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ABSTRACT

A soft-switching method and control scheme for an
isolated step-up full bridge converter is proposed in this
paper to implement a hybrid power generation system
with Fuel Cells and Batteries. By using leakage
inductance of the transformer, the system conversion
efficiency can be improved and a simple control is
achieved. Adding clamping-diodes in series with leading-
leg can greatly lessen the ringing of the transformer and
filter diodes. The system consists of three power stages,
including a bi-directional DC-DC converter, a ZVS-FB
DC/DC converter, and a DC/AC inverter. The DC/AC
inverter is used to transfer the power for ac applications
(110V,s /60HZ). Due to the PEMFC cannot respond
quickly, its output voltage is easily affected by load
variations and polarization loss. The bi-directional
converter with flexible control strategy can provide power
sharing and energy storage at different conditions of the
load, which makes its suitable for PEMFC powered AC
applications. In this paper, the tested results will be
presented to verify the performance of the system.
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1. Introduction

Fuel cells are considered to be one of the most promising
future energy generation devices, because of their various
advantages such as high energy efficiency, low operation
noise, low emission, environmental friendliness and the
ability to generate electricity directly, etc [1], [2]. Major
applications were identified in various areas such as
transportation, stationary power, and portable power. The
hydrogen and oxygen pass through the proton exchange
membrane and execute chemical reaction to produce
electricity. The exchange membrane cannot respond
quickly when the load changes. So it needs to use power
converter to compensate the load variations appropriately.
Fig. 1 shows the typical layout of the system
configuration including: (1) a bi-directional DC-DC
converter between fuel cells and batteries, (2) an isolated
DC/DC converter to be able to boost the low voltage
(22~42 V) of the fuel cell to a dc link voltage high enough
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(200 V) and (3) a subsequent DC/AC conversion by the
inverter to obtain utility type ac voltage (110-V,,s at 60
Hz).

Owing to regulating the bi-directional power flow
appropriately, the flexible control strategy is applied in
the bi-directional DC-DC converter that connects the
batteries and fuel cell to supply active compensation for
fuel cell energy management and load allotment. In this
system, the batteries are needed to release or store energy
instantaneously and compensate the fuel cell during
dynamic conditions. The important part is to control the
timing of charging or discharging, and accomplish the
type of the energy management using power electronic
technologies.
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Figure 1. The typical layout of the system configuration
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Figure 2. Topology of the proposed full-bridge
converter

Finally, the system integrate bi-directional DC-DC
converter with DSP (TMS320LF2407A) to achieve the
adjustment of power flow, active distribution, and energy
storage between fuel cell and battery.

A step-up converter can be used to boost the low
voltage to high (200 V), but the higher duty ratio a boost
converter has, the lower efficiency it is. The efficiency of
a boost converter for such an application is approximately
40% [3]. Push—pull, half-bridge, and full-bridge
converters can also be used to boost the low voltage of the
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fuel cell to the required level [4], [S]. However, these
converters have large turns ratios (such as 1:20) of the
isolated  transformers.  Therefore, large leakage
inductances cause duty cycle loss, low energy efficiency
and difficulty in control of the dc-dc converter [6]. For
high-power applications, the full-bridge (FB) zero-
voltage-switching (ZVS) PWM converter shown in Fig. 2
is the most widely used circuit, which can achieve ZVS
for active power switches on the primary side of the
transformer in a wide range of load current and input
voltage with reduced circulating energy and conduction
losses [7-11].

The proposed full-bridge converter uses the leakage
inductance of the transformer to help energy conversion,
which ot only promotes the conversion efficiency, but
also mitigates difficulty in control. The full-bridge
converter employ voltage clamping diodes (D,;, Dyy) in
primary side of transformer having some merits as
follows: (1) it can reduce unreasonable transient
characteristic of high-frequency transformer efficiently,
(2) diminish electromagnetic interference (EMI), and (3)
slow down the phenomenon of voltage spike, ringing and
current ringing in primary side of transformer. (4) The
circuit frame is simple and not influences the analysis of
power circuit. (5) The rate of forward current in clamping
diode is small and low power losses. To help retard the
voltage stress of power switches and output diodes.
Moreover, the output side of the ZVS-FB converter is
connected to the input side of the single phase inverter,
which provides a fixed 110 VAC by the SPWM control.

2. Topologies and circuit operations

The bi-directional DC-DC converter has two parts to
cascade shown in Fig. 3. One is the buck converter, and
the other is the boost converter. The function of the bi-
directional converter is to charge or discharge batteries
and adjusts the power flow in different situation. The
operation modes are as follows: At beginning, programs
set the maximum output current of the fuel cell. When the
output current of the fuel cell is less than the level of the
setting, the converter is operated in buck mode to charge
batteries. The charging method is CC-CV (constant
current-constant voltage) with two batteries in series (24
V) and provides power to loads. If the charging current of
batteries is less than the minimum setting current, the
charging mode will stop to protect batteries overcharging.
If the load demand is higher than the setting value, the
fuel cell current will be limited and the remained current
will be compensated by the bi-directional converter in
boost mode. If the voltage of batteries lowers to the
setting volt, continuous discharging may spoil batteries.
To avoid destruction of batteries, programs will shutdown
the system.

The operation waveforms of the zero-voltage-
switching full-bridge DC/DC converter are shown in Fig.
4. which adopts pulse width modulation to adjust the
output power. The responsible duty ratio uses D,=1 - D,
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and 0 £ D, <0.5. When the triangular waveform (Vy;) is

lower than D;, power switch Q; turns on. When Vy; is
higher than D,, Q; turns on. As a result of the power MOS
(Q1, Qy) or (Qs3, Qg) must conduct simultaneously that the
energy just can through  high-frequency transformer
produce output power to load. To facilitate the
explanation of the circuit in Fig. 2, Fig. 5 shows its
simplified circuit diagram. It is assumed that the
inductance of output filter L is large enough so that
during a switching cycle the output filter can be modeled
as a constant current source with a magnitude equals to
output current igc.
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Figure 3. The bi-directional DC-DC converter
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Figure 4. The control signal of ZVS-FB DC/DC converter

The operation of the converter during different time
periods in the first half cycle is explained as follows.

2.1 Interval [to~t;]: Energy transferring mode

Switches Q;, and Q, are gated. A closed current path is

created as shown in Fig. 5(a). Diodes of filter D5, D6 are

in conduction state. The energy store in resonant inductor

(L,) and the leakage inductance of the transformer (Ljc)

by transformer transfer power to load. One can derive that
Vp = V[, Vs: Vo.

V =V, -V, =V, -V, (1)

I, = Vi—Vo t (2)

L



2.2 Interval [t;~t,]: First resonant mode

At this moment, Q; is turned off. According to Faraday
Lentz Law, current i, in the inductor must keep
continuously, so it charges capacitor C; to V; and
discharge capacitor C, to zero at the same rate. After
capacitor C, is fully discharged, i.e., when voltage V4
reaches zero, current i, starts flowing through antiparallel
diode D4 of switch Qy, as shown in Fig. 5(b).

Ve () =Ve, (D +V, (3)
2.3 Interval [t,~t3]: Energy storing mode

To achieve zero-voltage turn-on of switch Qy, it is
necessary to turn on switch of Q, while its antiparallel
diode D, is conducting. In Fig. 5(C), the power switch Qg4
is turned on immediately after voltage V4 has fallen to
zero which can eliminate switching loss of power MOS
Q4. The output power is supplied by capacitor Cgc.

2.4 Interval [t3~t,]: Second resonant mode

When switch Q, is turned off. According to Faraday
Lentz Law, current i, in the inductor must keep
continuously, which initiates the charging of capacitance
C, of switch Q, and discharging of capacitance C; of
switch Qj3, as shown in Fig.5(d). Also, C, is charged to V;
and its opposite capacitor C; is discharged to zero.

ch(t) :ch(t)+v| )

2.5 Interval [t;~ts]: Energy reverse mode

This topological stage ends at t = ts when voltage V3
across switch Qs reaches to zero and antiparallel diode D;
of switch Qj; starts conducting current, as shown in
Fig.5(e). To achieve ZVS of switch Qs, switch Q3 needs
to be turned on while diode D; is conducting that can
reduce switching loss of transistor Q;. At that moment,
nxig. equals to zero.

2.6 Interval [ts~t¢]: Energy transferring mode

When switch Q; is completely turned on, the current i,
flows inversely direction path so that the circuit enters the
same topological stage as shown in Fig. 5(f), awaiting the
next switching cycle to be initiated by the controller.

It should be noted that, in the proposed circuit,
clamping diodes have no effect on commutation time of
the primary current from one direction to the other. This
commutation time is proportional to the sum of leakage
inductance of the transformer T, and resonant inductor L,,
because they are effectively in series with the power path.
Therefore, to minimize the duty cycle loss and optimize
the performance of the circuit, it is necessary to minimize
the leakage inductance of transformer T, and resonant
inductor L,. In this paper, the control strategy and adding
a set of clamping diode can efficiently restrain parasitic-
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ringing energy of power switches, which further improves
the circuit performance particularly in light load.

— MM

Js b

i D; 1 -
AD: & X
L !|Ds D7

o
B
I}l
3
-

<
T
7|
o
0
|
L

AD. |4
L Ds
D!c o~ TV

Al
Vi FCre Qr ip } § Cuer g

Le)
-
al
—
Ll
al
Un
R
&
O

e n=N/N;" ™
Qz! Q) La" &AD, & &
} -Fz Ca Dg qe
(b)
N\ N
Lhoo Ll y
Q| T&” U)TA &AD:. & X ]
IPfc TET - Te - s P ’
VJQ_‘ T Cre il 3 3 é_ CaT <:
T ! r <———T-———— N=Na/N;
Qs I% Qd ‘ AD. X &
! '|E ; '|E ’ Dg |Ds
(c)
N i N
Tk I [T
A’ Q| TR’ &D. & & (]
! L T i|Ds D !
P =T L
Vi, TCre G Ip 3 é_ Ca 2

1]
min

n=N,/N; ™

1 h
QL& of L& D, & il
écz | '|E¢ Dg qe
T
|
Q| X
|

e | T
Vid. TCre G ip 3

K Dvl

u
O
<
[~
-
ol
N')
;
>
Un
-
-
o

/i« Cu ZE
T i n=No/N T
2 1 4 4
Q2 Q4§ AD, 4 4|
[ r P |8
(e)

N A
| JS L¢
llc.JDs D, -

Qs |7 Q1 AD: A &
e ; _4._'!:_'(‘: < T < = '
Vi, T Cre Cr e ? g Caf 2
T " '“"I"""’ n=N/N;T™
4 9
Q. —%’ QA;RD AD. & %
I Ar e

Figure 5. Operation modes of ZVS-FB DC/DC converter

In this paper, the DC/AC inverter uses a full bridge
inverter frame through low power filter to provide a fixed



voltage and frequency of the single phase power. The
power circuit of inverter is shown in Fig. 6.
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Figure 6. The full-bridge DC/AC inverter.

In most control method of the inverter, the technique
of SPWM (sinusoidal pulse width modulation) is usually
adopted for the time being. Using this method can acquire
stable output voltage and low harmonic distortion. Single-
pole voltage switching method is adopted in this inverter
and its switching frequency is twice the double-pole
voltage switching, so its harmonic content is lower than
double-pole switching. Therefore, the design of filter
circuit can reduce dimension and weight to obtain the
same purpose. According to (5) and (6), inverter can
decide the size of the output filter to attain the optimal
dynamic response and suppress the output distortion.

L, > AxTs ()
AILimax
T, x Al
fZ S L_max (6)
2x AV,

3. Control strategies

3.1 Control strategy of the bi-directional DC-DC
converter

According to the control flow-chart of bi-directional DC-
DC converter in Fig. 7. Eq. (7)shows the duty cycle of the
bi-directional DC-DC converter with P-I controller
building in a DSP. The control strategy of batteries is
divided into two parts. Particularly, the control strategy
uses protecting batteries and the system to make sure the
safety in all components. The charging mode and
discharging mode are shown as follows:

ooy =g + K, *error +k; *J.error-dt (7

new

3.1.1 Buck/Charging mode

In the charging mode, the charging strategy adopts CC-
CV (constant current-constant voltage) method. In the
beginning, the controller gets feedback signals of the
voltage and current from batteries, using the command of
charging voltage/current via the P-I equation get the error
value in eq. (7). The proportional and integral terms of the
errors are actually through gating power MOS
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compensating the change of the duty cycle Ad at variety
of current/voltage of batteries.

3.1.2  Boost/Discharging mode
In the discharging mode, the bi-directional converter
operates in boost mode to compensate power. At first, the
DSP gathers the feedback signals of the current from
batteries and DC bus voltage. The command of
discharging current through the P-I equation get the error
value in eq. (7). The DSP deliver duty cycle signals to
gate the power switches compensating the remained
energy.

At any time, the control strategy selects only one
regulation mode and then the bi-directional DC-DC
converter works only one control objective.

3.2 Control strategy of the zero-voltage-switching full-
bridge DC/DC converter

The control equation (8) of the ZVS-FB DC/DC converter
is as follows:

In order to regulate the DC bus voltage, the ZVS-FB
converter is controlled as a PS-PWM. ¢ is the phase angle
of Q;. The 0 £ D; < 0.5 equals to 0 £ < 180°. Using P-I
control strategy multiplies the error value of Vg to get
duty cycle of D;. The larger pulse width is, the more
power output energy is, i.e., the converter can transfer
more power to load; on the contrary, the energy that is
transferred to output load is less. By modulating the
responsibility of duty cycle (D, D,); for the purpose of
adjusting the output energy, the full-bridge converter can
regulate the net output power in the variety of load.

error _value _Vy =V s —Vicnew ®)

D, =G, *error _value V,
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Figure 7. The control flow-chart of bi-directional DC-DC
converter

3.3 Control strategy of full-bridge DC/AC inverter

The Control framework diagram of this circuit is shown
in Fig. 6, using a full bridge inverter frame. The SPWM
technique and the control of voltage feedback signals are
used in this paper. At first, the DSP feed-backs output
voltage and establish a sinusoidal function table to obtain



the reference signal. The above two values are compared
and the error value V., is obtained. The PI control is
implemented on the DSP, and a sinusoidal control signal
Veon 18 compared with a triangle wave signal Vy;. The
switching method adopts high/low frequency to gate the
power switches, i.e., the circuit of left-leg (Qs, Qs)
operates in high frequency (20 kHz) and the right-leg (Q,
Q) operates in low frequency (60 Hz) to acquire utility
type AC voltage (110-V rms at 60 Hz).

4. Experimental verification

The performance of the proposed circuit was verified on a
1kW (continuous 740 W and compensated 240 W)
experimental prototype operating at 20 kHz. The
experimental converter was designed to operate from
22~42V input and delivers 3.7A from a 200V output. To
cascade a DC/AC inverter produce 110 Vs at 60 Hz for
AC applications. The experimental circuit is shown in
Fig. 8. The control circuit of the bi-directional DC-DC
converter, ZVS-FB converter and single phase inverter
was implemented using a digital signal processor.

Fig. 8 shows the oscillogram of key waveforms of the
bi-directional DC-DC converter. The circuit uses two
lead-acid batteries in series (24V/26Ah). From top to
bottom presents the voltage of fuel cell (Vy), voltage of
batteries (Vyq), current of fuel cell (lg), and current of
batteries (lpy). As can be seen from Fig. 8, the bi-
directional converter operates in charging/discharging
mode to verify the performance of circuit and the timing
of charging/discharging mode depends on the limit value
of the fuel cell output current. The fuel cell provides
current of about 6A, supplying 2A to the load and
charging the batteries in CC mode at the same time. When
the batteries voltage reaches the voltage limit (28.6 V),
CV mode applies and the batteries voltage is regulated. In
this mode, the charging current of batteries and the output
current of fuel cell decreases. So the voltage of fuel cell
rises gradually. In charging-stop mode, the charging
current of batteries decreases to 0.05C (1.3A) and the
switch of charge Qo will be turned off to avoid the
batteries overcharging. When the load demands higher
power, DC mode applies again. Later, the regulation
mode changes in the following order: from DC, to CC,
CV, Charging-stop, and back to DC mode. It is seen that
the regulation mode is selected correctly and the fuel cell
current, battery current and battery voltage were regulated
properly.

To verify this new topology, a prototype unit is built
and tested. Fig. 9 illustrates the prototype of the fuel cell
generation system. This unit is rated at 1 kW owing to the
current limitation on power device pins. It consists of
three major parts: a bi-directional DC-DC converter
board, a ZVS-FB DC/DC converter board, and a DC/AC
inverter board. In this test unit, the switches of the fuel
cell system are controlled by the same reference signal.
Thus, for zero-voltage-switching full-bridge converter,
the PS modulation angles between two legs for each

23

phase are identical. This timing is critical; if it is slightly
unmatched, it may cause large circulating energy among
the transformer primary sides.
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Figure 8. The key waveforms of bi-directional DC-DC
converter

Fig. 10 shows the actual conversion ratio for the
prototype. As can be seen, the experimental results match
with the ideal ratio very closely. The discrepancy is the
power loss in the circuit, caused by the impact of dead-
time control in the leg switches and duty-cycle loss
caused by circuit inductance. The experimental results
also verify the converter soft switching operation. Device
switching waveforms are shown in Fig. 11. All the
devices turn ON without ZVS, as illustrated in Fig. 11(a).
Fig. 11(b) shows the turn ON switching waveforms for
the power switches devices with ZVS. It should be
noticed that an increased load is good for achieving
device ZVS operation. These ZVS waveforms for the
leading-leg and lagging-leg are acquired with only 8%
load condition. In Fig. 12, it is obviously to tell the
difference between high-frequency transformer without
using a set of clamping-diode and adopting it. Adding the
clamping-diode can reduce the phenomenon of voltage
spike and ringing to help restrain the problem of dynamic
losses and electromagnetic interference that also can
increase the life of all the components. As shown in Fig.
13, the ringing of the output filter diodes are suppressed
by the clamping-diode. Hence, the effectiveness can be
the same with previous descriptions. The zero-voltage-
switching and clamping-diode discussed above improves

system efficiency.
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Figure 9. The prototype of the fuel cell generation system.
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Figure 10. The conversion ratio for the prototype
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Figure 12. The ringing waveforms of the high-frequency
transformer. (a) without clamping-diodes. (b) with
clamping-diodes

Experimental results for the isolated full-bridge boost
mode are shown in Fig. 14. The load changes from 80W,
180W, 320W, 520W to 740W and its output voltage holds
200V in the range of the rated loads. The voltage of
device is very clean, resulting in low voltage stress. Here,
200V is used to generate a 110V, inverter ac output. The
dynamic operations of the single phase inverter are shown
in Figl5, in which the load changes from 420 W to 1kW
and from 1kW to 420W. Fig 15(a) shows the critical
condition; one can see that the batteries compensate the
power through bi-directional converter to load for ac
applications. If the system operates below 740W, i.e., the
fuel cell has spare energy to charge the batteries with CC-
CV strategy as shown in Figl5(b). Furthermore, the
hybrid fuel cell generation system is much useful than one
fuel cell generation system to supply power for
applications.

By comparing these experimentally obtained results
with the analyzed waveforms in Fig. 4, the experimental
results verify the proposed system. Research is going on
to further reduce the cost and improve the energy
efficiency of the hybrid fuel cell generation system.
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5. Conclusion

The rated 1kW of a hybrid power fuel cell generation
system is proposed. This paper presents a soft-
commutating-method and control scheme to implement an
isolated step-up converter, in which using leakage
inductance of the transformer to help for energy
conversion. This can improve the low efficiency and
difficulty in control, resulting from the leakage
inductance. A set of clamping-diode is used to mitigate
the ringing of the transformer and output filter diodes.
The merits make the converter operate in low temperature
and low voltage stress caused by the low efficiency and
the ringing. A soft-commutating criterion is discussed in
this paper. Zero-voltage-switching is achieved for the
switches of the full-bridge converter that can efficiently
reduce the switching losses. The system can operate in a
continuous 740W and peak 1kW was built using a
PEMFC with the voltage range 22~42V and two 26Ah
lead-acid batteries in series with nominal voltage 24V,
respectively. Discussion about design and control issue of
the system, including a bi-directional DC-DC converter, a
ZVS-FB DC/DC converter, and a DC/AC inverter can be
found in previous descriptions, in which the tested results
are provided to verify the control design and transient
response of the system.
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