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1 Introduction

An issue of importance for fuel cell (FC)-based inverter is the
selection of the rating of the FCS. High cost of a cell and
enhanced probability of failure of an FCS with increasing number
of cells renders the inverter to be typically low-voltage and high-
current systems [1]. For a single-phase inverter, which produces a
significant 120 Hz current ripple at the input of the inverter [2], a
large average current rating implies a large current ripple, which
is detrimental to the life and performance of the FCS [3]. Further,
to handle the large ripple current (producing zero average power),
the FCS has to be oversized which increases the cost of the overall
power system. As shown in Fig. 1, to mitigate the current ripple
from the FCS current, a typical and low-cost solution is to place a
filter capacitor at the input (or output) of the inverter (or of the
FCS). Similar power decoupling method is also used in the photo-
voltaic (PV) systems [4]. A detailed review of active power
decoupling methods has been presented in Ref. [5]. However, this
paper focuses on the passive capacitor stack based approach only
and outlines a guideline to choose the optimum size of a passive
input-filter capacitor from the standpoints of the overall system
energy density and cost.

Analysis shows that there exists a negative-current zone for a
FCS connected to a single-phase inverter producing line-frequency
sinusoidal voltage for any power factor other than unity. A suitable
input-filter capacitor can be chosen to prevent negative FCS cur-
rent. Dependence of the magnitude of the FCS current ripple on
load power factor, load harmonics, and size of input-filter capacitor
is illustrated. It is also shown that the magnitude of the FCS ripple
current varies with stack parameters such as voltage and current
ratings, for a given value of the input-filter capacitance. Finally, it
is demonstrated how the FCS efficiency, which varies with the
magnitude of the current ripple, varies with stack and load parame-
ters (such as power factor and harmonics). It is shown that an opti-
mum value of the input-filter capacitor (for a given voltage and
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e Impact of switching-ripple dynamics is assumed to be negli-
gible due to very low magnitude and large-scale separation
(i.e., 60 Hz line and 200 kHz switching frequencies) [6];

e The switching converter does not store any average energy;
i.e., all the parasitic capacitances and inductances of the
switching converter can be treated as negligible [6].

e Voltage drop in the output filter is negligible compared to the
output voltage value.

We start with the average power-balance equation in the
absence of the input-filter capacitor

Vrclgc =

VoI,
_o0 (1)
n

where 1 represents the inverter efficiency, and V,, and /, are the
rms output voltage and current, respectively. Modeling the FCS as
a current-controlled dc voltage source with area-specific-
resistance (Rasr) [7], we obtain

VI,
(Voe — IecRasr )Irc = % 2)

where Ve is the stack open-circuit voltage and Igc is the stack
current. Assuming a load with a power factor of cos(¢) along with
sinusoidal output voltage and current (having peak values of V,,
and /,,, respectively, and a periodic frequency of w), we obtain

Vo sin(wi)1,, sin(or + @)
n

(Voe — IrcRasr ) Irc =

anlm

= (Voe — IrcRAsr )IFc = [cos(p) — cos(2wt + )] (3)

Equation (3) leads to a quadratic equation in /xc

current rating of the stack or for a given load profile) from stack ef- 5 Vol
ficiency and cost points of view can be derived. IzcRasr — IrcVoc + o [cos(@) —cos(wt + )] =0 (4)
2 Analysis of the Input Ripple Current which yields

FCS current ripple is caused by the reflection of the current on
the output of the modulated inverter to the input side. Before mov- VT
ing forward, we assume the following in our analysis: v \/ch)c — 4R Asr ; = [cos(@) — cos(2wt + ¢)]

oc n
Igc = *
T 2Rask 2Rasr
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Current distribution in an FCS-based single-phase single-stage inverter. A typical

illustration of such a topology is shown in Ref. [2], which achieves voltage amplification
using an embedded step-up high-frequency transformer. It is noted that such a single-
stage inverter can be nonisolated as well even though it is normally less practical due to
the cost of the stack to support a high voltage. Symbols oy, lrcs, and Ic,p represent,
respectively, the inverter-output, FCS-output, and filter-capacitor currents. Io,, devoid of
high-frequency components (which is absorbed by the output capacitor), represents the
load current. The sinusoidal modulation of the inverter results in an inverter input current
that has a dc- and a strong ripple-current component.

We show in Fig. 2 that, for any power factor other than unity, /gc
will be negative and the maximum negative value increases with
the load power factor.

For preventing this negative current, a filter capacitor is
typically placed at the input to the inverter, as shown in Fig. 1.
Therefore, next, the power-balance equation (1) is rewritten taking
into account the contributions of the FCS and the input-filter ca-
pacitor currents

Vy sin(wi)l, sin(wr + @)
n

Vic(Irc — Leap) = (6)

Now, using the current—voltage relation of the FCS, Igc is
given by

Voc — Vic
Ir¢c =——— 7
FC Rask (N
Capacitor current is given by
dv
legp = C— % ®)

Using Egs. (6)—(8), we obtain

v (Voc —Vre dVFC) Vi sin(wt)I, sin(wt + @)
FC -C =
Rasr dt n

[cos() — cos (2wt + )]
©)

Voc =V, dv, Vil
:>VFC< oC FC_C FC): mim

Rasr dt 2y

Therefore, the nonlinear differential equation governing the input
voltage is given by

2
VFC

_ VecVoc Vil
dt CRAsr

CRask 211

[cos(¢) —cos(2wt+@)] =0
(10)

Using the solution of Egs. (10) (i.e., Vgc) and (6), one can calcu-
late k¢, its sign, and the percentage ripple. It is noted that, for a
load drawing harmonic currents, Eq. (10) can be generalized to

B V%C VecVoc 3 V sin(wt)
dt CRask  CRasr (@]
[1,,,1 sin(of + @) + Ly sin(2wt + ¢,)

+ Lz sin(3wt + @3) +..] =0

an

061005-2 / Vol. 12, DECEMBER 2015

where 1,1, I, I,3 are the peak values of the harmonic
components and ¢, ¢,, @3 are the corresponding phase angles.
Rewriting Eq. (10) as

dVFc VIZ:C VOC
v S 1%
e ar CRasr - CRasg) '€
lenl
e [cos () — cos(2wt + ¢)] (12)

one can recognize that Eq. (12) represents Abel’s differential
equation of the second kind. Using two new variables w and z
given by

Vic = e /Rast yp(1) (13)
Voc ‘ t/CRasr

= . dt 14

: (CRASR> Je (19

Equation (12) is transformed to the following differential
equation:

dw (CRASR)
w. —WwW=—Z

dz V%c

)

15)

Generalized solution for the equation of type (15) is found in
Ref. [8] as the implicit solution of a set of simultaneous integral
and algebraic equations. Due to the presence of transcendental
functions in the right-hand side of Eq. (15), closed-form analytical
solution cannot be derived in the present case. Therefore, a fourth-
order Runge—Kutta numerical algorithm is used to solve Eq. (10)
or (11) for calculating FCS current ripple. Then, the FCS current
is given by

~ Voc — Vrc

Irc = (16)

Rasr
Therefore, the peak-to-peak ripple (Rpp) of the FCS current is
given by

maX(Ipc) — min([]:c)
Rpp =
avg(Irc)

an

where max(/rc), min(lrc), and avg(lgc) represent maximum,
minimum, and average values of /xc.
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Fig. 2 Peak negative FCS current with non-unity power factor
load without input-filter capacitor

3 Simulation Results and Discussion

To carry out the simulation-based analysis, an experimentally
validated planar solid oxide FC model, as reported in Ref. [9], is
used to set Voc (=23.75V) and Rasr (=20.17 mQ). Parameter V,,,
represents the peak value of the single-phase utility voltage (i.e.,
120 - v/2 =169.7 V). Parameters I,,, or I,,,, (where n represents the
harmonic number for the harmonic load) represent the peak val-
ue(s) of the fundamental (nth-harmonic) component of the output
current. For initial analysis, a 3kW unity power factor load is
assumed. An inverter efficiency of 90% is assumed (i.e., n =0.9).
Using Voc, Rasrs Vi Lns 11, cos(@), and input-filter capacitance
C, Vgc can be solved using Eq. (12) using the fourth-order Run-
ge—Kutta numerical algorithm as mentioned in Sec. 2.
Subsequently, /gc and Rpp are determined using Egs. (16)
and (17).

First, we show how the FCS current behaves with and without
the input-filter capacitor. Figure 3 shows that the current has a si-
nusoidal ripple riding on a dc current. It is seen that, without the
filter capacitor, the current becomes negative when the load power
factor is less than unity. It also suggests that, for a given power
factor, a minimum value of input capacitance is required to main-
tain positive FC current. Therefore, in Fig. 4, variation of the FCS
current ripple with varying load power factor and input
capacitance is demonstrated.

Next, we demonstrate in Fig. 5 that, for a small value of input-
filter capacitance, increasing the FCS nominal voltage (i.e., by
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Fig. 3 FCS current at 0.6 load power factor, with and without a
50 mF input-filter capacitor
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Fig. 4 FCS current ripple as a function of input-filter capacitor
size and load power factor

increasing the number of cells in series) may reduce the FCS cur-
rent ripple for a given load power factor and output power. But
the percentage reduction is quite small as compared to what one
can achieve using a larger capacitance. Therefore, a rational
choice must be made between selecting a large input-filter capaci-
tor and large number of cells in a stack based on the comparative
cost of these two options.

Next, the effects of the load-current harmonics on the FCS
input-current ripple are investigated. FCS voltage and current are
calculated using Eqgs. (11) and (16) and assuming the existence of
third, fifth, and seventh harmonics, which is a typical scenario.
The input-filter capacitance is set at 100 mF and the magnitudes
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Fig. 6 THD versus peak-to-peak FCS current ripple for varying
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of the harmonic currents are varied. Total harmonic distortion
(THD) of the load current is calculated using
L+ 1s + 1

m3
THD =
1 ml

(18)

while the phase angles of the fundamental and harmonic compo-
nents are given by

L
¢y = tan~! (%) where n =1,3,5,7, ... (19)
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Fig. 8 Input-filter capacitor size versus monetary savings (due
to increased FCS efficiency) and total footprint area of the in-
verter. The zone of optimality is illustrated by dotted ellipse. A
curve-fitted equation was used to plot this, however, the nature
and coefficients of the equation will vary greatly with FC stack
and capacitor technology choice, and therefore, it should not
be perceived as a generic equation.

Figure 6 shows the dependence of FCS peak-to-peak current rip-
ple on the THD of the load current with varying fundamental
power factor (i.e., cos(¢;)). The phase angle of the fundamental
component is varied and for each value, the FCS current ripple is
calculated with varying THD. Figure 7 indicates that FCS peak-
to-peak current ripple decreases with increasing THD and
increases with decreasing fundamental power factor.

Next, we investigate the effect of large current ripple on the FCS
efficiency. Figure 7 plots the stack efficiency as a function of stack
voltage and current ratings and filter capacitor size. This gives the
FC power-system designer and the FC manufacturer choice of
selecting the optimum ripple-mitigating capacitor for achieving the
balance between stack efficiency, voltage and current ratings of the
stack, and combined cost of input capacitor and the stack.

However, the enhanced stack efficiency comes at the price of
increasing the footprint area and cost of the power electronics.
Based on the Department of Energy specification of solid oxide FC
stack cost [10], the monetary gain that can be achieved by increas-
ing capacitor size and the total footprint area (sum of FC stack and
converter areas) to determine the optimum range of the input-filter
size. For calculating the input-filter capacitor cost, a particular class
of capacitor (electrolytic) is chosen and a base unit price is
obtained from the retailer. Total required capacitance was divided
by the base unit capacitance to obtain the number of capacitors and
that number is multiplied by the base unit price to obtain the total
capacitor cost. In all calculations, bulk production pricing is
assumed. Choice of voltage rating of the capacitor is important
because it influences the base price significantly for electrolytic
capacitors. For instance, an 80V electrolytic capacitor of 5.6 mF is
priced at $2.60 whereas a 100 V electrolytic capacitor of 5.6 mF is
priced at $4.93. A base unit of 3.3 mF (large quantity price $1.57)
is chosen for this calculation. The actual part number is
KMGS50VB332M18X35LL from United-Chemi Con. Figure 8
illustrates the monetary savings and total footprint area of power
electronics as a function of the input-filter capacitor size.

4 Summary and Conclusions

We describe an analysis technique for the input-current-ripple
calculation for a single-phase inverter fed by a FCS. The analysis
shows that, for any power factor other than unity, the reflected
current ripple on the FCS output will cause the absolute value of
the stack current to go negative. Because FCS typically does not
support negative current, this must be handled by a passive or
active filter placed at the output of the FCS (i.e., at the input of the
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inverter). For a passive input-filter capacitor, the analysis can fur-
ther determine the percentage ripple as a function of capacitor
value. Moreover, the voltage and current ratings of the FCS also
feature in this analytical framework and hence the effect of input-
filter capacitor sizing on the ripple-current reduction can be exam-
ined as a function of FCS size. Because ripple-current magnitude
has been shown to affect the FCS efficiencyi, it is further possible
to examine how the stack efficiency varies with the input-filter
capacitor size. From a practical consideration, however, the cost
and footprint space of a capacitor increase as the capacitance
increases. On the other hand, increased stack efficiency effectively
results in cost savings on the part of the FC-system developer.
Therefore, an optimization study is also performed to determine
the net monetary savings as the input-filter size is increased and it
is found that, a maximum savings point can be realized for a par-
ticular type of the capacitor. Although this study does not guaran-
tee existence of such an optimized cost for all situations, it
establishes the need for such a practice while choosing an input
capacitor for a single-phase inverter system.
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