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Abstract

The purpose of this paper is to develop a novel power conversion circuit for cost-effective battery-fuel cell hybrid systems. First of all,
the various reduced parts power conversion systems (PCS) are overviewed and an advanced dc—dc boost converter and a bidirectional dc—d
converter are proposed. Theoretical explanation and informative simulation and experimental results are provided, along with the evaluation
of the developed topologies in performance points of view.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and etc. 5%. Beside the effort of development of low-cost
fuel cell stacks, one can find cost-effective solutions from
A fuel cell system mainly consists of a fuel cell stack, PCS.
a fuel reformer, a fuel supplier (air management system), a The PCS plays an important role to deliver the generat-
power conditioning system (PCS), and a heat recovery sys-ing power from fuel cells to various loads according to end
tem (HRS), as shown iRig. 1 In order to commercialize the  uses’ demands. Therefore, the PCS should be designed and
fuel cell system by year of 2010, the cost target is an impor- operated with high efficiency, high performance, and high
tant factor as well as its performance and reliability. From the reliability, and especially low cost. The PCS consists of a
evaluation of DOE, it sets the goal is to develop a ceramic dc—dc converter, a bidirectional dc—dc converter, and a dc—ac
fuel cell with factory costs as low as $400 per kilowatt and inverter, along with an energy storage unit. There are hun-
today’s fuel cells sell for well over $4000 per kilowatt. If dreds of PCS topologies in speed adjustable ac motor drives
the cost targets can be met, future fuel cells could competesystems. However, these topologies are not optimally suit-
economically with virtually all types of power systems, in- able for fuel cells because of unique nonlin&af static and
cluding gas turbine and diesel generators. Basically in fuel dynamic characteristics of fuel cells. Moreover, it is a big
cell systems, the fuel cell module overwhelms the majority challenge to design a low-cost PCS with high efficiency and
of the entire cost of the system by over 50% and the rest performance.
shares the cost, such as reformer 20%, HRS 10%, PCS 15%, The purpose of this paper is to develop a novel power
conversion circuit, which is suitable for battery-fuel cell hy-
Wispaper was presented at the 2004 Fuel Cell Seminar, San Antonio brid S-yStems' The various reduced parts PCS topologies are
TX. USA. ’ 'overviewed and an advanced dc—dc boost converter and bidi-
* Corresponding author. Tel.: +82 55 280 1416; fax: +82 55 280 1436.  rectional dc—dc converter are proposed. Theoretical explana-
E-mail address: bklee@keri.re.kr (B.-K. Lee). tion and informative simulation and experimental results are
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Fig. 1. Block diagram of a fuel cell generation system.
provided, along with the evaluation of the developed topolo- Eq.(1):
gies in cost and performance points of view. V = E — AVohm— AVact — AVeoncent

=E—ir—Aln (IJ.”"> + m expi)
2. Basic characteristic consideration of fuel cell ‘0
systems = Eoc — ir — AIn(i) + m exp@i) 1)

wherekE is the reversible OCV, the fuel crossover the
slope of Tafel linejp the current density at the cathode,

- . . andn the constants in the mass-transfer overvoltagihe
As shown inFig. 2, a fuel cell outputs highly nonlinear area-specific resistangs].

V-I characteristic. This curve can be represented as activation Therefore, when one designs a PCS one should consider
polarization, ohmic polarization, and concentration polariza- this nonlinea,r characteristic along with the power demands
tion, which can be obtained from the governing equations aS it the PCS. The operating points should be located within
the ohmic polarization region in order to ensure the safe

operation and also it should be noted that the entire efficiency

. Elisl GEIN Cltortefistic : of the PCS is changed according to the various operating
: : points. Generally, in design of a PCS for a certain fuel

P : cell, the power capacity of the PCS should be calculated
""""""""""" as follows, assuming the single cell voltage is 0.8V, the
: : : : number of cells for the stack is 30, current density of the cell

e o oo is 600 mA/cn?, and area is 50 cfn

e Power capacity of fuel cells

2.1. Electrical characteristics of fuel cells

Voltage : 08 V/cell x 30= 24V,
current : 600 mA/cri x 50 cn? = 30 A,
power=V x I =24V x 30A=720W

Cell Voltage [V]

e Power capacity of PCS (overcurrent 150%)

% 200 400 600 800 7000 7200 7400 \Voltage (no-load) : 2 V/cell x 30= 36V,

SRR e current: 900 mA/crfi x 50 cnf = 45 A,
Fig. 2. V-I characteristics of a fuel cell. Power=V x I =36V x45A = 1620W
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Fig. 3. Basic configurations of PCS for fuel cells: (a) type 1; (b) type 2 and (c) type 3.

2.2. Basic configurations of PCS [2,3] using a bidirectional converter causes the system cost to be
increased and overall system efficiency to be deteriorated.
The fuel cell is a kind of low-voltage and high-current en- Therefore, according to the applications one should select a
ergy source, so that the output voltage (28—4¢ ¢f fuel cell proper configuration among these three.
should be boosted up to about 40g-\before it converts into The converter and inverter circuit can be broadly divided
a 120/220V, 60/50 Hz ac source. This boosting action is per- into voltage source and current source topologies as shown
formed by dc—dc converters and converting from dc to ac is in Fig. 4.
done by dc—ac inverters. Moreover, in a system, energy stor-  Inthe case of the voltage source, it basically uses a bulk ca-
age units, such as a battery and super-capacitor, are require@acitor in parallel with a dc-link bus. In this topology, there
in order to power the auxiliary units in the warming-up stage is no startup problem and it has low switch voltage stress.
of fuel cells. In this case, a bidirectional dc—dc converter is
additionally implemented to manage the energy storage unit. tapje 1
Even though there are various combinations of dc—dc con- Comparison of basic configurations of PCS

verters, bidirectional converters, and dc-ac inverters, theytype  Advantages Disadvantages

can be grOUpEd Into t_hr?e Cateqon_es as ShOV\FFIgﬂB and . Low cost, no unbalance Poor maintenance of battery, poor

the overall characteristics comparison can be summarized problem utilization of fuel cell

in Table 1 From this comparison, it is noted that the en- 2 Well maintenance of High voltage battery cost,

ergy storage unit is better connected to the dc-link capacitor battery unbalance problem of battery
Low voltage battery, no Cost, complicated control

in parallel through the bidirectional converter for maximum

.- . . . unbalance problem
fuel cell utilization and maintenance of batteries. However, P
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Fig. 4. Comparison of voltage and current source topologies: (a) voltage
source and (b) current source.
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However, an effective dead-time scheme is needed in order

to avoid the shoot-through problem and an output inductor is
required to smooth the output voltage ripple. Also, boosting

action is up to the transformer’s turn ratio, so that it causes
poor magnetization utilization. On the other hand, in the case
ofthe current source, it basically uses an input inductor choke
in series, but there is no output inductor choke. It cannot start
with low output voltage of fuel cells and suffers from high
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switch voltage stress. Therefore, in practical applications,
voltage source and current source topologies are combine
for high efficiency and high performang,5]. In dc—ac in-
verters, voltage source inverters have been utilized and are,5rded First Grant Prize. Topologically, it combines a full-
familiar with many researchers. Full-bridge, half-bridge and bridge converter for boosting up the low voltage of the fuel
_push—pulltop_ologies are represgntative one_sin vgltage SOUrC&el| and it is converted to 120 V/24Q. source by a full-
inverters, which are depicted Fig. 5. Half-bridge inverters  pigge single-phase dc-ac inverter, which was discussed in
are voltage-doubler because the output voltage can be ob previous section in this paper. Also, it includes a bidirec-
tained is twice that of input voltage, so that one can get a tjona| dc—dc converter to manage the energy storage unit,
large voltage gain for the system. 48V battery bank. The front-end full-bridge dc—dc converter

ig. 5. Various types of voltage source inverters: (a) full-bridge; (b) half-
ridge and (c) push-pull.

3. Overview of PCS topologies and controls

In this section, various PCS topologies are considered

[6-9]. These topologies are based on the report of Future En-

is operated at 25 kHz and outputs 40@ ¥fom 22 to 41 \j¢

Table 2

Specification of PCS in 2003 FEC competition

Design items

Minimum target requirement

e SOFC (5kW) 29V nominal, 22—41Y, 275 A max.
ergy Challenge (FEC) 2003, which is sponsored by SECA, Battery 48V nominal, +10 te-20%, 500 W h
DOE. The FEC is an international university competition in Output power Nominal: 5kW continuous at DPF 0.7
order to develop a low-cost PCS for fuel cells to meet the Overload: 10 kW overload for 1 min at DPF 0.7
Output voltage Split single-phase 120/240V, 60 Hz

cost target of $400/kW in 2010. FEC 2003 gives a design
specification for the PCS, including manufacturing cost, ef-

\oltage regulation:6%
Frequency regulationt0.1 Hz

ficiency, and package weight for practical applications. This THD: <5%
specification is summarized able 2and the PCS designer  Manufacturing cost <$60/kW
can refer it as useful data in development. Eff'cll‘?”cy o 228"?
. K . acking weig = g
The PCS as shown iRig. 6a) is designed by the Seoul EM! FCC 18 Class A

National University of Technology (SNUT) team and was
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input. And the pwm inverter’s switching frequency is 20 kHz
as well as the bidirectional converter. In the case of a bidi-
rectional converter, it consists of a full-bridge converter and
a push-pull converter and the charging action performed by
the full-bridge converter and the push-pull converter handles
discharging action.

Texas A&M University proposed a topology Fig. 6(b).

In particular, it contains two push-pull converters, which out-
put 200 Vg at 2.4 kW rating, respectively, and consequently
400 Vyc output is obtained. Also, the high-voltage battery is
inserted between the dc-link capacitor and inverter, which is
one of the basic configurations iig. 3. This battery bank
consists of 32 batteries of 123¥and in order to decrease the
inverter ripple current, an inductor is connected in series with
the battery bank. As is well known, the inverter ripple current
directly affects the fuel cell performance, so that it should be
minimized as much as possible.

Basically the topology as shown Fig. 6(c), which has
been proposed by the team of University of Wisconsin, is not
distinguishable from the above two topologies. It uses a full-
bridge converter and an inverter and a battery bank is inserted
between the dc-link capacitor and the inverter.
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Fig. 7. Variation of current source dc—dc converters: (a) current source half-
bridge converter; (b) with lossless snubber and (c) with active lossless snub-
ber.
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A team from Michigan State University (MSU) uses a three-phase dc—dc converter, better current sharing can be
half-bridge converter (voltage-doubler) in their system as obtained, but the auxiliary units, such as gate drive and
shown inFig. 6(d). In order to solve the drawback of con- controller for the switches, become a problem. The bidi-
ventional full-bridge boost converters, such as drawing large rectional dc—dc converter operates in discharging when the
spikes of current from the fuel cell, this team uses the power flow is from battery to dc-link and on the other hand,
half-bridge converter composed of two capacitors and two when the power flow is from dc-link to battery, it operates in
MOSFETs. However, it is also noted that this topology can charging.
cause the system cost to be increased by using additional The detailed operational principles and experimental char-
switches. acteristics are referenced|i8.

Virginia Polytechnic Institute and State University
(VPEC) presented the PCS as showrFig. 6(e). It con-
sists of a three-phase dc—dc converter, a split-phase dc—ad. Proposed PCS for fuel cells
inverter, and a push-pull-type bidirectional converter. In the

From the above-mentioned topologies, one can under-
stand how the PCS is basically designed and controlled.
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Fig. 10. Experiment voltage and current waveforms of proposed current

source converter (time:ss/div.): (a) gating signals (10 V/div.); (b) trans- Fig. 11. Zero voltage switching operation of the switches during turn-
former voltage at primary side (100 V/div.); (c) voltage across the main on/turn-off transients: (a) main switch QM1 (top: turn-on; bottom: turn-off;
switch (100 V/div.); (d) voltage across the auxiliary switch (100 V/div.); (e) 40 V/div.; 4 A/div.; 0.5us/div.) and (b) auxillary switch QAL (top: turn-on;
transformer current at primary side (10 A/div.). bottom: turn-off; 50 V/div.; 2 A/div.; 0.qus/div.).
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Even though five topologies from different universities are in Fig. 7(a) provides high conversion ratio, simplicity of con-
explained as examples, it is noted that the full-bridge, the struction, reduction of component stress, and minimization
half-bridge, and the push-pull are fundamentally used and of conduction loss. However, it suffers from severe voltage
different control schemes are adapted to output better staticovershoots at turn-off due to the storage energy in the leakage
and dynamic performance. inductor of the transformeFigs. 1b) and (c) are converters
Based on the conventional PCS topologies, a novel with lossless snubber, which can solve the inherent problem

dc—dc converter and a bidirectional converter are proposedof the circuit inFig. 7(a). The main problems dfigs. 1b)
in this paper in order to develop a cost-effective and and (c) are that the snubber circuitiig. 7(b) only operated
high-performance PCS for battery-fuel cell hybrid systems at turn-off and its circuit is too complicated andriyg. 7(c),
[10-12] even though zero voltage switching (ZVS) operation can be

achieved both at turn-on and turn-off, the voltages across the

auxiliary switches are twice as those of the main switches.
4.1. An active clamping current-fed half-bridge In this paper, a new active clamping current source half-
converter bridge converter is proposed as showrFig. 8a), which

can solve the problems of the conventional current source

In fuel cell applications, voltage source converter config- converters. The proposed converter has predominant high

urations may not be optimal due to the severe ripple current poosting output voltage and high efficiency characteristics
characteristics. In order to handle the ripple current, a large ,nder the inherently severe low output voltage of the fuel cell
number of electrolyte capacitors are essentially required, ré-through the overall load conditions. The proposed converter
sulting in an increase of the overall system size and manu-cqnsists of a single clamp capacit@fcfamp) and two auxil-
facturing cost. Moreover, in voltage source converters, a high iary switches Qa1, 0a2) based on the conventional converter
winding ratio between primary and secondary sides of the jrcyit.
high-frequency transformer is necessary because the boost- The main advantages of the proposed circuit are that
ing action is only performed by the winding ratio and also zvs gperation of all switches, constant clamping voltage
it causes the §nubber to I_Je e_nlarged to handle the surge a{zvdam& across all switches, and simple gate drive imple-
turn-off switching. Otherwise, in current source converters, mentation. The switching operation can be divided into two
using an inductor decreases the current ripple as well as elecyymmetrical half cycles and the circuit has seven operational
trolyte capacitor size. Also, an active boosting action can be gtates during a half switching cycle as showRig. 8(b). The

achieved with relatively low winding ratio. Therefore, forthe  getailed operational principles can be explained as follows:
fuel cell system, current source converters might be a better

choice than voltage source ones. The conventional current
source converters have been depictdéign 7. The converter e Mode 1 (p<i<t1)

- L 5
Fuel DC-DC _‘[_ DC-AC Load
Cell Converter T Inverter oa
. —o0
Bidirectional DC-DC Converter
Li
™
CO__ To
~T~ High Voltage
DC-Link
~
Current Source Voltage Source
Full-Bridge Converter Half-BridgeConverter
(discharging action) (discharging action)

Fig. 12. Proposed bidirectional dc—dc converter.
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The main switche®)u1 and Qw2 are turned on. The  converter is operated under ZVS condition and the overall
energy storages into boostinductbisndL, and voltages  efficiency is estimated by 96% as showrFig. 11
across the auxiliary switche®41, Oa2) are clamped as

Velamp 4.2. A bidirectional dc—dc converter
e Mode 2 {1 <t<t)
The main switchQws is turned off and current ; flows In fuel cell generating systems, the energy storage unit is

through parasitic capacitafmy of V1. Voltage across  not only required to enhance the transient response time, but
Cm1 (Vma) is rising up toVeiampandVay of the auxiliary  also to compensate the peak power demand. For example, in
switch Qa1 is declining to zero.
e Mode 3 {2 <t<t3)
At 12, the anti-parallel diod®a; is about to conduct and S, S,
QOa1 can be turned on with zero voltage at this moment. -
e Mode 4 {3<1<t4)
The auxiliary switchQa1 is turned on with ZVS. From S, ] —
mode 3 to mode 6, the curregmpand voltag@ciampcan
be described by following equations:

iclamplt) = (IL1 — Tiko)COSwo(r — 12) @) Ver
Velamp(t) = (IL1 — Iiko) Zo Sinwo(t — 12) + Von ©))

where angular resonance frequengy= 1/./Lik Cclamp —
characteristic impedancg€y = /Lik/Cclamp and initial
current condition of leakage inductorligy atzs.
e Mode 5 ¢4<t<ts) A
At 14, the clamp capacitor starts to transfer the energy
into the primary winding during the resonant operation
throughQa1. The current of leakage inductdfg can be

expressed
ik(t) = IL1 — (IL1 — Tiko)COSwo(t — 12) 4)
e Mode 6 {5 <t <tg) Ic
The auxiliary switchQas is turned off. The parasitic
capacitorCaz is charged by leakage inductor currépt (a)

\oltage acros€a1 (=Vaz) is rising up toVeiampandCuy
of the main switchQy1 is declining to zero.

e Mode 7 fg<t<t7) Ss
At 6, the leakage inductor curreijt discharges t@y1,
turns on the anti-parallel diod®y;, andQwm1 can be turned

on with zero voltage. S

. Von .

(1) = =~ (¢ — 15) + i) (5) 4,—‘_‘

Li | - -
Von Vss

iowa(1) = ik(ts) = (1) — Iy (6)

A 500 W converter with 48V input voltage (output volt- / /
age of the fuel cell) and 380 V output voltage is designed and

pacitor 2uF, winding ratio 1:3.5, and switching frequency
50kHz. As explained above, the proposed current source con-

verter has advantage over the voltage source one with respect Ve

to winding ratio. In this example, if it is implemented by a
voltage source converter, the winding ratio should have 1:14, ®)
which makes the transformer be enlarged. The general Out'Fig. 13. Timing diagram of (a) discharging (active clamped current source

put characteristics of the proposed converter are displayedsy|ipridge converter) and (b) charging (voltage source half-bridge con-
in Figs. 10 and 11From these results, it is noted that the verter).

implemented as shown iRig. 9 with the following param- Ip
eters: inductor 20Q.H, leakage inductor gH, clamp ca- \
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the residential application, the power is usually about 1 kW
in normal use. However, in peak mode, it increases up to
3kW. In this case, one can design the fuel cell system with a
1 kW fuel cell stack and 2 kW energy storage unit in order to
make the overall system cost as low as possible. In this paper,
a novel bidirectional dc—dc converter is proposed, which is
suitable for battery-fuel cell hybrid applications. As shown in
Fig. 12 the proposed converter employs an active clamp cur-
rent source converter in the low-voltage side (43 battery)

for discharging and a voltage source half-bridge converter
in the high-voltage side (inverter dc-link) for charging. The
advantages of the proposed bidirectional converter can be
addressed as:

The voltage across the switches is well clamped;

There is no voltage overshoot;

All switches operate with ZVS;

No ancillary snubbing is required in either primary or sec-
ondary;

e Transformer leakage inductance, while instrumental for
ZVS attainment does not significantly interfere with the
circuit operation.

The algorithms for discharging and charging are depicted
in Fig. 13and the overall operational principles are summa-
rized as

e Discharging mode
e Reference voltage limits 375V dc-link voltage;
e Instantaneous discharge when reference voltage is de-
creased under 3753,
e Monitoring battery capacity.
e Charging mode
¢ Inlight load, battery is charged;
e Battery capacity is less than the set value.

Fig. 14 shows the experimental set-up of the proposed
bidirectional converter and the overall performance can be ex-
amined by the voltage and current waveformBion 15 From
the experimental results, it is noted that voltage across all
switches and the primary side of the transformer are clamped
to the same value of clamping capacitor and with the help of
the lossless snubber, the overshoot voltages of all switches

] JP“-’- _r _r
20 ps 100 V O STOPPED
(@)
TN M AN | E
2
il 20 ps 48.0 v 20 ps 18.86m¥ O  AUTO
(b)
-y o—— - —n .
i e v
Bsops 2.80 A 4 50 ps 200 0O  AuTo
()
‘. P " i
I 1 .
B 20 ps 10.0mV O  STOPPED
(d)

5. Conclusions

Fig. 15. Overall characteristics of proposed bidirectional converter:
transformer primary voltage (low side) (100 V/div., 26/div.); (b) switch
voltage and current (40 V/div., 10 A/div., 2/div.); (c) discharging volt-
age and current (200 V/div., 2 A/div., 3Gs/div.) and (d) charging current
(0.1 A/div., 20p.s/div.).

@

could be successfully eliminated. Also, it can be certified that
it performs the charging and discharging action according to
the control values.

In this paper, a general design approach of the PCS for

Fig. 14. Experimental set-up of proposed bidirectional converter. fuel cell generation systems is studied with the help of several
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