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Abstract—This paper describes a universal fuel-cell-based grid-
connected inverter design with digital-signal-processor-based digi-
tal control. The inverter has a direct power conversion mechanism
with a high-frequency zero-voltage-switched dc/ac primary-side
converter followed by a pair of ac/ac cycloconverters that operates
either in parallel or in series to simultaneously address the issues
of universal output and high efficiency. The critical design issues
focus on the impact and optimization of transformer leakage
inductance with regard to effectiveness of zero voltage switching
of a primary-side converter, duty-cycle loss, resonance, and voltage
spike that has effect on the breakdown voltage rating of the cyclo-
converter devices. An additional concept of dynamic transformer
tapping has been explored to address the impact of varying input
voltage on secondary-side voltage spike and inverter efficiency.
Finally, detailed grid-parallel and grid-connected results are pre-
sented that demonstrate satisfactory inverter performances.

Index Terms—AC/AC, control, dc/ac, digital signal processor
(DSP), fuel cell, grid, high frequency, inverter, residential.

I. INTRODUCTION

HE utilization of fuel cells for distributed power gen-

eration requires the development of a low-cost, high-
efficiency, and universal power-electronic system that converts
a fuel cell’s low-voltage output, which usually varies from 30 to
60 V for residential application, into commercial 120-V/60-Hz
and 240-V/50-Hz ac outputs [1]-[3]. In addition, the power-
electronic system should have the following characteristics:
1) output-voltage regulation for a wide variation in the output
voltage of the fuel-cell stack; 2) capability for standalone
and grid-connected operations; 3) low output harmonics; and
4) high energy-conversion efficiency.
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Fig. 1. Power-conditioning scheme with (a) line-frequency transformer,
(b) high-frequency transformer in the dc/ac stage [7], (c) high-frequency
transformer in the dc/dc stage [18], [19], and (d) single-stage isolated dc/ac
converter [20].

Fig. 1(a)—(c) shows three mechanisms for achieving galvanic
isolation between the fuel-cell stack and the application load.
The conventional scheme, shown in Fig. 1(a), achieves isolation
by placing a 50-Hz/60-Hz line-frequency transformer at the
output of the inverter. Such a transformer is bulky because it has
to handle low-frequency currents and voltages. The other two
options, shown in Fig. 1(b) and (c), achieve isolation by placing
the transformer within the power-conditioning system. The
high-frequency isolation can be included in the dc/ac converter
stage, as shown in Fig. 1(b) [7], or in the dc/dc converter
stage, as shown in Fig. 1(c) [18], [19]. Fig. 1(d) shows an
even more compact power-electronics option [20]. The single-
stage isolated topology requires either a higher fuel-cell-stack
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Fig. 2. Block diagram of high-frequency link inverter configurations:
(a) dc/dc-type and (b) cycloconverter-type converter configurations.

voltage or slightly higher turns ratio of the transformer for
a lower stack voltage to generate the needed 120-V/240-V
line output. Overall, the isolation transformers for the schemes
shown in Fig. 1(b)—(d) operate at high frequency and, hence, are
significantly smaller than the line-frequency transformer shown
in Fig. 1(a).

With regard to an isolated inverter, several topological con-
figurations have been proposed to achieve fuel-cell power con-
version at high efficiency without incurring high cost [1]-[10].
Based on where the transformer is inserted for isolating the
stack from the load, these topologies can be broadly classified
into two categories. The first one is referred to as the “dc/dc-
type converter” and is shown in Fig. 2(a). It comprises a
high-frequency dc/ac converter followed by a high-frequency
transformer, a diode rectifier (inserted at the secondary of the
transformer), and a link filter to obtain a higher dc voltage.
Following this isolated dc/dc stage, a dc/ac converter is inserted
to obtain a low-frequency ac. Because this type of topology has
three power-conversion stages, it may not always be a suitable
choice from efficiency and cost point of views because each of
the power stages has to have very high efficiency. Furthermore,
with increasing output power, the size and the cost of the dc-
link filter attain significance.

The second topology, outlined in this paper and referred to as
the “cycloconverter-type converter,” is shown in Fig. 2(b). This
architecture supports bidirectional power flow and reduces sys-
tem complexity by removing the rectifier and the dc-link filter.
Galvanic isolation is achieved by embedding the transformer
into the overall inverter, which usually comprises a two-level or
higher level dc/ac converter followed by an ac/ac converter [1],
[71, [8], [16].

Fig. 3 shows a circuit diagram of the proposed universal
inverter with input voltage varying between 30 and 60 V. It
comprises a phase-shifted full-bridge dc/ac converter as a com-
mon primary stage followed by two identical high-frequency
step-up transformers and two forced ac/ac converters. Switches
@Q1—Q4 of the dc/ac converter are sinusoidally modulated to
create a high-frequency ac voltage, which is converted into a
60-Hz/50-Hz line-frequency ac by a combination of the ac/ac
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converters and the LC output filters. As shown in Fig. 3(a) and
(b), for 120- and 240-V ac outputs, the two filter capacitors
of the ac/ac converters are connected in parallel and in series,
respectively.

Phase-shifted control of the dc/ac converter enables Q1 —Q4
to be turned on under a zero-voltage-switching (ZVS) condi-
tion due to the resonance between the primary-side leakage
inductance of the high-frequency transformer and the output ca-
pacitances of the MOSFETSs [11]. Unlike the complex schemes
outlined in the literature [9], [10], [12], which implement high-
frequency switching for both the dc/ac converter and the ac/ac
converter stages, the ac/ac converter switches in the control
scheme outlined in this paper (see Figs. 16 and 17) are commu-
tated primarily at line frequency when the polarities of output
current and output voltage are the same and at high frequency
when the polarities are opposite. Thus, under unity-power-
factor operation, due to line-frequency switching, the ac/ac
converter switching losses are significantly reduced.

Furthermore, unlike the topology outlined in [9] and [10], for
an uninterruptible-power-supply application that usually has a
high input voltage, in a fuel-cell-inverter application, owing to
the low stack voltage, a step-up transformer with high turns
ratio is necessary to obtain the rated ac output. For instance,
for an input of 30 V, the primary-to-secondary turns ratio ()
of the transformer is calculated to be 13 to achieve the desired
240-V ac output. Fabrication of a 1-kW 1:13 high-frequency
transformer is relatively difficult. Furthermore, high turns ratio
yields enhanced secondary leakage inductance and secondary
winding resistance, both of which result in a measurable loss
in duty cycle and an increase in secondary copper loss. Higher
leakage inductance also leads to higher voltage spike, which
adds to the high nominal voltage of the secondary and ne-
cessitates the use of high-voltage power devices for the ac/ac
converter. Such devices usually have higher on resistance and
slower switching speeds, both of which diminish the overall
system efficiency.

This paper addresses key design issues related to these chal-
lenges and proposes simple but effective solutions to improve
efficiency. The focus of the design issues is on the effects of
transformer leakage inductance on the ZVS and loss in the duty
cycle of the dc/ac converter and on resonance, which results in
voltage spike that affects the breakdown-voltage rating of the
ac/ac converter devices. The concept of dynamic transformer
tapping has been investigated to address the effects of input-
voltage variation on voltage-spike mitigation and inverter effi-
ciency. Subsequently, the control strategies for standalone and
grid-connected operations and experimental design of a 1-kW
inverter prototype are described. The experimental results and
performances verify the effectiveness of the inverter and show
its promising applications for fuel-cell as well as photovoltaic
and battery-based power systems.

II. PRINCIPLES OF OPERATION

The basic schematic of the proposed universal inverter is
shown in Fig. 4(a) and is used in the following sections to
simplify the analysis. The ac/ac converters are switched based
on output-voltage polarity, since primarily, unity-power-factor
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Fig. 3.
the transformer.

operation is required for the present design, and hence, the
duration for which the polarities of the output voltage and
current are different is negligibly small. The circuit schematic
is the same as a conventional transformer-isolated full-bridge
pulsewidth-modulation (PWM)-based dc/dc converter but has
two different sets of rectifier arrangements for the positive
and negative line cycles, as shown in Fig. 4(b) and (c). An
illustration of the inverter operation is shown in Fig. 4(d),
taking into account the two secondary-side ac/ac converters.
Basically, the primary-side dc/ac converter is modulated to
create a bipolar high-frequency waveform, which is amplified

()

Circuit diagrams of the proposed fuel-cell inverter for (a) 120-V/60-Hz ac and (b) 240-V/50-Hz ac outputs. An SPDT switch enables adaptive tapping of

by the transformer and eventually shaped by the secondary-side
ac/ac converters to generate the desired output ac waveform
after passing the sinewave-modulated high-frequency signals
through the output LC filter. Because the dc/ac converter
creates the sinewave-modulated output, the ac/ac converter
switches do not need to force switch; they can simply operate
at line frequency to rectify the bipolar sinewave-modulated
output. In practice, to preclude the reverse-recovery problem
of the MOSFET, antiparallel diode, use of Schottky diode [21]
or channel conduction of one of the MOSFETSs [as shown in
Fig. 4(d)] may need to be adopted.
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Fig. 4. (a) Circuit elements of the inverter. Power-stage circuits for (b) positive and (c) negative line cycles. (d) Gate-drive signals and key waveforms.

Next, we discuss the modes of operation for 120-V ac
output for an input-voltage range of 42—60 V (corresponding to
N = 4.3). The modes of operation below 42 V (corresponding
to N = 6.5) remain the same. The rationale for a tapped trans-
former is provided in Section III-C. Fig. 5(f) shows the wave-
forms for the five operating modes of the dc/ac converter for
positive primary and positive filter-inductor currents. Modes 2
and 4 show the ZVS turn-on mechanism for switches Q4
and ()3, respectively. Overall, the five modes of the inverter
operation are discussed next for a positive primary current. A
set of five modes exists for a negative primary current as well. A
similar set of five modes of operation and corresponding circuit
configurations for 240-V ac output is shown in Fig. 6 for input
voltage above 42 V (corresponding to N = 4.3). Again, the
mode of operation for input voltage below 42 V (corresponding
to N = 6.5) remains the same.

Mode 1 [Fig. 5(a)]: During this mode, switches 1 and ()2 of
the dc/ac converter are on, and the transformer primary cur-
rents ipyi1 and ipyio are positive. The output current (ioys)
splits equally between the two ac/ac converter modules.
For the top ac/ac converter module, it /2 is positive and
flows through the switches Sy and S7, the output filter L s
and Cjq, switches Sy and S5, and the transformer sec-
ondary. Similarly, for the bottom ac/ac converter module,
iout/2 is positive and flows through the switches S5 and
St, the output filter L 2 and C'yo, switches Sg and S, and
the transformer secondary.

Mode 2 [Fig. 5(b)]: At the beginning of this interval, the gate
voltage of (1 undergoes a high-to-low transition. As a
result, the output capacitance of )1 begins to accumulate
charge, while the output capacitance of ()4 begins to dis-
charge. Once the voltage across (4 goes to zero, it can
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Fig. 5. Modes of operation for 120-V/60-Hz ac output for an input-voltage range of 42-60 V (corresponding to N = 4.3). (a)—(e) Topologies corresponding to
the five operating modes of the inverter for positive primary and positive filter-inductor currents. (f) Schematic waveforms show the operating modes of the dc/ac
converter when primary currents are positive. The modes of operation below 42 V (corresponding to N = 6.5) remain the same.
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be turned on under ZVS. The transformer primary currents
pri1 and ip0 and the load current iy, continue to flow in
the same direction.

Mode 3 [Fig. 5(c)]: This mode initiates when ()1 turns off.
The transformer primary currents ipyi; and ipyio are still
positive and freewheel through Q4 as shown in Fig. 5(c).
Moreover, the load current continues to flow in the same
direction as in Mode 2. Mode 3 ends when () starts to
turn off.

Mode 4 [Fig. 5(d)]: At the beginning of this interval, the gate
voltage of ()2 undergoes a high-to-low transition. As a
result, the output capacitance of (5 begins to accumulate
charge, while the output capacitance of switch Q3 begins
to discharge, as shown in Fig. 5(d). The charging current
of Q2 and the discharging current of ()3 together add up
to the primary currents ¢p,i1 and ¢p,i2. The transformer pri-
mary currents make a transition from positive to negative.
Once the voltage across Q3 goes to zero, it is turned on
under ZVS condition. The load current flows in the same
direction as in Mode 3 but makes a rapid transition from
the bidirectional switches S; and S} and Ss and S5 to S
and S% and Sy and S). During this process, iout/2 splits
between the two legs each of the ac/ac converter modules
as shown in Fig. 5(d). Mode 4 ends when the switch Q)5 is
completely turned off and its output capacitance is charged
to V.. At this point, it is necessary to note that, because 57
and S92 and S5 and Sg are off simultaneously, each of them
supports a voltage of V..

Mode 5 [Fig. 5(e)]: This mode starts when ()5 is completely
turned off. The primary currents iy, and p,2 are negative,
while the load current is positive as shown in Fig. 5(e).

Finally, and as shown in Fig. 4, there are always two
MOSFET body diodes conducting current in each ac/ac con-
verter, and the high-frequency ac voltage at the input of the
ac/ac converter forces current commutation back and forth
between one set of MOSFET diodes and the other. For instance,
the MOSFET body diodes of the top ac/ac converter will
switch alternately between S} and S, and S3 and Sy during
the positive line cycle and between S; and Sy and S} and S
during the negative line cycle. The enhanced efficiency of the
ac/ac converter, realized due to line-frequency switching of the
MOSFETs, is partially offset by the relatively higher forward-
voltage drop and inefficient reverse-recovery characteristics of
the MOSFET body diodes. External antiparallel diodes with
lower voltage drop and faster reverse recovery will reduce the
loss, thereby improving the efficiency.

The substitution of the MOSFET body-diode conduction
by channel conduction of the MOSFET is another solution,
which precludes the need for adding multiple external diodes
in parallel. As shown in Fig. 4(d), the MOSFETSs, which are
previously turned on during a half-a-line cycle, will remain in
the same state, while the MOSFETS previously in the off state
will switch on and off to provide corresponding current paths
along with their body diodes according to the polarity of high-
frequency ac-link voltage. Majority of the current will flow
through the lower resistance path of the MOSFET channels in
the direction either from drain to source or from source to drain.
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Fig. 7. Transformer primary-side voltage and current waveforms for the
circuit shown in Fig. 3.

The body diodes of the MOSFETSs will share a smaller amount
of current. Compared with the body diode, the MOSFET chan-
nel usually has less on-state drop and enables faster switching
speed. Consequently, the conduction and the switching losses
will be relatively lower. However, synchronization of gate-drive
signals between the dc/ac converter and the ac/ac converter
switches is necessary in this case, which is realized by using
the gate-drive signal of ()1 and its complementary signal for
controlling the ac/ac converter switches.

The switching pattern of the ac/ac converter, as shown in
Fig. 4(d), was implemented, and its efficacy was verified via
experimental tests on the inverter prototype. Approximately
1%—-2% improvement in energy-conversion efficiency was ob-
tained over the entire output power range by primarily en-
abling MOSFET-channel conduction instead of body-diode
conduction.

III. DESIGN ISSUES
A. Duty-Ratio Loss

Fig. 7 shows one cycle of the primary-side high-frequency
voltage and current waveforms for a conventional dc/dc con-
verter [11]. Note that a significant difference between the
operations of a dc/dc and a dc/ac converter is that the phase-
shift angle of the former is controlled by a dc signal while it is
modulated by a sinusoidal signal for the latter. The finite slope
of the rising and falling edges of a transformer primary current
due to the leakage inductance (L), as shown in Fig. 7, will
reduce the duty cycle (d). The duty-ratio loss is expressed as

Ad — V“i 0
() (3)
where

i1 =N - (iou — Ai/2) )

is =N - (iout + A2 =2t (1 ) -T/Q) 3)

L
2Pou
fout = L 4)

Vout COS(QS) .
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TABLE 1
CONDUCTING COMPONENTS AT DIFFERENT INTERVALS FOR
THE CIRCUIT SHOWN IN FIG. 4(a). DIODES D1 —Dy
ARE ANTIPARALLEL DIODES OF Q1 —Q4

Interval Conducting Components
h~0 Dy, Q3
h~13 D1, Dy
H~14 Q1. Q2
4~ 15 QL. Q
15~ 16 Q2. Dy

In (2) and (3), N is the transformer turns ratio, L s is the output
filter inductance, i,y is the filter current, vo,t is the output
voltage, T is the switching period, Ai is the filter inductor
current ripple, P, is the output power, and cos(¢) is the load
power factor. By substituting (2) and (3) into (1), we obtain

N . Vou T
Ad:VdC.T.(QZOHt_ t(l_d>) (5)

Ly 2

Unlike the dc/dc converter, the duty-ratio loss is time varying
for the dc/ac converter due to the sinusoidal nature of vout, tout,
and d. Assuming that Ly is large enough, the second term
within the parenthesis of (5) can be omitted. Thus, the duty-
ratio loss has a sinusoidal shape and is proportional to N and
L;j.. One can deduce from (5) that, due to the high turns ratio
and low input voltage, even a small leakage inductance will
cause a big duty-ratio loss.

Fig. 8 shows the calculated duty-ratio loss for a 1-kW inverter
prototype for an input voltage of 30 V and for N = 6.5. Four
parametric curves corresponding to four leakage inductances
of 0.5, 1, 1.5, and 2 pH are shown. Fig. 8 shows that, for
a leakage inductance of 2 pH, the duty-ratio loss is more
than 25%. Consequently, a transformer with even higher turns
ratio is required to compensate for this loss in the duty ratio,
which increases the conduction loss and eventually decreases
the efficiency as explained hereinafter.

The conducting components of the dc/ac converter during
the half switching cycle (i.e., for duration t; ~ t¢) are listed
in Table I. The equations to calculate conduction losses for the
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dc/ac converter switches can be simplified, provided that L is
large enough (i.e., 71 equals 72)

N
i Ad .
Pg1,4 = Ron - (\/%) ry + 7/% - deft (6)
N
1 Ad . )
Pqg2,3 = Ron - <\/1§> '7+Z%'deff+2%-(l—d) @)
i Ad
Ppa3 = 5 Vr 5 (8)
i1 Ad
PD1,4=VF'(21-2+21-(1—d)> )

where V is the body-diode forward voltage drop of Q1 —Q4,
R, represents their on resistances, and

. d
eff = .
(1 gl N2 fsw)

(10)

In (10), fsw is the switching frequency of the dc/ac con-
verter. From the aforementioned equations, it can be concluded
that higher transformer leakage inductance yields lower value
of effective duty ratio (deg). Therefore, to obtain the same out-
put voltage, Ad [as described by (5)] increases to compensate
for the reduction in d.g, which results in a higher conduction
loss. For the 1-kW inverter prototype under consideration,
a combination of two transformers and two ac/ac converters
on the secondary side of the high-frequency transformer is
identified to be an optimum solution.

B. Optimization of the Transformer Leakage Inductance

The leakage inductance of the transformer aids in improving
the ZVS range of the dc/ac converter but reduces the duty
ratio of the converter that increases the conduction loss. Thus,
the leakage inductance of each high-frequency transformer is
designed to achieve the highest efficiency, as shown in Fig. 9.

For the sinusoidally modulated dc/ac converter, the ZVS
capability is lost twice in every line cycle. The extent of the
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loss of ZVS is a function of the output current. The available
ZVS range (tzys) as a percentage of the line cycle (f1inecycle)
is given by

1Vd2c (%COSS—'_%CT) : (11)
ILineCycle T 4 i Lik

tzvs 2 _—

where Cygs is the device output capacitance and C7p is the
interwinding capacitance of the transformer. When the dc/ac
converter is not operating under ZVS condition, the devices
are hard switched. In steady state, the switching loss (Psw ) of
each MOSFET during hard switching depends on the switching
frequency and the gate resistance (Rgarg) and is given by

Vaciout sin(wt
Psw = dC%()fsw (tsom) + tsmow))

(12)
where w is the line frequency in radians per second and the low-
to-high and high-to-low transition times ({g(1,—m) and tg(_1,))
are given by

Qacsw)Rcare

Qc(SW)Rears
Vop — Vsp

tS(LoH) =
S(L—H) Vep

tsH-1) =
(13)

In (13), Qa(sw) is the gate charge, Vpp is the bias voltage
of the gate driver, Vgp is the source voltage, and RgaTg is the
gate resistance. The conduction loss of the MOSFET in steady
state is described using

i sin(wt)>2 Ad
2

Pcondl,?) = Ron ( \/g — + Z(2>ut Sin2 (wt)deff

(14)
2

i1 sin(wt)>2 Ad

Peond2,4 = Ron ( 73 — 442, sin®(wt)deg

+ i3 sin?(wt) (1 — d) (15)

To optimize the leakage inductance, the total loss of the dc/ac
converter over the half-a-line cycle has to be estimated, and it
is determined using

T/w

1 lzvs
Pdevice = / (2Pcond1,3 +2Pcond2,4 +2PSVV —|dt.
™ tLineCycle

(16)

A numerical calculation of the total switching losses, as
shown in Fig. 10, indicates that the optimal primary-side leak-
age inductance for the high-frequency transformer should be
between 0.2 and 0.7 pH.

C. Transformer Tapping

The voltage variation on the secondary side of the high-
frequency transformer necessitates high breakdown-voltage
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Fig. 10. Variation of the total switch loss of the dc/ac converter (for an output
power of 500 W) with the leakage inductance of the high-frequency trans-
former. As the leakage inductance of the high-frequency transformer increases,
the total switching loss decreases due to an increase in the range of ZVS, while
the total conduction loss increases with increasing leakage inductance.
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Fig. 11. Drain-source voltage across one of the ac/ac converter MOSFETs.

rating for the ac/ac converter switches and diminishes their
utilization. For a step-up transformer with N = 6.5, the ac/ac
converter switches have to withstand at least 390-V nominal
voltage when input ramps to the high end (60 V), while only
195 V is required when 30 V is the input. In addition to the
nominal voltage, the switches of the ac/ac converter have to
tolerate the overshoot voltage (as shown in Fig. 11) caused
by the oscillation between the leakage inductance of the trans-
former and the junction capacitances of the MOSFETs during
turn-off [11]. The frequency of this oscillation is determined
using

1

fring = or /7N2leceq

where C¢q is the equivalent capacitance of the switch output
capacitance and the parasitic capacitance of the transformer
winding. The conventional passive snubber circuit or active-
clamp circuits can be used to limit the overshoot, but they will
induce losses and increase system complexity and component

A7)
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Fig. 12. Peak voltage across the ac/ac converter with varying input voltage
for a transformer primary leakage inductance of 0.7 H, output capacitance of
240 pF (for the devices of the ac/ac converter), and output filter inductance and
capacitance of 1 mH and 2.2 uF, respectively.

(b)

Fig. 13. (a) Schematic of the LC filter for standalone operation of the fuel-
cell inverter. (b) Phasor diagram describing the relationship among voltages and

currents of the LC filter. Symbols v/ Jac L}, and C } represent the equivalent

output voltage of the ac/ac converter and the equivalent filter inductance and
capacitance for 120- and 240-V ac output operations.

costs. One simple but effective solution is to adjust the trans-
former turns ratio according to the input voltage.

To change the turns ratio of the high-frequency transformer,
a bidirectional switch is required. Considering its simplicity
and low conduction loss, a low-cost single-pole-double-throw
(SPDT) relay is chosen for the inverter prototype, as shown in
Fig. 3(a) and (b). For this prototype, for an input voltage in the
range of 30-42 V, N equals 6.5. Hence, 500-V devices are used
for the highest input voltage considering an 80% overshoot in
the drain-to-source voltage that was observed in experiments.
For an input voltage above 42 V, N equals 4.3, and hence,
the same 500-V devices can still be used to cover the highest
voltage as the magnitude of the voltage oscillation is reduced.
The relay is activated near the zero-crossing point (where power
transfer is negligible) to reduce the inrush current. Such an
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Fig. 15. Schematics of the converters for (a) the standalone and (b) grid-
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two modes of operation.
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Fig. 16. Schematic of the voltage-mode controller for standalone operation of the inverter.

arrangement improves the efficiency of the transformer and
significantly increases the utilization of the ac/ac converter
switches for the full range of the input voltage. On the other
hand, without adaptive transformer tapping, the minimal volt-
age rating for the devices is given by
Ve, N - (14+80%) =60-6.5-1.8="702V. (18)
In practice, MOSFETs with 800 V or higher breakdown-
voltage ratings are therefore required due to the lack of 700-V
rating devices. The so-called rule of “silicon limit” (i.e., Ry,
BV?25, where BV is the breakdown voltage) indicates that, in
general, higher voltage rating MOSFETs will have higher R,
and hence higher conduction losses. It is noted that the exponent
of BV can be different for other power semiconductor devices
such as CoolMOS. Furthermore, for the same current rating, the
switching speed of a MOSFET with higher breakdown voltage
rating is usually slower. As such, if one uses a MOSFET with
800 V or higher voltage rating, converter efficiency is expected
to degrade further due to enhanced power loss.

D. Effects of Resonance Between the Transformer Leakage
Inductance and the Output Capacitance of the AC/AC
Converter Switches

Resonance between the transformer leakage inductance and
the output capacitance of the ac/ac converter devices causes
the peak device voltage to exceed the nominal voltage (ob-
tained in the absence of the transformer leakage inductance).
This is shown in Fig. 12. Considering N = 6.5, one can ob-
serve that the peak secondary voltage can be around twice
the nominal secondary voltage. Consequently, the breakdown-
voltage rating of the ac/ac converter switches needs to be
higher than the nominal value. As MOSFETs are used as
switches, higher breakdown voltage entails increased on re-
sistance that yields higher conduction loss. Thus, the leakage

affects the conduction loss and selection of the devices for the
ac/ac converter.

The resonance begins only after the secondary current com-
pletes changing its direction and the ac/ac converter switches
initiate turn-on or turn-off. During this resonance period, energy
is transferred back and forth between the leakage and filter
inductances and device and filter capacitances in an almost-
lossless manner. The current through the switch, which sup-
ports the oscillating voltage, is almost zero. Thus, practically,
no switching loss is incurred due to this resonance phenom-
enon, although it may have an impact on the electromagnetic-
emission profile.

E. Output Filter Design for the Standalone and
Grid-Connected Inverter

For the fuel-cell inverter, the design of the output filter is
critical. The filter is so designed such that it mitigates the high-
frequency components of the output of the ac/ac converter and
generates a sinusoidal voltage and current that satisfies the
total-harmonic-distortion (THD) requirements. For the stand-
alone operation of the inverter, we choose a second-order filter
whose phasor diagram is shown in Fig. 13. The value of the
filter inductor is chosen to meet the current ripple requirement
according to the IEEE 519 standard and is given by [13]

1 NV
Ly>-——"°¢°
57 80.2(igut) faw

Fig. 13 shows that the current (ic}) through C'} increases
the reactive power drawn from the converter, which has an
adverse effect on the efficiency of the fuel-cell inverter. The
current through the capacitor is given by ic} = Uout /wC},
which shows that, if the capacitance is high, the amount of
reactive current drawn from the inverter increases. The capac-
itance design is a tradeoff between the THD requirements and
the tolerable reactive power drawn by the system. To meet the
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Fig. 17. (a) Schematic of the voltage-mode controller for the standalone inverter just before grid connection. (b) Schematic of the current-injection controller for

the inverter after it is connected to the grid.

requirements of the IEEE 519 standard, the value of the filter
capacitance is chosen to be [13]

C} = ((%)-PReactive)POL;MEml
WGt
where % PReactive 1S the tolerable reactive power and Poyutrated
is the rated output power of the inverter.

For the grid-connected operation, the inverter should have
an inductive output to minimize the inrush current be-
tween the grid and the inverter. In Fig. 14, we outline two
possible choices: a single-inductor (L) and an inductive—
capacitive—inductive (LCL) filter. In [14] and [15], a simple
L filter is proposed for the grid connection. However, to meet
the regulatory standards of IEEE 519 or IEC 61000-3-2, the size
of such an inductor has to be significantly large. This is mainly
because the inductor has to bypass the higher order harmonics
of the ac/ac output. Hence, we choose an LC'L filter, as shown

TABLE 1I

SOME KEY DESIGN SPECIFICATIONS FOR THE INVERTER [1], [2]

Input Source

30-60 V dc

Output Power

Up to 1 kW continuous, 3 kW for 20 line cycles

120 V/60 Hz and 240 V/50 Hz ac outputs,

Output Voltage +10% for all power range

Overall Efficiency Higher than 90% for a 1.0 kW resistive load.
THD <5%

Manufacturing Cost  |< $200

Packaging Volume Less than 7.5 liters

Complete Packaging
Weight

Less than 3 kg

Grid Connectivity

Must deliver energy into a grid with automatic
detection at unity power factor. The unit should
maintain the connection with grid when grid voltage
and frequency varied within a certain of range. The
unit must disconnect automatically from the utility
grid and keep a standalone emergency load
(maximum 250 W) if an external blackout or
abnormal operating conditions occur with the grid.
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in Fig. 14(b) [17]. The design of the LCL filter follows the
same procedure as described for the standalone inverter.

IV. CONTROL SCHEMES FOR THE STANDALONE
AND THE GRID-CONNECTED MODES

The closed-loop controller operates in two modes: stand-
alone and grid-connected. An SPDT relay is used to switch
between the two modes of operation. The block diagrams of
the inverter for the two modes are shown in Fig. 15. The power
stage of the standalone inverter is shown in Fig. 3. For the
grid-connected operation, an additional inductor is connected
to the standalone inverter to reduce the distortion in the current
injected into the utility grid.

For standalone operation of the inverter, we use a voltage-
mode controller, as shown in Fig. 16. The controller is imple-
mented on a digital platform using a TI TMS320C28X digital
signal processor (DSP). To remove noise from the feedback
signals, we use a second-order digital low-pass filter with a
cutoff frequency of 500 Hz. The reference for the voltage is
generated internally within the DSP. To ensure a regulated out-
put voltage, a proportional—integral (PI) compensator is used.
The input dc voltage is sensed to adapt the proportional gain
of the PI compensator. A small integral gain is used to further
filter the compensator output. As shown in Fig. 16, the rectified
output of the compensator is sent to the UC3895 controller that
is used to control the switches of the dc/ac converter by phase
shifting the switching of one half-bridge of the converter with
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Power-stage hardware of the inverter prototype and blown-out view of the final package.

TABLE III
L1ST OF MAJOR COMPONENTS FOR POWER STAGE SHOWN IN FIG. 18
Designator Manufacturer Part # Specification
INMOSFET 75 V, 209 A, R gg(on)

Q1-Q4 IRFP2907 45 mQ

s ans IN MOSFET 500V, 40 A, Rg(on)
S1-S4 & S1°-S4>  [IRFPS40N50L 100 mQ
Transformers T1, [Ferroxcube # 14T: 91T, 20 kHz. With 0.65
T2 TX74/39/13 1H leakage
Lfl Magnetics. # 58868-A2 [180 T, AWG # 14, 0.905 mH

EPCOS #
Cf1 R81130C1225M 2.2 UF 275V AC
. Aavid Thermalloy # . .,

Heat Sink # 1 78205 1.187x2.247x 3.0

respect to the other. It also allows a constant-frequency PWM
and facilitates ZVS. The ac/ac converter switches primarily at
line frequency (50 Hz/60 Hz) to minimize the switching losses.

The strategy for grid connection is shown in Fig. 17. When
the grid-connection command is initiated, the grid voltage is
used as the reference for the voltage-mode controller shown in
Fig. 17(a). Compensation for any phase offset introduced due to
the filters in the controller is ensured. The output of the inverter
is synchronized (in amplitude, phase, and frequency) to the grid
voltage. When synchronization is achieved, a relay between the
inverter and the grid is operated near the zero crossing of the
grid voltage to ensure that the inrush current into the inverter
from the grid is minimized. Once the inverter is connected to
the grid, a current-injection controller, as shown in Fig. 17(b),
is activated. The rest of the controller is the same as that of the
standalone controller described earlier.
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load conditions, and the trigger signal for the relay is shown in the top trace.
V. PROTOTYPE AND EXPERIMENTAL RESULTS

The experimental prototype for the 1-kW grid-connected
fuel-cell inverter was developed as part of the 2005 IEEE Inter-
national Future Energy Challenge (FEC) competition. Table II
shows some key design requirements. The major challenge
was to design a compact and light-weight inverter, which can
achieve more than 90% energy-conversion efficiency for a wide
range of working conditions: 1) 250-1000-W load; 2) 30-60-V
dc input; and 3) 120-V/60-Hz and 240-V/50-Hz ac outputs. The
1-kW experimental inverter prototype is shown in Fig. 18. An
added challenge of designing the inverter for a cost target of
< $ 200 was met, and the detailed bill of material was submit-
ted by the University of Illinois team as a part of their final
report for the IEEE FEC competition.

Major power-stage components are listed in Table III. Alu-
minum cabinet was found to be the best suited from the view
points of weight and strength of the inverter package. For the
top and the side walls of the cabinet, a 3-mm aluminum sheet
was used, while for the bottom, a 4-mm aluminum sheet was
used. The bottom sheet was reinforced in order to bear the
weight of the inverter. The input/output electrical terminals
were located at the rear of the inverter, while the keypad, the
LCD display, the fan, and the parallel port for programming the
DSP starter kit were located at the front. All of the magnetic
components were clamped to the base of the cabinet, which
also removed heat from the windings. The perforated windows
and the fan were strategically placed to maximize the airflow
for removing heat from the power semiconductors and the
magnetic components.

Experimental results of the inverter prototype in the stand-
alone mode of operation are shown in Fig. 19. The overall ef-
ficiency and THD of the fabricated inverter prototype, over the
entire range of the load, are shown in Fig. 20. These data were
measured using a Yokogawa power analyzer (model WT230).

The experimental results for the inverter prototype in the
grid-connected mode are shown in Fig. 21. Fig. 21(c) shows
the transient waveforms when the inverter is connected to the
grid. Before connecting the inverter to the grid, the controller
synchronizes the output of the inverter to the grid while con-
tinuing to support a standalone load. The relay for connecting
the inverter to the grid is activated near the zero-crossing point

of the grid to reduce the inrush current. Fig. 21(d) shows the
transient waveforms when the inverter is disconnected from the
grid and connected to a standalone load.

VI. CONCLUSION

This paper has outlined the design issues of an isolated
fuel-cell grid-connected inverter. It comprises a phase-shifted
high-frequency dc/ac converter followed by a combination of
two high-frequency transformers each with nominal primary-
to-secondary turns ratio (V) of 6.5 and two ac/ac converters
(whose outputs can be connected in parallel or series con-
figuration for 120-V/60-Hz and 240-V/50-Hz ac outputs) for
optimum solution of the universal power conditioner. The
isolated-inverter approach achieves direct power conversion
and does not require any intermediate filter components.
Furthermore, the ac/ac converter is primarily line-switched,
thereby practically mitigating the switching losses. In addi-
tion, the leakage of the high-frequency transformer is used
to facilitate the ZVS of the dc/ac converter switches, thereby
further reducing the switching losses. However, finite leakage
inductance of the transformer leads to voltage spike at the
secondary and loss in the duty ratio. Hence, an optimal design
of the transformer, including cost consideration, is needed to
achieve a tradeoff between ZVS of the dc/ac converter and the
conduction loss of the ac/ac converter. On a related note, an
adaptive transformer tapping was incorporated (which changes
N from 6.5 to 4.3) to counter the impact of input-voltage
variations on the inverter efficiency.

For the grid connection, the design of the output filter is
critical. The output filters of the inverter are selected in such
a manner so that they filter out the high-frequency components
at the output of the ac/ac converter and generate a sinusoidal
voltage and current, which satisfies the THD requirements.
To reduce the inrush current during grid connection of the
inverter, the digital controller of the inverter ensures that current
injection is initiated when there is a close match between the
phase, frequency, and amplitude of the grid and the inverter
output voltages, and the grid voltage passes through a zero
crossing. Moreover, the digital controller for the grid-connected
inverter has been implemented to address the relatively slow
transition time (~8 ms) of the relay.
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Methodologies for further improvements in the overall
energy-conversion efficiency of the inverter while simultane-
ously operating at higher switching frequency (for enhanced
power density), using advanced semiconductor switches and
soft-switching techniques, are being investigated. Extending
the operation of the single-phase inverter for photovoltaic
and battery-based sources as well as for higher power mul-
tiphase operation has added foci of our current research and
development.
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