across the primary of the transformer.

2) ZVS Range of the HF Inverter: For the HF inverter, the
SPWM results in ZVS loss for each switch, twice in every line
cycle. The extent of ZVS loss is a function of the output current
Tout (11) and the load power factor cos(f). Equation (12) is the
expression of the available ZVS range as a percentage of the line
cycle:

2Pin77
Tout,peak = 11
fopealk Vout,peak COS(H) ( )
1/2
fzvs 2. 1 1 Vae (5C0s + 3C7)
tLineCycle ™ 2 Igut,peakle
(12)

where P;, is the input power; V4. is the input voltage to the
dc-ac converter; Ly is the leakage inductance of the primary
transformer; Cr is the equivalent parasitic capacitance of the

HF transformer; C,g; is the effective output capacitance of the
MOSFETs of the HF inverter; trinecycle 1S the line-cycle time
period (for a 60 Hz line frequency it is 16.67 ms).

3) Leakage Optimization for Energy-Efficient Design: The
effective duty ratio for the HF inverter is expressed in [21] as

Vout — 2t0r1 12leNIout

2 Vdc Coss
Vdc Ts Ts Vdc

Dog =
ff T, 2NIou

13)

where t,, is time during which a non-zero voltage is applied
across the transformer primary and T is the switching time
period.

Equation (13) shows that as the leakage inductance of the
HF transformer increases, D.g reduces. Therefore, to maintain
the output voltage for a given Vgc, the closed-loop controller
has to increase the value of the first term in (13) by increasing
ton, Which results in higher conduction losses for the HF in-
verter as well as for the LFSC. In contrast, (12) shows that for a
given output current, a larger leakage inductance improves the
ZVS range of the HF inverter switches, thereby reducing the
switching losses. Therefore, design of the HF transformer and
its winding arrangement play a key role in the energy-efficient
design of the isolated dc—ac converter.
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TABLE 1
LIST OF THE KEY POWER-STAGE COMPONENTS FOR THE EXPERIMENTAL PCS
Designator | Manufacturer Part Number Description
S, Q1-Q4 IXYS IXFXS55N50 500V, 55 A, 80 mQ
S1-S4 IXYS IXFX120N20 200 V, 120 A, 17 mQ
D Infineon SDT12S60, SiC Schottky 600V, 12 A
Technologies
Coupled Magnetics Inc. 58867-A2 (u=60) 500 uH @ FL,
Inductor High-Flux Toroidal 700-750 uH @ NL,
N1=73,N2=15
HF Magnetics Inc. P-49925-UC, Ferrite Core Np =34, Ns =80
Transformer
HF inverter Texas Instruments | UC3875 Phase shift controller
Controller IC
Heat Sink Aavid Thermalloy | 60095 1.90 °C/W, W=4.12"
H=1.75", Area=36.8 in®

Current (A)

FC Current

Secondary Current

Time (s)

Conventional Inductor

Input Current Ripple %

0 5 10 15 20

External Inductance (uH)

Fig. 9. Coupled inductor performance results: (a) input current splits between the dc and the ac windings for an optimum value of external inductance; and (b)
experimentally-observed input ripple-current variation (relative to the ripple current obtained without using the coupled-inductor) in the dc winding with (manual)

variations in the external inductance. (FL: full load; NL: no load).

III. RESULTS AND DISCUSSION

To validate the performance of the PCS, we developed a
working prototype [shown in Fig. 8(a)] for the following spec-
ifications: (a) nominal planar SOFC stack voltage: 70 V, (b)
output voltage: ~110 V RMS, single phase, 60 Hz (c) output
power: 5 kW (d) switching frequency of dc—dc converter:
20 kHz (e) switching frequency of dc—ac converter: 20 kHz.
Table I is a list for key power stage components. The results
presented in this section demonstrate the operation and the
notable features of the individual subsystems of the proposed
PCS topology. Fig. 8(b) shows an experimental setup which
was used to obtain characterization data using scaled testing on
a planar SOFC stack [as shown in Fig. 8(b) and (c)]. Full-scale
testing was done using fuel-cell emulator from California
Instruments (model number XDS 80-62).

A. Performance of the ZRBC

In our experimental prototype a small external tunable in-
ductor was used in series with the secondary winding of the cou-
pled-inductor to obtain a finer control over the HF current ripple.

T== Inverter Voltage Reference -

Modulating Signal for APF

Fig. 10. Input current ripple reduction with APF (Ch3: 20 A/div, 10 ms/div and
Ch4: 20 A/div, 10 ms/div).

Fig. 9(b) shows the percentage of ripple reduction achieved by
the coupled inductor as the external inductance is tuned. For an
external inductance of 7.6 pH, the fuel cell HF current ripple
is reduced to 20% of the maximum possible HF ripple. The
rest 80% of the HF current ripple is supplied by the secondary
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(d)

Fig. 11. Demonstration of the HF inverter operation. (a) Control signal (top, 500 mV/div 10 ms/div), rectified control signal (center, 1 V/div 10 ms/div), rectified
control signal with 1.3 V (which is input to the UC3875) (bottom, 1 V/div 10 ms/div). (b) Gating pulse for HF inverter switches (10 V/div). (c¢) HF transformer
primary voltage (top, 200 V/div) and HF transformer secondary voltage (bottom, 500 V/div). (d) HF transformer primary voltage (top, 200 V/div) and current

waveforms (50 A/div).

winding of the coupled inductor as shown in Fig. 9(a). Fig. 10
demonstrates the low-frequency current injection by the APF.
It can be seen that the PCS low-frequency peak input current is
reduced to 15% of the maximum possible input current ripple.
The remaining 85% of the current ripple flows through the sec-
ondary winding of coupled inductor. Such a reduction in fuel
cell current ripple will significantly improve the stack efficiency
as well as fuel utilization and will potentially enhance the life
of the fuel-cell stack. The efficiency of the ZRBC is shown in
Fig. 15. This efficiency figure is obtained with 4 ZRBCs in par-
allel (to share the large source current at higher output power),
as mentioned in Section II. Fig. 15 shows that the efficiency of
the ZRBC stage drops at lower power. This is because the ZRBC
switches are hard-switched and hence at lower power, when the
switching losses become dominant (as compared to conduction
loss), the efficiency of the converter reduces.

B. Performance of the DC-AC Converter

For the HF inverter, the PSZVS SPWM is implemented
using the UC3875 phase-shift controller. The control signals,
the gating pulses for all 4 switches, the transformer primary
current and voltage waveforms, and transformer secondary
voltage are shown in Fig. 11. Fig. 11(d) shows a spike in the
primary current, which is due to the reverse recovery of the
LFSC diode (reflected on to the primary side) when the sec-
ondary voltage changes polarity. This can be alleviated using

a faster diode and a snubber. The primary-side voltage shown
in Fig. 11(c) indicates that the maximum voltage stress on the
power MOSFETs of the HF inverter is around 175 V, which is
well within the device limit.

Fig. 12(a) shows that as leakage of the HF transformer in-
creases, the ZVS range of the HF inverter, for a given RMS load
current and with cyclic variation of the output current, increases.
However, the transformer efficiency reduces due to loss of duty
cycle [that can be calculated using (13)] as shown in Fig. 12(b)
in per unit (PU). Additionally, as explained in Section II, higher
leakage will lead to higher duty ratio due to enhanced com-
mutation delay and consequently, higher conduction loss in the
switches of the HF inverter. It turns out that for 20 kHz switching
frequency, the conduction loss is more dominating as the load
power increases. Therefore, from a thermal-management stand-
point, it is preferred to choose a transformer with lower leakage
inductance to reduce conduction loss at higher power. However,
this will reduce the effectiveness of the ZVS at lower power,
where the switching losses are more dominating. Therefore, a
careful selection of the transformer leakage inductance is nec-
essary. Fig. 12(a) shows that for values of leakage inductance
around 0.5-1 pH, a good compromise between conduction and
switching losses is obtained. HF transformer designs using dif-
ferent winding arrangements were made, as shown in Fig. 13(a)
and (b) with respective leakage inductances of 1.2 ;H and 450
nH. We selected the second design. For this design, primary and
secondary windings are distributed over the entire length of the
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Fig. 12. (a) Parametric plot showing the percentage ZVS achievable versus load current for different values of leakage inductances. (b) Transformer efficiency

versus output power for various values of leakage inductances.

Fig. 13. Two different winding arrangements for a 5 kW, 20 kHz isolation transformer fabricated using P-49925-UC, ferrite core. (a) Primary and secondary
windings on the same leg using an AWG 10 solid copper wire. The leakage inductance was measure to be 1.2 pH. (b) Primary and secondary windings distributed
over the entire length of the core using a double-stranded AWG 14 copper wire. The leakage inductance was measured to be 450 nH.

core using a 2 strand (bifilar) AWG 14 copper wire. From a
skin-effect point of view, a higher gauge can be used; however, it
also leads to higher conduction loss, which is more dominating
for the 20 kHz design at higher load power.

Fig. 14 shows the operation of the LFSC near unity power-
factor. It can be seen in Fig. 14(c) that when the polarities
of the output voltage and the current are the same, the LFSC
switches at line frequency. Otherwise, the LFSC switches at
20 kHz. Because high-frequency switching is negligible, such
a mechanism results in a significant reduction in the switching
losses of the LFSC, as shown in Fig. 14(c). Fig. 14(d) shows
that the LFSC is properly rectifying the output voltage of
the HF inverter.

Fig. 15(a) shows the experimentally obtained efficiencies
of the overall PCS, ZRBC, and the dc—ac converter. The ob-
tained overall efficiency at full load is approximately 92% and
the peak efficiency of 92.4% is obtained at 3 kW of output
power. Fig. 15(b) is the predicted combined efficiency of the

planar SOFC and the PCS. The obtained efficiency numbers in
Fig. 15(b) are the products of measured PCS overall efficiency
and modeled fuel-cell stack efficiency values for different
values of current ripple (varying from 5% to 97%). Fig. 16
shows the output voltage and output current of the PCS near
full-load condition. It also shows the satisfactory response of
the PCS for both steady-state and dynamic conditions.

IV. CONCLUSION

This paper presents a ZRF based low-cost fuel-cell PCS,
which can meet a cost target of $40/kW in volume production.
The PCS comprises a ZRF based boost converter (that is
described as ZRBC), which is followed by an isolated dc—ac
converter comprising a HF inverter (which reduces device
voltage stress) and a line frequency switched cycloconverter
(LFSC). Apart from fuel cell, the PCS can be potentially used
for applications (of comparable and even power) encompassing
energy sources including RFCs, photovoltaic arrays, and bat-
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Fig. 14. Demonstration of the LFSC operation: (a) gating pulses (10 V/div) for Q1-Q4; (b) filtered output voltage and current (top), reactive power information
(center), gating pulse for Q1 (bottom); (c) an expanded view of the rectangular portion of plot (b); and (d) output voltage (bottom, 500 V/div 10 ms/div) before the

filter for a given HF transformer primary voltage (top, 200 V/div 10 ms/div).

teries. The PCS can also be extended to 240 V applications
by dynamically changing the transformer turns ratio before
power-conversion is initiated.

The PCS has two key features: i) a ZRF and ii) an isolated
dc—ac converter comprising a zero-voltage-switching (ZVS)
multilevel HF inverter followed LFSC. The ZRF comprises a
coupled-inductor based passive solution for mitigating stack
high-frequency ripple current and an active power filter (APF)
for mitigating the stack low-frequency ripple current, thereby
yielding several advantages as follows.

» Stack operates close to its maximum efficiency point,
thereby increasing the overall efficiency of the energy
system comprising the stack and the PCS;

* Ripple mitigation precludes stack underutilization (and re-
duces system cost), which would be otherwise necessary
to accommodate the additional ripple current;

* Enhances the performance of the stack and potentially min-
imizes its long-term degradation.

However, reduction of the ripple current to very close to zero

will requires optimal tuning of the coupled inductor and the APF
parameters. Further, the ZRF increases the order of the ZRBC

(as compared to a conventional boost converter), which has to
be addressed by the control scheme.

The efficiency of the PCS is high on account of three reasons.

* Four ZRBC modules are connected in parallel to reduce
the conduction losses, which could be otherwise high due
to the low-voltage and high-current stack;

 HF inverter operates with ZVS, which reduces the
switching loss of the power devices;

* Controlled switches of the LFSC operates at line frequency
(under unity power factor), which practically eliminates
their switching losses;

» The transformer leakage inductance has been so chosen
such that a good compromise is obtained between effec-
tives of the ZVS and increased commutation losses.

However, because the switches of the ZRBC are hard-

switched, its switching losses become progressively more dom-
inating at lower power when the efficacy of using paralleled
module to reduce conduction losses reduces. Use of power
MOSFETs with faster switching response (and comparable
on-state resistances) may help; soft switching may be another
option. For the dc—ac converter, for a finite leakage inductance
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Fig. 15. (a) Measured efficiency for the proposed PCS and its subsystem in-
cluding parasitic losses. (b) Combined efficiency of the planar SOFC stack and
PCS for various fuel-cell ripple current.

of the HF transformer, there is a tradeoff between the effec-
tiveness of ZVS of the HF inverter and the commutation loss
of both the ac—ac LFSC and the HF inverter. So, transformer
design needs to be carefully carried out. Additionally, usage
of low on-stage drop IGBTs for the LESC will help. An addi-
tional loss is due to the reverse recovery of the LFSC diodes.
This can be alleviated by using diodes with faster recovery
time and snubbers if necessary. Finally, though the controlled
switches of the LFSC theoretically operate at line-frequency
under unity power factor, the switches do forced commutation
when the power factor is not unity. For near-unity-power-factor
operation, this loss is negligible though.

APPENDIX A
EXTENSION TO OTHER APPLICATIONS

A. Regenerative Fuel-Cell (RFC) Application

An RFC can operate as an electrolyzer and in this mode it ab-
sorbs electricity (e.g., from grid or photovoltaic source) to gen-
erate hydrogen and oxygen that can be used later to generate
electricity using the RFC in fuel cell mode. Lighter than a sep-
arate electrolyzer and generator, a RFC is an excellent energy

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 22, NO. 4, JULY 2007

(b)
Fig. 16. (a) Steady-state output voltage (top trace at 100 V/div and 10 ms/div)
and output current (bottom trace at 25 A/div and 10 ms/div) of the inverter near
full load. (b) Output voltage (top trace at 100 V/div and 40 ms/div) and output
current (bottom trace at 25 A/div and 40 ms/div) of the inverter when the load
changes from 2200 W to 4500 W and back to 2200 W.
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Fig. 17. Experimental polarization curve for a 20-cell regenerative SOFC.

source in applications where weight is a concern [22]. Fig. 17
is the polarization curve for a 20-cell regenerative SOFC stack.
The negative current indicates the power flow into the RFC. The
proposed PCS can operate in a rectifier mode by replacing the
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Fig. 19. Schematic waveforms of the proposed PCS for rectifier mode of oper-
ation when feeding power to a RFC. Forced commutation of the cycloconverter
(unlike LFSC) is necessary because the polarities of the source current (which
is opposite to that of I,,,,;) and source voltage are opposite.

ZRBC diode D by a MOSFET (S) as shown in Fig. 18. The
schematic waveforms and the controller structure for the recti-
fier mode operation are shown in Figs. 19 and 20. For the rec-
tifier mode of operation, input ac-current mode controller (as
shown in Fig. 20) is implemented to inject current at near unity
power factor.

B. High-Voltage Photovoltaic Application

The proposed PCS can be extended to photovoltaic (PV) ap-
plications [32] (where the output voltage of the array is high) by
eliminating the front end ZRBC as shown in Fig. 21. For such
an application, the controller shown in Fig. 2(c) can be used
without any changes.

»
Sine Wave I Y
Rectifier ref /\ J
Fig. 20. Overall control scheme for the rectifier mode of operation.
HF Inverter
Ipy/
Cs
PV
Array
Cy
e
Fig. 21. Modified PCS schematic for PV application.
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