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ABSTRACT In a grid-connected power generation system using a fuel cell, the low-frequency ripple
component must be maintained within an allowable range to improve the lifespan and efficiency of the
fuel cell. We propose a grid connection method using a structure that can reduce the low-frequency
ripple component of the fuel cell output current by combining a buck converter and a push-pull converter.
The proposed converter has a structure in which the inductor of the non-isolated dc-to-dc converter and
the current source inductor are shared. Although it is a two-stage structure, it has the same number of
inductors as the single-stage method, and the capacitor, an intermediate voltage source, can be removed.
The high-frequency transformer is designed so that the rated output is possible even at the lowest output
value of the fuel cell. The current peak value of the push-pull converter is reduced by operating the buck
converter’s switching frequency at twice the push-pull converter’s switching frequency. The operation mode
of the proposed converter and the controller design method will be described in detail. A grid-connected
inverter is constructed using the proposed converter, and the feasibility of the proposed approach is verified
through simulations and experiments on a 1kW prototype.

INDEX TERMS Converter, fuel-cell, grid-connected, inverters, push-pull, total harmonic distortion (THD),
zero voltage switching (ZVS).

I. INTRODUCTION 2) high-power factor and low THD for the grid current
Power generated in the unit cell of a fuel cell is usually in when connecting to the grid

the form of a low voltage and a large current. Many cells 3) high efficiency for a high boosting ratio and voltage
are stacked in series in a fuel cell to increase the output fluctuation rate

voltage, but a dc voltage suitable for grid connection requires 4) allowable low-frequency ripple component of the fuel
a step-up using a dc-dc converter. To efficiently connect cell current.

the power generated from the fuel cell system to the grid,
the power converter for fuel cells requires the following
conditions [1], [2], [3], [4], [5], [6], [7], [8], [9], [10].

1) Controllable the input power of the fuel cell according
to the command value

In a grid-connected power generation system using a fuel
cell, the grid voltage ripple can cause a low-frequency ripple
component in the fuel cell output current [4], [11], [12].
To increase the fuel cell’s efficiency and lifespan, the low-
frequency ripple (100~120Hz) is limited to 15% of the output
of the fuel cell, and the 50~60Hz ripple component is limited
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to within 10% at 10~100% load [8]. A significant out-
put filter capacitor can reduce low-frequency current ripple,
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FIGURE 1. Grid connection method of fuel cell system, (a) method using a
low-frequency transformer, (b) method using converter having
high-frequency transformer, (c) method using single-stage converter
having high-frequency transformer.

but it increases the volume and weight of the power gener-
ation system [5], [13]. In order to reduce the low-frequency
ripple component to an acceptable level, a method to improve
the control strategy [5], [6], [14] and a method to add a
hardware circuit are introduced [7], [15], [16].

Power conversion systems for fuel cells for grid
connection can be classified according to galvanic iso-
lation and boosting methods between fuel cells and the
grid [91, [17], [18], [19], [20], [211], [22], [23], [24], [25], [26],
[27]. There is a method of isolating and boosting the 25-45V
of the fuel cell and grid voltage using a low-frequency trans-
former and a way of insulating and boosting the grid and fuel
cell voltage using an isolated dc-to-dc converter employing a
high-frequency transformer.

Fig. 1(a) shows a block diagram of a grid-connected
inverter for fuel cells using a low-frequency trans-
former [28], [29]. In general, the output voltage of a 1kw fuel
cell is DC 29~60V and boosted to DC 350~400V using a
boost converter. The output voltage of the boosted converter
is converted to AC 110V or 220V using a single-phase full-
bridge dc-to-ac PWM (Pulse width modulation) inverter. The
converted AC voltage is connected to the grid using a low-
frequency transformer. Here, the battery supplies power to
the fuel cell system during the initial start-up. When the
fuel cell system starts and generates power, the battery is
charged using the generated voltage for the following initial
start-up. In Fig. 1(a), the overall system efficiency is the
product of the efficiency of each power converter, so it is
not easy to increase the overall efficiency. In addition, the
grid-connected inverter for fuel cells has a large current and
low-efficiency characteristics because the power generation
voltage of the fuel cell is lower than the grid-connected
voltage. In particular, since a low-frequency transformer is
used, the overall weight and size of the inverter increase, and
the manufacturing cost increases.

Fig. 1(b) shows a block diagram of a grid-connected
inverter for fuel cells using a high-frequency transformer.
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In the case of a grid-connected inverter for fuel cells using
a high-frequency transformer, compared to the existing grid-
connected inverters for fuel cells using a low-frequency
transformer, the weight and size can be reduced, and the
manufacturing cost is lowered. However, the high-frequency
transformer has a problem of poor stability because it
is possible to induce dc offset voltage as a grid power
source. Moreover, the control is complicated, and the effi-
ciency is lowered by adding an isolated dc-to-dc converter
[17], [18], [191, [20], [21], [22], [23], [24], [25], [26], [27].

Fig. 1(c) shows the block diagram of the improved
fuel cell grid-connected inverter using the existing high-
frequency transformer. It is a single-stage method that
increases the high-frequency transformer’s step-up ratio
instead of eliminating the dc-to-dc converter for step-up
[28], [29], [301, [311, [32], [33], [34], [35], [36].

The fuel cell has a characteristic of a low voltage and high
current due to a low cell voltage. To use the low voltage gener-
ated by the fuel cell as commercial power, a power converter
in which a boost converter and an inverter are combined is
essential [3], [4], [5], [6], [71, [8], [9], [10]. In particular, it is
difficult to satisfy the efficiency and performance required
by the overall system with the general dc-to-dc converter
technology due to the fuel cell’s low voltage and high cur-
rent characteristics, the significant voltage fluctuation char-
acteristics according to the load, and the high step-up ratio.
A general push-pull converter has a limited range of use
due to the voltage stress of the switching device. However,
the push-pull converter has a structure suitable for power
converters that require variable low-voltage to high-voltage
output, such as fuel cells [44], [46], [47].

This paper proposes a power converter structure capable
of ZVS (Zero voltage switching) and ZCS (Zero current
switching) in a fuel cell. The proposed push-pull converter
realizes ZVS or ZCS by a passive clamp circuit and solves
the immediate overvoltage problem of the push-pull con-
verter. In addition, by synchronizing the switching signal
of the buck converter with the double frequency to the
switching signal of the push-pull converter, the peak cur-
rent of the inductor and the transformer winding is reduced.
The proposed converter is a two-stage converter, but unlike
the existing two-stage method, there is no voltage filtering
capacitor between the power conversion stages. Compared
to the single-stage technique, only one switching device is
added.

A fuel cell uses a battery as initial starting power and
a separate dc-to-dc converter as control power. Therefore,
it needs to replace the battery after a specific period is
necessary or configure the charger using another sepa-
rate dc-to-dc converter. To solve the problem, a method
of directly charging a battery in a fuel cell is proposed
using the relationship between the fuel cell voltage and the
amount of oxygen in the fuel cell system. This method
uses the fuel cell’s low voltage and high current charac-
teristics for battery charging to improve performance and
efficiency.
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Il. PROPOSED FUEL-CELL-POWERED CONVERTER
INTEGRATING BUCK CONVERTER AND
PUSH-PULL CONVERTER
A. COMPARISON OF DC-TO-DC CONVERTER TOPOLOGIES
USED FOR FUEL CELL POWER GENERATION
The output voltage fluctuation range in fuel cells is more
than doubled according to the output current. In addition, fuel
cells have low voltage and significant current characteristics,
so a high step-up ratio and galvanic isolation are essential
for the grid connection. Fig. 2 shows various power convert-
ers applied as dc-to-dc converters for fuel cells. Fig. 2(a)
is a commonly used full-bridge converter, and AC power
having the same peak value as the amplitude of DC power
is applied to the transformer, which has the advantage of
the low turns ratio of the transformer. However, since the
number of switching devices of the inverter for applying AC
power is four, there is a disadvantage: the number of switch-
ing devices is more significant than that of other topologies
[1], [55], [56], [57]. In addition, to form an AC magnetic
flux in a transformer, two switches are always turned on,
occurring conduction losses. In particular, the loss must be
considered in inverters for low voltage and large currents such
as fuel cells. Fig. 2(b) is a half-bridge converter, which has
the advantage that the number of switching devices is half
that of a full-bridge converter. There is a disadvantage in that
the current flowing through the switching devices is doubled
[58], [59], [60], [61]. Fig. 2(c) is a push-pull converter, and
the voltage stress of the switching devices is mainly due to
the leakage inductance of the transformer. There are disad-
vantages in that two sets of primary windings are required.
On the other hand, since the number of switching devices
becomes half that of a full-bridge converter, the half-bridge
reduces the total switching conduction loss, and the number
of the turns ratio of the transformer is reduced. In a switching
method for reducing switching loss, a push-pull converter is
generally used, but the voltage stress of the switching devices
is twice the input voltage. In particular, in a fuel cell system
where the input voltage fluctuates, the transformer design of
the push-pull converter is designed to be rated at the minimum
input voltage. It must operate at the maximum input voltage.
Therefore, the voltage stress of the switching devices has
a disadvantage in that twice the maximum input voltage is
applied [62], [63], [64], [65]. That is, it cannot be concluded
that a specific method is superior, and a converter suitable for
external conditions such as output voltage, current, and power
of the fuel cell must be selected. Therefore, in this paper,
by doubling the switching frequency of the buck converter,
we propose a circuit structure that maximizes the advantages
of the push-pull converter suitable for low-voltage, large-
current applications through synchronizing control with the
push-pull converter.

B. CIRCUIT CONFIGURATION OF THE PROPOSED
CONVERTER

Fig. 3 shows the circuit configuration of the proposed
dc-to-dc converter for the fuel cell. The power converter
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FIGURE 2. Three representative circuit topologies used as fuel cell
dc-to-dc converters. (a) Full-bridge converter, (b) Half-bridge converter,
(c) Push-pull converter.

Buck converter «— }—» Push-pull converter D, D, | *
) | < A A
b, e L Vs 3¢ L
o g T Vae
= [y Ls
.E 4, X [ 1 % Dﬁ. gD7 % % DM]K ]ipu )
IF c.F Dk i ¢
34 "' D; Dg
Ry - D, 2 cT (]
L; s Ly

ZVS circuit | ZVS & ZCS circuit

FIGURE 3. Fuel-cell powered converter integrating buck converter and
push-pull converter.

comprises a buck converter for ZVS and a push-pull con-
verter for ZVS and ZCS. The circuit structure is simple
and economical if the converter is configured in a single-
stage method. The two-stage way has disadvantages in that
the number of switching elements and power loss increase,
but it can cope with a wide range of input-output volt-
ages [37], [38], [39], [40], [41], [42], [43]. The proposed
converter has a structure in which the inductor of the non-
isolated dc-to-dc converter and the current source inductor
are shared. The circuit is composed of the same number
of inductors as in the single-stage method, and the capac-
itor, the intermediate voltage source, is removed. In addi-
tion, it enables ZVS and ZCS by using the auxiliary circuit.
In Fig. 3, the transformer is designed to make the rated
output possible at the lowest value of the fluctuating input
voltage. Therefore, the voltage applied to the switch at the
lowest input voltage is the same between the conventional
push-pull converter and the proposed converter. In a typical
fuel cell system where the maximum input voltage is about
2.5 times the minimum input voltage, the voltage applied
to the switching device becomes twice the maximum input
voltage. However, as shown in Fig. 3, a push-pull converter
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FIGURE 4. Operational mode of a buck converter with ZVS function,
(a) mode A, (b) mode B, (c) mode C, (d) mode D.

combined with a buck converter is twice the minimum input
voltage, so the voltage applied to the switch can be reduced
by about 2.5 times. The conventional step-up push-pull con-
verter forms a pulsed output current due to a low rate at
a high input voltage. However, the converter in Fig. 3 can
make a duty ratio of 0.5 to form a continuous output current
regardless of the input voltage. In addition, the current peak
of the push-pull converter can be reduced by operating the
buck converter’s switching frequency at twice the push-pull
converter’s switching frequency.

C. OPERATIONAL MODE OF THE BUCK CONVERTER WITH
AUXILIARY CIRCUIT
Fig. 4 shows the operational mode of a buck converter with
the ZVS function. The inductor of the output stage of the buck
converter is used as the inductor of the current source push-
pull converter, so the capacitor for voltage smoothing has
been removed. Mode A and C are the same as the operation
mode of the existing buck converter, and the auxiliary circuit
adds modes B and D for ZVS. When switched off by mode B,
itbecomes ZVS, and by mode D, the capacitor of the auxiliary
circuit is charged in LC resonance mode [37].

Mode A starts when C; and C; are fully charged. If the
current flowing through the inductor is I7,(0), the current
flowing through the switch Qg is expressed as follows.

: ) Vi =V
ip,(t — 1) = i, = fTa — )+t (1)

dip,(t — 1)
dt
Mode B starts when switch Q1 turns off, and the energy stored
in C; and C; is discharged through L;. At this time, the
current flowing through the diode and the capacitor voltage

is expressed as follows.

Ve =1Lo +Vp (2)

. Vi .
ip,(t —12) = I, (t1) cos wa(t — 1) — Z_’; sinwy(t —12)  (3)
ve,(t — o) = I, (t1)Za sinwa(t — 1) + Vy cos wa(t — 1)

“

=1 — (L =
wherea)z_\/LZTH,ZQ—,/C12 ,Cn=C1+C,.
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Mode C starts when both C; and C; are discharged. The
freewheeling by the diode Dy starts. At this time, the current
flowing through the diode is as follows.

. . Vs
ip(t —13) =i, = L—z(t — 1)+ 11,(12) (5)

Mode D starts when switch Q; is turned on. At this time,
energy is charged to C; and C; through resonance with L,
and ZVS becomes possible. The current flowing through the
inductor and the capacitor voltage is expressed as

v
i, (t — 14) = Z—i sin wa(t — 1) ©)

C
ve,(t —t4) = C_]12 [—Vf coswya(t — tg) + Vf] @)
Ci

C [—Vf coswa(t — tg) + Vf] ®)

ve,(t —14) =

_ 1 _ JLi — GG
where wy = oS Zy=\/E5 Co=¢56-

D. OPERATIONAL MODE OF THE PUSH-PULL CONVERTER
WITH AUXILIARY CIRCUIT

In Fig. 3, the filter capacitor voltage v.s is determined by the
voltage connecting the inductor Ls. Inductor Ls is connected
to the neutral tap terminal of the push-pull converter. v,
is determined by the output of the buck converter in the
front-end stage and is controlled by the buck converter as
the minimum fuel cell voltage. Therefore, v, is always a
constant voltage, so the capacitor Vcs can be considered a
constant voltage source. The push-pull converter is described
by dividing it into six operation modes.

Mode A [fg ~ t1]: It starts when Q3 is turned on when
0> of the push-pull converter maintains on state and forms
a current loop, as shown in Fig. 5(a). Both windings of the
transformer’s primary are short-circuited, and the secondary
current of the push-pull converter becomes zero. In addi-
tion, the auxiliary circuit’s capacitor voltage (vc4), which was
charged in positive polarity, forms a resonance circuit through
the C4-Q3-Ls-Dg loop. When the switch is turned off, the
negative voltage is caused by the current as in (10) for ZVS.

Vs
ip,(t —ty) = — + I(1 9
0,(t —19) L +Lp (to) 9
. . . Ve, (to) . V,
103 = lLp, —+ Ic, = s A4 S a)0t+L2+—YLP2+I(l‘0)
(10)
where Zy = L wo = S
Cy’ L4Cy

Suppose the inductance of the inductor of the output stage
of the buck converter is sufficiently more prominent than
the leakage inductance of the transformer. In that case, the
current flowing through the inductor of the buck converter
can be regarded as a constant current source. Therefore, since
the primary current of the transformer flows by half of the
inductance current of the buck converter, the switch transient
loss is reduced when the switch is turned off. The leakage
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FIGURE 5. The operational mode of the push-pull converter with ZVS and
ZCS function, (a) mode A, (b) mode B, (c) mode C, (d) mode D, (e) mode E,
(f) mode F.

inductance determines the rate of increase of the switch cur-
rent, and ZCS is formed when the leakage inductance of the
transformer turns the switch on.
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Mode B [#; ~ t,]: It starts when Q) is turned off and forms
a current loop, as shown in Fig. 5(b). When @ is turned
off, the primary current of the transformer forms a current
loop through C3-Dg-Cs. As shown in (13), as the polarity of
the capacitor voltage vc3 is changed by the ic3 current, the
voltage applied to the switching device becomes zero, so ZVS
is possible when the switch is off.

Ve, (1)

igy = lip, +ic, = sin wo(t — 1)

+1(r;) (A1)

Lz +LP2
where Zy = C—i, wy = \/L]47C4‘
. Vs .
ic; = Z—sma)l(t — )+ 1(t) (12)
1
Css
ve;(t — 1) = T [=Vscoswi(t =)+ Vs]  (13)
Css
ves(t — ) = T [—Vicoswi(t — 1) + Vil (14)
L .
where Z; = C23p51 W] = \/ﬁ,cés = %,Lzm =
Ly + Lp;. B

Mode C [t ~ t3]: It starts when the capacitor (C3) current
becomes zero and forms a current loop, as shown in Fig. 5(c).
At this time, current flows only in the lower winding of the
transformer’s primary. The primary energy is transferred to
the secondary, and this mode occurs for a brief period.

io(t - 13)
N [ Ve, () . s
= — | — SIn t—t)+—— +I(¢t
N, [ 2 in w3( 3) It Lm (t2)
(15)
where 73 = /& = 1
3 = C4’ w3 = /7L4C4.

Mode D [t3 ~ t4]: It starts when the switch Q; of the
buck converter turns on, forming the current loop in Fig. 5(d).
At this time, the input power is transferred to the output
stage. The current slope flowing in the primary winding of
the transformer is determined by the inductor L, connected
to the output side of the buck converter.

VC4 (t3)

ig;(t —14) = sinwo(t — 14) + + 1(13)

(16)

N
L, +Lp,

where Zy = 1

JBon -
Mode E [t4 ~ t5]: Itht;s when the resonance by the
C4-03-L4-Dg loop is completed and forms a current loop,
as shown in Fig. 5(e). If Q3 is turned off before this mode
starts, ZVS will fail. Therefore, the starting point of this mode
is a factor that determines the minimum duty ratio for ZVS.

ig;(t —t5) = m +1(t4) (17
2
it —15) = 12 [— +1<t4)} (18)
Ny Ly +Lps
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FIGURE 6. Fundamental waveforms of the fuel-cell-powered push-pull
converter with ZVS and ZCS function.

Mode F [t5 ~ 1]: It starts when Q1 of the buck converter is
turned off and forms the current loop in Fig. 5(f). In this mode,
the switching frequency of the buck converter is double that
of the push-pull converter, and the switching between the two
power converters is synchronized. Under this condition, the
primary current ripple of the transformer is reduced by half,
thereby reducing the power capacity of the transformer and
the conduction loss of the switching device.

Fig. 6 shows the proposed converter’s switching signal and
critical operation waveform with the auxiliary circuit.

Fig. 7 compares the output current of the conventional
push-pull converter with the output current of the proposed
converter. In the conventional push-pull converter, if both
push-pull converter switches are turned on simultaneously for
step-up, the step-up inductor accumulates energy. Therefore,
no current flows to the transformer’s secondary, and the
output current becomes discontinuous, as shown in Fig. 7(a).
On the other hand, in the proposed converter, since the
period where both push-pull converter switches are turned
on simultaneously is very short, the transformer secondary
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FIGURE 7. Comparison of output current between the existing push-pull
converter and the proposed converter, (a) the existing push-pull
converter, (b) the proposed push-pull converter.

current flows in the form shown in Fig. 7(b). When the
output voltage and output power are constant, the peak cur-
rent of the proposed converter is reduced compared to the
output current of the conventional push-pull converter, and
the value is determined by the inductor and duty ratio of the
converter [37], [44], [45], [46], [47], [48], [49], [50].

E. CONTROLLER DESIGN

Unlike general dc power, the output voltage of a fuel
cell system has a drooping characteristic in which the
output voltage decreases as the output current increases.
Therefore, the controller for a fuel-cell-powered converter
can have excellent operating characteristics only when a
controller design is made considering the features of the fuel
cell.

Fig. 8 shows the fuel cell equivalent circuit and the pro-
posed converter. Ry and R, are the fuel cell losses deter-
mined by fuel cell temperature and output current, and Cj
is the capacitive component of the fuel cell stack. If the
time constant of the converter controller is configured to be
ten times larger than the time constant of the fuel cell, the
time constant of the fuel cell can be ignored. In particular,
in the case of grid-connected converters, since the difference
in time constant is not an essential factor in the controller’s
configuration, the converter is designed on the assumption
that the time constant of the controller is ten times greater
than the time constant of the fuel cell.

If the duty ratio of the push-pull converter switch is kept
constant at 0.5, it simply operates as a voltage amplifier. The
buck converter switch controls the output voltage by the §(¢)
generated through PWM by the control signal v.(f). At this
time, the output voltage of the converter is determined by
the duty ratio (d), the input voltage (V,(¢)), and the output
current (i,44(¢)). The controller can control the duty ratio,
but the controller cannot govern the input and output voltage.
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FIGURE 8. Fuel cell equivalent circuit and proposed converter
configuration.

Therefore, input and output voltage are disturbances when
designing the controller.

Fig. 9 shows the conceptual control diagram of the fuel-
cell-powered converter. The converter’s output V(t) is deter-
mined by the duty ratio, input voltage, and output current.
However, the factor that can control the output is only the
duty ratio. Therefore, it should be possible to obtain desired
control characteristics through duty ratio controller design.
The output voltage for applying the small-signal model in the
converter system in Fig. 9 follows.

v(is) =V + 1A/(s)
d(s) = D + d(s)

it0ad(8) = Tioad + itoad (5) (19)
A A
3(5) = Gra(5)d(5) + Gugls) V() — Zowr(5) itoaa(s)
(20)
Gua(s) = -
d(S) ‘;\g = 07 iloaa’ =0
Grgls) = I(S)
Vg(s) C/Z\: 07 iload =0
Zour(s) = — @1

iload ($) 3: 0, ‘% =0

Fig. 10 shows a small-signal block diagram of a fuel-cell-
powered converter. Since the value of gain error or distur-
bance cannot be known in advance, it cannot be reflected
when determining the gain of the open-loop controller. With
the structure of the open-loop controller, there is no way
to eliminate or reduce the gain error or output error due to
disturbance. As shown in Fig. 10, the output voltage error
according to the input voltage change is determined by the
Gg(s) transfer function.

Moreover, Gyg(s) cannot be compensated by the output
voltage control factor, and the power circuit must be config-
ured to minimize Gy (s). Also, the output current fluctuation
has the same characteristics as the input voltage fluctuation.
To improve this problem, feedback control is generally used,
and the composition of the duty ratio controller to control the
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FIGURE 9. Control concept diagram for the fuel-cell-powered converter.
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FIGURE 10. Small signal block diagram of the fuel-cell-powered
converter.

output voltage is shown in Fig. 11. The purpose of the feed-
back controller is to maintain a constant output voltage even
when the input voltage or load current changes. However, the
duty ratio is impossible to obtain a constant output voltage for
all conditions with one control variable. Therefore, it is nec-
essary to design the power circuit and the controller according
to the fluctuation range of the input voltage. The output
voltage of the converter operates as a compensator. It controls
the switching signal of the buck converter using the error
signal v,, which is the difference between the output voltage
detection signal S, through the voltage sensor and the filter
circuit and the output voltage command value. At this time,
the compensator’s design determines the dc-to-dc converter’s
operating characteristics.

Fig. 12 shows a voltage control block diagram of fuel-
cell-powered converters. The small-signal model of the
converter and the voltage regulator shown in Fig. 10 are
needed to analyze the output voltage feedback control

operation.
From Fig. 13, the output voltage variation is as follows.
A G (8)Gya(s)/Vum A
v(s) = Vref (s)
1+ 8()Ge($)Gra(8)/Vm
G
vg(s) ‘% (s)
1+ S)Ge(5)Gra($)/Vm
Zout (s)

A
1+ S)Ge(8)Gra(s)/ Vi iload(s)  (22)

If (22) is rearranged using the loop gain T(s),

1 T(s) A

A
v(s) = %—1 TT0) Vrer ($)
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FIGURE 11. Voltage control of fuel-cell-powered converters.
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FIGURE 12. Voltage control block diagram of fuel-cell-powered
converters.

Gyg(s) A
T T

- Z—’(si e () 23)

The loop gain T(s) is defined by

T(s) = S($)Gc(5)Gya(s) 24)
47

According to the high gain theorem, the larger the loop gain
T(s), the less the influence of disturbance and the better the
command follows. It is effective when the control target is
command-following and there is no measurement noise in
the target system. If the loop gain is considerable and the
following condition is satisfied, (23) can be expressed as (25).

V(s) = % Vi (s) @ [T(s) > 1] (25)
As seen in (25), the output is determined by the transfer
function of the measuring sensor. Therefore, an output volt-
age error will naturally occur if a disturbance occurs in the
transfer function S(s) of the measuring sensor and the filter
circuit. After all, since the accuracy of the sensor and filter
circuit is critical, the filter part is digitized in this paper so that
it is not affected by temperature or other surrounding factors.
(25) equally applies to the steady-state and is the same as (26).

v 1 rOo) 1
Vg SO)1+T(0)  S(0)
For the output voltage to follow the reference voltage, S(0)
must be accurately set, and the loop gain 7' (0) must be signif-

icant. The sensor of S(s) must be precise, and the precision of
the PWM power stage, which is the compensator gain, may

(26)
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FIGURE 13. Overall small-signal block diagram of the fuel-cell-powered
converter.

be small. By performing the feedback control in this way, the
sensitivity to the forward path gain is reduced, and at the same
time, the sensitivity to the feedback path gain is increased.
The stability of the system can be determined directly by
the magnitude and phase of 7T'(s). That is, to obtain good
performance in a transfer function including 1/(147(s)), the
shape of T'(s) must be determined. The corner frequency (f;)
of T'(s) can be obtained by (27).

ITG2rfo)ll =1 27)

The phase margin ¢, is the value obtained by adding 180 to
the phase at the corner frequency.

@, = 180° + LT(27f.) (28)

The necessary and sufficient conditions for the system’s sta-
ble operation are that the corner frequency is one and the
positive phase margin.

F. BATTERY CHARGING METHOD USING OXYGEN
AMOUNT CONTROL

A fuel cell generally uses a battery or an ac-to-dc converter for
initial start-up. However, replacing the battery periodically
or configuring a separate charger is necessary. This paper
proposes a new method for charging a battery by controlling
the amount of oxygen in the fuel cell system without using
a charger. This method is considered to have significant
advantages in performance and efficiency improvement when
used for battery charging by using the inherent characteristics
of low voltage and high current, which are the character-
istics of fuel cells. Since the fuel cell stack uses hydrogen
gas and oxygen as fuel, the activity increases in proportion
to the partial pressure. The electromotive force (emf) also
increases proportionally to the hydrogen gas and oxygen
pressure. To construct a direct fuel cell charger without a
power converter using these characteristics, the relationship
between the electromotive force according to hydrogen gas
and oxygen pressure is as follows.

1
E=E+ S\ lnpy + P2 —np (29)
= oF Hy 0, H>O
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E? is the standard emf (Electromotive force). Py, is the emf
change term according to the pressure of hydrogen gas. Pp> is
the emf term that changes according to oxygen gas pressure.

Since the back electromotive force is proportional to the
pressures of hydrogen gas and oxygen, the power generation
voltage of the fuel cell can be controlled by controlling the
hydrogen gas or oxygen pressure. In general, the pressure of
hydrogen gas in the fuel cell system is fixed at Sbar, but the
oxygen pressure has a structure that can be varied according
to the amount of surrounding oxygen. Therefore, a method of
controlling the fuel cell voltage by controlling the pressure of
oxygen is adopted in this paper.

Fig. 14 shows the configuration diagram of the proposed
direct charging method for fuel cells and a flowchart for the
battery charging operation. At the initial start-up of the fuel
cell, power is supplied from the battery to start the fuel cell.
When the fuel cell output power is greater than the self-
consumption power, the battery is removed, and the power
obtained from the dc-to-dc converter using the self-generated
power is used. The proposed fuel cell direct charging mode
starts, and the charging switch SW2 is turned on to charge the
battery with power generated from the fuel cell. The battery
used in this study is a 12V lead-acid battery. The charging pat-
tern of the constant current mode or constant voltage mode is
determined by detecting the battery’s state of charge from the
current and voltage flowing through the battery at the initial
charging stage. In Fig. 14(a), the Air Compressor is controlled
through the proportional-integral controller based on the dif-
ference between the charging current command value and the
actual charging current. Moreover, the fully charged voltage
is determined by detecting the battery temperature based on
the lead-acid battery’s temperature characteristic table. When
the battery voltage matches the charge completion voltage
command value, the control right of the Air Compressor is
transferred to the stack control unit to generate the output
voltage in normal mode, and the output relay is turned on to
create external power.

Fig. 15 shows the transient response characteristics when
the load of the fuel cell stack is varied. The load current
increases instantaneously, and the terminal voltage decreases
accordingly. The air compressor determines the chemical
reaction between hydrogen and oxygen. Still, it takes about
500ms for the output voltage to normalize because the
response characteristic of the compressor is slow. There-
fore, the power generation time constant of the fuel cell
stack is about 500ms. If the time constant of the power
converter using this is 10% or less compared to the time
constant of the stack, the time constant of the power con-
verter can be ignored. Therefore, the time constant of the
power converter used in this paper is designed to be less
than 50ms.

lIl. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 16 shows the configuration for fuel cell connection
using the proposed converter system. The TMS302F2812
controls the dc-to-dc converter and grid-connected inverter.
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FIGURE 14. Structure and operation flow chart of the proposed direct
charging method for fuel cell, (a) Direct charging method structure,
(b) Battery charging operation flowchart.

A microprocessor is used to configure the host controller
to control the state of the fuel cell and the output of the
power conversion system. Based on the generated power of
the fuel cell and the state of the fuel cell measured by the
oxygen sensor and the temperature sensor, the actual fuel
cell output characteristics and the output during the operation
were taken into consideration. The amount of power that
could be generated efficiently was controlled to be connected
to the grid. In a fuel cell system, a new method of directly
charging a battery in a fuel cell is applied by using the
correlation characteristics between the amount of oxygen
and the fuel cell voltage. By introducing a buck converter
instead of a boost converter, it is possible to design a current
source by not using a capacitor at the output stage of the
converter. The grid-connected inverter includes over-under-
voltage protection, over-under-current protection, protection
according to frequency fluctuations, and islanding opera-
tion prevention functions that a grid-connected inverter must
have [10], [51], [2], [3], [52], [53], [54].
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FIGURE 15. Transient response characteristics of fuel cell stack according
to output.

Fig. 17 is a simulated waveform showing ZVS when buck
converter Q1 is turned off. These are the switching signal, Q1
voltage, Q1 current, L, current, C; current, C voltage, and L
current from top to bottom. When Q1 is turned off, the voltage
applied to the switching device has a rise time of about 1us.
When the Q; switch is turned off, the output current of the
buck converter shares the output current with the energy
charged in the auxiliary circuit’s two capacitors (C1 and C3),
so ZVS of the Q; switch is possible. The auxiliary circuit
capacitors (C and C,) charge starts with the LC resonance
when the switching device is turned on.

Fig. 18(a) is a simulation waveform for voltage and current
of the proposed push-pull converter switch. ZVS is enabled
when the switch is turned off, and ZCS is enabled when
the switch is turned on. When the switch is turned off, the
switch voltage doubles overshoot; to reduce this voltage, the
capacitor capacity of the auxiliary circuit can be increased to
minimize it. Still, reactive power by the push-pull converter is
increased. Fig. 18(b) shows the capacitor and inverter current
and voltage of the auxiliary circuit of the push-pull converter.
Fig. 18(c) shows the push-pull converter’s regenerative power
and output waveform. Since the Cs capacitor voltage and Ls
inductor current are kept constant, the output voltage appears
as good dc.

Fig. 19(a) shows the inverter’s output voltage, grid current,
and grid voltage when the fuel cell system is connected
to the grid voltage, including the 3" and 5™ harmonics.
The grid current also contains many harmonics as harmonic
components of the grid voltage. If the inverter operates under
the condition that the grid voltage is sinusoidal, the har-
monic component of the grid current cannot be removed.
To solve this, there is a way to increase the size of the
inductor, but the weight and cost increase. Fig. 19(b) shows
the inverter output voltage, grid current, and grid voltage
when the harmonic component of grid voltage is compen-
sated. It was confirmed that a good grid current could be
obtained by compensating the harmonic component of the
output voltage obtained through FFT with the feedforward
term.
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the proposed converter.
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FIGURE 17. Fundamental operating waveforms of buck converter stage,
switching signal, Q; voltage, Q; current, L, current, C; current, C,
voltage, and L1 current from top to bottom.

Fig. 20 shows a prototype of the proposed converter for the
fuel cell. The controller is designed based on TMS302F2812.
Detailed specifications are shown in Table 1. It is designed
with a power capacity of 1kW, and the operating voltage
of the fuel cell is 66~150V. The buck converter operates
at 36kHz, and the push-pull converter operates at 18kHz
switching frequency.

Fig. 21(a) shows the drain-source voltage, drain current,
switching loss of the buck converter switch Q1, and the induc-
tor current of the auxiliary circuit. Fig. 21(b) is an enlarged
waveform of Fig. 21(a) to confirm ZVS operation. It can be
seen that the switching loss does not occur when off because
the switch voltage rises after the switching current becomes
Zero.
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capacitor current, inductor current in ZVS circuit, (c) Capacitor Cs voltage,
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Fig. 22 shows the primary waveforms of the push-pull
converter. Fig. 22(a) shows the voltage across the push-
pull converter switch Q», the switching power loss, the Q>
switch current, and the current flowing through the capacitor
C3 of the auxiliary circuit. Fig. 22(b) is an enlarged waveform
of the turn-on part of switch Q» in Fig. 22(a) to check whether
the ZCS operates. It shows the ZCS operation in which the
current starts flowing after the voltage across the O, switch
becomes zero. It can be seen that there is no switching loss
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FIGURE 19. When connected to the grid containing 5% of the 3td and 5th
harmonics, the inverter output voltage, grid-connected current, grid
voltage, (a) before harmonic component compensation, (b) harmonic
component in the inverter voltage command is compensated with a
feedforward term.

caused by the product of the voltage across the switch and
the switch current. Fig. 22(c) is an enlarged waveform of the
turn-off part of the switch in Fig. 22(a) to check whether ZVS
operates. It shows that the voltage across the switch starts to
rise after the switch current becomes almost zero.

Fig. 23 shows the voltage and current ripple for each power
conversion stage according to the ripple control method. Cur-
rent ripple control can reduce the voltage ripple of the dc-link
capacitor on the transformer’s secondary but has a problem
of increasing the current ripple on the fuel cell side. On the
other hand, in the voltage ripple control, the current ripple
on the fuel cell can be reduced, but there is a problem that
the voltage ripple of the dc-link capacitor increases. In this
paper, voltage ripple control is applied to control the current
ripple to 5% or less because it is more important to reduce
the current ripple on the fuel cell to ensure the lifespan of
the fuel cell. For the grid connection, the inverter needs a
current controller, and the converter in the front stage needs
a voltage controller, including a current controller. Since the
DC current of a single-phase inverter is in the form of an
absolute sine wave, the voltage ripple of the dc-link stage is
considerable. Therefore, there is a problem that the lifecycle
of the capacitor is shortened. To solve this, a method of
compensating with the converter current in the front stage
can be applied, but a problem arises that the converter current
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TABLE 1. Specification of the proposed fuel-cell-powered converter.

Description Value Unit
Rated power 1.0 kW
Operating voltage rage of fuel-cell 66~150 V
Power MOSFET - IRFP9ON20D 200 \%
94 A
Diode - APT100S20B 200 v
120 A
Switching frequency — Buck converter 36 kHz
Switching frequency — Push-pull converter 18 kHz
Inductor for Buck converter (L) 200 nH
ZVS inductor for Buck converter (L) 20 uH
ZVS capacitor for Buck converter (C;, Cy) 15 nF
ZVS inductor for Push-pull converter (L3, Ls) 40 uH
ZVS capacitor for Push-pull converter (Cs, Cs) 22 nF
Turn-ratio of the transformer 1:6 Turns

(b)

FIGURE 20. Photograph of 1kW prototype, (a) proposed
fuel-cell-powered converter, (b) controller using TMS320F2812.

ripple becomes large. In this paper, the lifespan of the fuel
cell is considered more important than the dc-link capacitor.
Therefore, the voltage ripple of the dc-link stage is tolerated.
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FIGURE 21. The experimental waveform of buck converter,
(a) Drain-source voltage of Q; switch, switching loss, Q; switch current,
auxiliary circuit L; inductor current, (b) Time-division enlargement of (a).

It is possible to reduce the converter current ripple by chang-
ing the control gain of the converter. Setting the controller
gain value according to the fuel cell input current ripple is
necessary.

Table 2 shows the voltage and current gain values of
Fig. 24. In a state where Ki of voltage gain and Kp of current
gain are the same, if Kp of voltage gain and Kp of current
gain are adjusted, ripple current can be controlled.

Table 3 compares the characteristics of three typical con-
verter circuits for fuel cells and the proposed converter.
Compare the voltage and current stress on the primary switch
of the transformer, the fuel cell input current ripple, the
transformer window utilization, the equivalent switching fre-
quency, and angular frequency () that changes the size of
the inductor and capacitor.

Table 3 shows that the proposed converter’s switch voltage
and current stress are the same as those of the full-bridge and
push-pull converter switches. However, the transformer of the
proposed converter is designed so that the rated output is pos-
sible at the lowest value of the fluctuating fuel cell input volt-
age. A typical fuel cell system’s maximum voltage is about
2.5 times the minimum. Therefore, in a general push-pull
circuit structure, the voltage applied to the switch is twice the
maximum input voltage. However, in the proposed design,
a buck converter and a push-pull converter are combined to
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FIGURE 22. The experimental waveform of the push-pull converter,

(a) Voltage across Q, switch, switching loss, Q, switch current, auxiliary
circuit C3 capacitor current, (b) ZCS operation when turning on Q,, (c) ZVS
operation when turning off of Q,.

respond to a wide voltage range up to twice the minimum
input voltage, so the voltage applied to the switch can be
reduced by about 2.5 times. In addition, the current peak of
the push-pull converter can be reduced because the switching
frequency of the buck converter in the front stage is operated
at twice the switching frequency of the push-pull converter in
the rear stage.
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TABLE 2. Voltage and current gains according to the ripple control
method.

Voltage gain Current gain
Control method - £° 8 - &
Ki Kp Ki Kp
Current ripple control 50.0 2.1 1.0 0.1/20.
Voltage ripple control 50.0 0.1 10.0 0.1/20.

TABLE 3. Comparison of characteristics between the proposed converter
and the existing three representative circuit methods.

Half-bridge Full-bridge Push-pull Proposed
Voltage stress Vin Vin Vin Vin
@primary switch (1-D) 2(1-D) 2(1-D) 2(1-D)
Current stress
@primary switch 2 Lo T L
Input current ripple Moderate Moderate Moderate Good
Transforvmer .wmdows Good Good Poor Good
utilization
Equivalent switching . .
frequency @secondary B2 ¥ % s
Angular frequency, @ 4nf, 4nfs 4nf; 8nf,

The selection of the DC smoothing capacitor’s capacitance
is vital in determining the system time constant that deter-
mines the characteristics of the converter and reducing the
ripple of the DC voltage.

In Fig. 25, ijec—our is the current flowing from the DC
power source to the grid through the inverter, and iz.—;, is the
current flowing into the capacitor from the dc-to-dc converter.
Therefore, the integral difference between the two currents
generates the DC voltage ripple. As given in (30), the grid
voltage (vgrig) and the inverter rating (Pj,,) determine the
current (i;,,,) flowing into the power source.

P iny
VGrid

liny = (30)
At this time, the current flowing into the capacitor is deter-
mined by the current flowing into the grid. In Fig. 25, area A
and area B become the same operating parallel point, and the
value is the same as (31).

23/2

Ide—in = Tlinv (31)

As shown in Fig. 25, the current flowing into the capacitor is a
constant DC current, but the current flowing into the grid has
a pulsating component. AQ, the integral difference between
the two currents generated by the pulsation, can be obtained
by (32).

&)

AQ =

2
[Imax sin(271) — —Imax} d (32)
61 T

The voltage fluctuation of the capacitor due to AQ obtained
in (32) is as shown in (33).
_ A0

AV =
Cdc

(33)
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FIGURE 24. Fuel cell output current, DC-link voltage, grid voltage, and grid current according to the ripple control method, (a) current
ripple controller, (b) voltage ripple controller.

If the ripple rate of the DC voltage is set to 5% or less, the The capacitance between the fuel cell and the Buck converter

capacitance of the capacitor may be set to a value that satisfies can also be calculated using (34). In the case of the input
the conditional (34). side, line inductance exists due to the distance between the
fuel cell and the buck converter, and the ripple of the fuel cell
Cpe = AQ (34) current is controlled by voltage ripple control. In this paper,

0.05Vg, a capacitance of 480uF is used.
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FIGURE 25. Calculation of capacitance for DC power smoothing of the
1grid-connected inverter.

Fig. 26(a) shows the inverter voltage, inverter current, and
fuel cell output current under the condition that the fuel cell
output is 55V and 1kW grid-connected operating conditions.
It can be seen that the current ripple control method for
reducing the ripple of the dc-link capacitor on the output
side is applied so that the current ripple on the fuel cell side
is significantly increased to about 25%. Fig. 26(b) shows
the characteristics of the proposed power converter under
the condition that the input voltage of the fuel cell is 55V
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400V 1

and 1kW. The converter output dc voltage is controlled at
420V, and the fuel cell output current waveform is controlled
with a constant current. The inverter output voltage and
current waveform confirm a suitable grid connection status.
The power factor is 99.98%, and THD (Total harmonics
distortion) is 3.8% up to the 50" order. Fig. 26(c) shows
the fuel cell output current ripple under the 1kW output
condition. Iy is the output current of the fuel cell is about
20A. i is the ripple waveform measured using the AC
mode of the oscilloscope. The peak value of the fuel cell
output current source is about 1A, and there is a current
ripple of 120Hz. This value corresponds to a current ripple
of 5%.

Fig. 27 is the result of testing the starting and stopping
characteristics of the system in an independent operation
state to verify the dynamic features of the proposed fuel cell
power generation system. At this time, the fuel cell current
ripple is controlled by 5%. Fig. 27(a) represents the starting
characteristics of the system under the rated load condition.
It can be seen that the soft start operation of about 0.18s before
turning on the MC quickly makes it to a steady state without
overshooting even under the rated load condition. Fig. 27(b)
shows the stopping characteristics of the system under the
rated load condition. When the MC is turned off, it can be

 —1 ]

- e VCdc
Fuel-cell current ripple below 5% !
N, _=
i |
Inverter voltage " Inverter current 4 0
: \ L/ -;

(b)

20A i it
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f
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r
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FIGURE 26. Fuel cell current ripple, inverter voltage, and inverter current according to the ripple control method, (a) current ripple control,
25% current ripple, (b) voltage ripple control, current ripple 5% below, (c) fuel cell current ripple using the AC mode of the oscilloscope.
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THD

2 12
= 10
2 s
= 6
s
S g ol
0
200 %Elt) -1:1[ 500 ru{; 700 800 900 1000
m 3rd 38 9 8 0.8 0.7 0.6 0.4
m 5th 12.3 8.1 6L i 4.05 38 3 23 24
THD 18 12.05 8.5 7.2 6.1 5.3 4.5 39 3.65
Power [W]

FIGURE 28. 3" and 5t harmonics and THD analysis up to 50t order
according to fuel cell output when the grid is connected.

seen that the output voltage is stably reduced along with the
reduction of the fuel cell power generation.

Fig. 28 results from analyzing the 3" harmonic, 5"
harmonic, and THD when the current harmonics were mea-
sured up to 50" order according to the fuel cell output when
the grid is connected.

The 3 harmonic, 5th harmonic, and THD become more
significant as the load is lower and smaller as the output
increases. At 200W, the 39 harmonic component was about
3.8%, the 5™ harmonic component was about 12.3%, and
the THD was about 18%. At the rated load of 1kW, the
3" harmonic component was about 0.4%, the 5% harmonic
component was about 2.4%, and the THD was about 3.65%,
which is good. In the grid-connected inverter, the 3™ and
5% harmonic components are 3% or less, and the THD is
regulated as 5% or less, which is satisfactory.

Fig. 29 shows the results of comparing the efficiency of
the proposed method with the fuel cell system using the con-
ventional hard-switching current-type push-pull converter.
At the fuel cell output voltage of 55V, the traditional way
showed a minimum efficiency of about 85.1% at 1,000W,
and the maximum efficiency was approximately 86.7% at
600W. The proposed method showed about 88.4% when
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FIGURE 29. Efficiency comparison between the case of applying the
conventional push-pull converter and the case of applying the proposed
converter at the fuel cell output voltages 35V, 45V, and 55V.

outputting 1,000W and about 90.95% when outputting SO00W
was excellent. At 500W, which is half of the rating, the
maximum efficiency of the fuel cell power conversion system
is shown, the efficiency of the grid-connected inverter is about
97%, and the efficiency of the proposed converter is about
91%, so the total efficiency of the system is measured to be
about 94%.

Factors affecting power loss in the proposed converter
system can be roughly divided into four categories. First,
switch loss (P;) is subdivided into switching loss that occurs
during turn-on and turn-off of the switch (P7), conduction
loss due to Ry, resistance of the switch (P,,), and gate driving
loss (Pp).

Ps=P0n+PT+PD (35)
Here, conduction loss is defined as
Pon =13, msRDS.0n (36)

where Ip, s is the RMS current flowing through the switch,
and Rps on 18 the switch on resistance.
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FIGURE 30. Power loss breakdown for the traditional push-pull converter and the proposed approach with the fuel cell voltage of 35V, 45V, and
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The switching losses that occur during switch turn-on
(Psw ,on), and turn-off (Psw ), are expressed as follows.

The gate driving loss (Pp) is expressed as

Pr = Psw.on + Psw of

1 tr tr+tw
—_— </ vpsipdt +/ VDSiDdt> (37)
Tsw 0 tr

The integration period #r is a period in which the current
completely falls from the peak to zero when the switch is
turned off. tw is the period in which the current flows through
the switch. In the proposed converter, the push-pull switch
can perform soft switching at any switch on-off moment, but
in the buck converter switch, ZVS occurs only during switch
turn-off, so switching loss occurs at the turn-on moment.
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1
PD,on = PD,oﬁ‘ = E (QGS fs : Vgs) (38)

where Qgs is the gate-source charge, f; is the switching
frequency, and Vg is the gate-source voltage.

Second, core loss and copper loss occur due to the
transformer and inductor. The transformer and inductor use
EPCOS PM87/70(N27) core in the prototype. The EPCOS
core has a very high magnetic permeability compared to a
general core and has excellent frequency characteristics. It is
possible to design a transformer with a low number of turns
for high output due to high permeability, thereby minimizing
copper loss, and designing a transformer with low leakage
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inductance and parasitic capacitance.

Pm:Pfe+Pcu (39)
2212 MLT 1 \?

o () )L
4K, WAAC Bax

Pre = Kfe (Bmax)”? Acln (41)

1
PMlG  MLT 1\
where Bpax = 2}{; L A R

Here, P, is total copper loss. Py, is total core loss. p is the
effective resistivity of a wire. A1 is the primary flux linkage.
1o is total RMS winding current referred to primary of the
transformer. K, is the Winding fill factor. MLT is the mean
length per turn. Wy is the core window area. A, is the core
cross-sectional area. B,y is peak AC flux density. /,, is the
magnetic path length. Ky, is the core loss coefficient. j is the
core loss exponent.

Third, itis a copper loss due to a wire loss of about 1.5 m for
the connection between the fuel cell and the converter system.

Py = Rwirel? (42)

where R,,;. 1S the total resistance of wires between the fuel
cell and the proposed system, and /, is the dc-output current.

Fourth, the loss that cannot be accurately distinguished is
ohmic loss due to low parasitic inductance of PCB, internal
loss of capacitor, Litz-wire cooper loss of magnetic com-
ponents due to skin effect or proximity effect, and ohmic
loss due to switch and magnetic material due to increase
in operating temperature [66], [67], [68], [69], [70]. P, is
obtained by subtracting (P + Py, + P,,) from the efficiency
value obtained from the actual measurement (Peqsured)
in Fig. 29.

Py = Preasured — (Ps + Py + Pw) (43)

Fig. 30 shows the power loss analysis results of the conven-
tional push-pull converter and the proposed method. Among
the measured efficiency data in Fig. 29, we analyze the loss
when the fuel cell voltage is 35V, 45V, and 55V at 200W
and 1kW. In both the proposed and existing methods, the
loss due to the magnetic material (P,,) and the loss com-
ponent due to the switch (Ps) appear the largest. Existing
push-pull converters have significant switching losses due
to hard switching. On the other hand, the proposed method
has a relatively small switching loss due to the ZVS opera-
tion. However, it shows that the power loss component due
to the magnetic material is significant. When designing a
transformer, which is a factor that significantly affects the
efficiency of this converter system, it is necessary to consider
the total handling power, which is the product of the operating
voltage and the maximum current, and the minimum opera-
tional efficiency and maximum allowable temperature due to
the maximum loss. In addition, it is necessary to design a core
considering trade-offs such as weight, economy, and volume,
such as selecting appropriate material and a size suitable for
the operating frequency. However, in the case of laboratory-
level prototypes, the optimal efficiency was not achieved by
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selecting a core with a similar value that was easily obtained
rather than the calculated optimal core.

IV. CONCLUSION

We proposed a grid connection method using a structure that
can reduce the low-frequency ripple component of the fuel
cell output current by combining a buck converter and a push-
pull converter. Although the proposed dc-to-dc converter has
a two-stage structure, it has the same number of inductors as
the single-stage method, and the capacitor, an intermediate
voltage source, can be removed. The peak current of the push-
pull converter was reduced by designing a high-frequency
transformer to enable rated output even at the lowest output
value of the fuel cell and operating the buck converter at twice
the switching frequency of the push-pull converter. In addi-
tion, a new method of charging the battery by controlling
the amount of oxygen in the fuel cell system without using
a charger was proposed.

The ZVS and ZCS operations were verified through sim-
ulations and experiments, and it was confirmed that the low-
frequency current ripple of the fuel cell was maintained
within 5%. The THD of the grid current at 800W or higher
was maintained at 5% or less when connecting to the grid.
At 500W, the fuel cell power conversion system shows the
maximum efficiency, the efficiency of the grid-connected
inverter is about 97%, and the efficiency of the proposed
converter is about 91%. Therefore, the overall efficiency of
the grid-connected system was measured to be about 94%.
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