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Abstract— The utilization of fuel cells for distributed power genera- design—just an optimized combination of current technolo-
tion requires the development of an inexpensive inverter that convertsa gjes. The paper discusses technical aspects of the topol-
fuel cell's variable dc output into useful ac. To encourage this develop- . . P . .
ment the US Department of Energy and the IEEE setup and sponsored ogy us_ed tO. achieve the Sa"?' objective, the ranonqle “599' In
a national US student competition with a substantial first prize goingto  Choosing this topology, detailed component selection which
the lowest cost working fuel cell inverter: the2001 Future Energy Chal- minimized cost, and the control. Other papers cover issues
lenge (FEC). This paper describes the work of the University of Wis- g,y a5 the educational aspect of the UW’s involvement [2]
consin FEC Team. It discusses the topology used to achieve the said ob- . .
jective, the rationale used in choosing this topology, detailed component @nd O_ther tthmca_l aspects such as project management and
selection optimized to minimize cost, and the dc/dc and dc/ac converter heatsink optimization [3].
control. Flnal_ly some conc_lusmns are made an_d a new total-system- FinaIIy some conclusions are made and a new total-
approach design using a high voltage fuel cell is proposed to further . . . .
reduce the cost of the inverter. system-approach design using a high voltage fuel cell is pro-

Keywords—Fuel cell, Renewable Energy, Distributed Generation. posed to further reduce the cost of the inverter.

I. INTRODUCTION Il1. BACKGROUND

¢(TN the future, many local energy sources, such as pho- The competition objective was to design and build a sys-
tovoltaic UnitS, fuel Ce”S, small turbines, small hydro-tem, namely an inverter, as shown in F|g 1, that Changed a
electric plants, and other dispersed sources will becomerge| cell's variable dc output voltage into a standard US do-
larger fraction of our electrical supply.” This quote is takenmestic 120/240 Wns split-phase supply. Table | on the fol-
from the 2001 Future Energy Challenge [1], a national USowing page shows the inverter's specifications for the Chal-
student competition sponsored and set up by the Departmgghge.
of Energy and the IEEE, which spanned Fall 2000 through The advantage of using a fuel cell to provide the chemical-
Summer 2001. to-electrical energy conversion is its high fuel-to-electrical-
Il. THE 2001 FUTURE ENERGY CHALLENGE energy efficiency of about. 40% including sys'Fem losses. This
. ) ] can be boosted to as high as 80% by using the heat by-
~The Challenge sought to . dramatically improve the de- product for home water & space heating or cooling. The
sign and reduce the cost of dc-ac inverters and interface Sysarticular fuel cell cited for the competition used Proton Ex-
tems for use in distributed generation systemswith the  change Membrane (PEM) cells and had a fuel flow regulation
goal of making these interface systems practical and cost &fystem. This type of fuel cell had two important characteris-
fective. The objectives are to design elegant, manufacturabjigs:
systems that would reduce the costs of commercial inter-(j) the loaded output voltage was nominally 48 V but var-
face systems by at least 50% to below $50 per kilowatt and, ~ jed from 42 V to 60 V (open circuit voltage 72 V).

thereby, accelerate the deployment of distributed generationj) the fuel cell had a slow response time which can be

systems in homes and buildings.” . - modeled by a first order system with 40s.
Fourteen US universities participated in the competition,
one being the University of Wisconsin—Madison & Plat- IV. DESIGN RATIONALE

teville campuses. The UW FEC Team’s motto @feliver- ) ) ) )

ing the Biggest Bang for the Buékkas adopted by the 22 The inverter had the following broad requirements: it must
undergraduate and graduate students. Participating studerREvide two 120 Vims 60 Hz sinusoidal output voltages, one
disciplines included Electrical Engineering, Mechanical En9Ut Of phase with respect the other, from the nominal 48 V
gineering, Computer Engineering, Computer Science, Matduel cell voltage, while accurately controlling fuel cell cur-
rials Science and Engineering, Engineering Mechanics at§nt

Astronautics, and Journalism, and all levels from freshman fgwef
to PhD were represented. Supply  Fuel cell Inverter Output  Household
This paper describes the inverter designed and built by 190 v
. rms
the UW FEC Team. No new technology was used in the +
» ﬂ;j Neutral >
This work was supported by the Wisconsin Electric Machines and Power — T 120 Vims
Electronics Consortium (WEMPEC), American Power Conversion, Inter-

national Fuel Cells, Motorola, Agilent Technologies, Capstone, Keithley, ) )
Metrowerks, Newark Electronics, National Instruments, and Best Buy. Fig. 1. Overall system block diagram.



TABLE |
INVERTER SPECIFICATION

Manufacturing cost No more than $500 when scaled to a 10 kW design in high-volume production.
Complete package size | A convenient shape with volume less than 50 L.
Complete package weight Mass less than 32 kg for a 10 kW unit, not including energy sources or batteries.
Output power capability | 10 kW continuous. Single-phase split 120V/240 V, 60 Hz: US domestic.
Input source 48 V dc nominal source (tolerance range 42 V to 72 V) with slow transients.
Overall energy efficiency| Higher than 90% for 10 kW resistive load.

Total harmonic distortion| Output voltage THD: less than 5% when supplying a standard nonlinear load.
\oltage regulation Output voltage tolerance no wider tha®%. Frequency 6680.1 Hz.

In this section the possible inverter topologies are disinput voltage. Allowing for an overall efficiency of 90%
cussed and the most cost-effective one is selected. For safég total input power of 11 kW vyields an input current of
reasons it was decided to provide isolation between the fu2B0 A. Although all three topologies must process this in-
cell and the inverter output, however, this was not a requirgaut current, the current per device differs for the different
ment of the competition. topologies. The three topologies were quantitatively com-

) ) ] pared to determine which would be the least expensive. Ta-
A. H-Bridge Driven 60 Hz Transformer—A First Attempt  pjq || shows the switch current and voltage capability and the

The first topology considered was the H-bridge driverswitch’s Rps on required for each of the three topologies to
60 Hz transformer topology shown in Fig. 2. This has muclstay within the loss budget of 300 W for the boost section.
promise since it is simple and robust, and provides the re- The comparison shown in Table Il reveals that the total
quired voltage boosting and isolation with a minimum ofswitch power—the rms switch current multiplied by the peak
components. However, research showed that this design wawitch voltage multiplied by the number of switches—is the
not appropriate for the competition since the average 10 kwame for all topologies: 39 kW. Now MOSFETSs can be eas-
60 Hz transformer weighs at least 170 pounds. This exceedlyg paralleled, so all topologies are equally viable. Clearly
the 70 pound weight limit of the entire inverter. Also thesetopology 5(a) is not a sensible topology due to the simplis-
transformers house a significant amount of copper and irdic and lossy magnetic core resetting circuit. Topology 5(b)
causing prices to be well above $250. showed promise but using push-pull topologies at high pow-

The conclusion from this was that the inverter must proers ¢ 3 kW) is problematic and it is prone to staircase-
duce the sinusoidal 60 Hz output directly, not through saturation [4]; both these topologies tend to be better suited
60 Hz transformer. The simplest way to do this was to boogb lower powers. Topology 5(c) doesn't suffer from the prob-
the output of the fuel cell to &200 V split dc bus, use two lems mentioned above, scales to high powers, and is robust
half-bridge converters, and filter the output. Fig. 3 showsnd well known. For these reasons, it was the topology cho-
the final topology used for the inverter with a photo of thesen for the boost section.
prototype shown in Fig. 4. The following sections detail the L )
design of each part. B.2 Switching Devices

In finding adequate and inexpensive switching devices two
B. Boost Stage discoveries were made:
B.1 Topologies (1) the TO-247 (or Super247) packages give the best perfor-

Initially single and cascade non-isolated boost convertegsgras ﬁf“-!mk
were considered, but providing the large amount of boog
was prohibitive due to the large device stresses and pal 25
sitic circuit elements. Therefore boost topologies utilizindiB&7{e
a high frequency transformer were explored; three are sho Inverters
in Fig. 5. - .

MOSFETs were chosen as the switches for all topologi ’ %
since they are more suitable than IGBTs at this low 48
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Fig. 2. H-bridge driven 60 Hz transformer topology. Fig. 4. 10 kW prototype inverter with covers removed.
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Fig. 3. Schematic of complete inverter.
TABLE Il
COMPARISON OF THE REQUIRED SWITCHES FOR THE THREE CANDIDATE TOPOLOGIES

Topology | Number of | RMS Switch peak| Power of Required | Total switch

(see Fig. 5)| switches current voltage each switch| Rps on power

5(a) 1 325 Aimns 120V 39.0 kW 2.84mQ | 39.0 kW

5(b) 2 1625 Ams | 120V 19.5 kW 5.67mQ | 39.0 kW

5(c) 4 1625 Ams | 60V 9.75 kW 2.84mQ | 39.0kwW

48V

F

Bk

B E

(c) double ended bridge

ig. 5. Alternative dc/dc converter topologies.

mance per cost, usually double or triple that of modules
(eg. SOT227);

(2) no single devices met tHeps on < 2.85 N2 andlp <
162.5 Ams specifications so multiple devices had to be
paralleled.

The most promising MOSFET, at a price of only $5:2®as

the IRFP2907 which has an ‘on’ resistance of only 6.7% m
hot (T; = 90°C), and a 70 A continuous current limit due

to the package. These devices are inexpensive because they
are produced in huge quantities for the automotive market.
Three of these devices needed to be paralleled per switch to
achieve the required ‘on’ resistance (result is 2.23)rand

the current carrying capability (up to 21Q4); therefore 12
devices were required in total. It is noteworthy that many
devices would have been required for topology 5(a) and 5(b)
also.

Although this may seem like an excessive number of
switching devices, it is by far the least expensive configu-
ration. Using the much larger SOT227 packages does not
mitigate the need for parallel devices. IR’s highest power
100V SOT227 device has an ‘on’ resistance 44% higher than
the one cited here, and a maximum package current of only
120 A, four of these devices would have to be to achieve the
requiredRps on.  IXYS’ highest power 100V SOT227 de-
vice has an ‘on’ resistance 33% larger and a package thermal
current limit of 100 A; again four devices would have to be
paralleled.

An attendant plus of this large number of devices is the
safety and redundancy of the design: there is plenty of head-
room for current spikes. The only concern with using this de-
vice is that the peak voltage of the device is 75 V; very close
to the open-circuit output voltage of the fuel cell. However
this concern is soon calmed when one realizes that power is

Price of devices in quantities of 10,000.



never drawn from the fuel cell when its output voltage is a
this value; the fuel cell’s auxiliary components have a quies
cent power drain and as soon as this power is drawn from tt
fuel cell, its output voltage drops to a safer level.

B.3 Input Filter

The particular fuel cell used required the input current tc
stay within certain bounds; bounds dependent on the fu:
flow. Furthermore, the input current ripple must remair
within limits or damage could result; the maximum ripple
specification is shown in Fig. 6. To keep the current ripple
within the required bounds two steps were taken. Firstly
the 120 Hz power ripple was removed by using input currer
control—see Section IV-E. Secondly, the dc/dc converte
switching ripple was filtered using an LC input filter. The
selected filter values We-re 196 anq 6uH. The filter induc- j9. 7. A photograph of the 10 kW planar transformer used in the prototype
torfs cost was substantial, due to its 230 A average Curre}':'{gllt Had one primary turn and 14 secondary turns. The TO-247 MOSFET.
rating. shows its small size.

current. Current demand may be less than available current,
but this results in unused fuel being exhausted from the fuel
At this point in time a normal ferrite ‘E’ core transformer cell. For these two reasons some energy storage was required
is the least expensive HF transformer. However, in larg sink/source the power difference. Lead acid batteries were
volume mass production a planar transformer built into thene required form of energy storage for the competition.
structure of the P(;B may be cost competitive. The planar It was up to the designer to decide where to place these
transformer used in the 10 kW prototype had one primaryatteries in the system and what voltage to use. Initially it
turn and 14 secondary turns. A photograph of the transformgyas thought that low voltage batteries would be best, but
is shown in Fig. 7. The TO-247 MOSFET shows how smalfnen a bi-directional dc/dc converter would be required to
the transformer is. The transformer had a calculated loss eﬁarge/discharge them. Not only is this very costly, but the
40 W at full load and cost $40 power delivered from the fuel cell to the batteries is pro-
cessed twice and it is processed twice again going from the
batteries to the load. This quadruple processing of power,
Although a half-wave rectifier could have been used aftewhich occurs whenever there is a power transient, is ineffi-
the transformer, it was less expensive to use a full-wave recient. Furthermore, both the boost circuit, and the battery
tifier because it allowed the use of lower voltage diodes andic/dc converter must be rated at the full 10 kW so the cost
a lower voltage transformer secondary (having fewer turnsyvould be prohibitive.
The rectifier devices chosen were fast recovery 1200 V, 52 A A better system, and the one that was implemented, had
epitaxial TO-247 diodes: IXYS DSEI60-12A with a price of the batteries directly connected to the split dc bus. This re-
$3.83. quired no extra components, and all power was only pro-
cessed twice. The rules limit the capacity of the lead-acid
B.6 Intermediate DC-Link and Transient Energy Storage patteries to 3.3 kWh for the 10 kW design. To obtai200V
Since the fuel cell responds S|ow|y the load power Wou|dhirty'tWO 12 V batteries were connected in series. This lim-
not match by the power output from the fuel cell during tranited the capacity of each battery to approximately 8 Ah; the
sients; there would be a power deficiency or excess. THESIgn used Powersonic’s PS-1282L 12 V, 8 Ah batteries
fuel cell could be damaged if more current is taken than tESR of 20 n©2). The two 100uH, 25 A inductors between

can supply, so current demand should never exceed availafi€ rectifier and the batteries completed the boost design. As
can be seen in Fig. 4 these two inductors were large and their

B.4 High Frequency Transformer

B.5 Rectifier Devices

2price of devices in quantities of 1,000. cost was substantial.

S 28 C. Inverter Output Stage

Q@

_& 28 C.1 Topology

‘GEJ 28 To create the split-phase 120 V 60 Hz output from the

S 10 4200 V dc bus two half-bridge converters were used; one

O o0 I I I is shown in Fig. 8. Although unipolar switching is desirable
20 100 1k 10k bipolar voltage switching was required to achieve the split-

Frequency (Hz) phase output with the minimum number of switches. Power

was supplied from the split dc bus with the grounded center
Fig. 6. Fuel cell maximum input current ripple specification. point supplying neutral current.



Hﬁ“*b?dge these capacitors are relatively inexpensive.
nverter

+200 V C.4 DC Bus Capacitors

Output To extend battery life, battery current should not contain
Filter large ripple or d/dt, therefore, capacitors were placed across
120V s each battery string. The capacitors chosen were Cornell Du-
60H7 bilier type 330, 56QF capacitors with an ESR of 85 In
% this case six capacitors had to be paralleled across each bus
T I to sustain the switching frequency ripple current, resulting in
a larger than necessary capacitance and hence an overdesign.
Unfortunately this overdesign came at a higher cost than the
Fig. 8. Half-bridge with filter. filter capacitor overdesign. With these capacitors the switch-
ing frequency battery current was only 1.2.A.
The 120 Hz battery current was substantial with the pro-

Using maximum load values of 10 kW, 240, and posed design. To stop this a bus inductor would have to be
0.8 pf, the devices required a current capability of 5,4 used, and the bus capacitance made much larger. However,
and a 400 V voltage blocking capability. IGBTs arethis is very costly. The batteries used could withstand the
better than MOSFETs at these voltage levels. 600 \I20Hz ripple.
85 A IRG4PSC71KD IGBTs with integrated ultrafast soft- _
recovery diodes were chosen based on their current and voR: Heatsink
age ratings, device losses and, most importantly, the cost.The heatsink is a vital component of the inverter, and
These devices had a Super247 packege sar= 1.83V and represents a significant cost. Much work was done on the
a diode forward voltage drop of 1.4 V. heatsink design [3]. The least expensive design used six ex-

Increasing the switching frequency decreases the requirgédided aluminum heatsink elements and three computer fans
size of the output filter, reducing cost, but this also increasda the arrangement shown in Fig. 9.
losses in the inverter. 20 kHz was the highest switching fre-
guency possible while keeping within the 500 W inverter los§- Control
budget, and was therefore used. Using this switching fre- The following sections describe the control algorithms
quency the switching and conduction losses were calculatg@ed and implementation details. The control designs for the
for each switch and it's associated anti-parallel diode for @c/dc converter and the inverters are given in the first two

10 kW inductive load. Using these results the total loss pefections. The third section describes controller hardware.
device package was calculated, as was the loss for the two

inverters. The results are tabulated in Table Ill. Low-cosE.1 DC/DC Converter Control

RC turn-off snubbers were used to redusg/dl and EMI. The control requirements for the dc/dc converter are very
Snubber loss was calculated to be 30 W per inverter. different from a conventional application. Here, the fuel cell

. source has control signals of its own and is an integral part of
C.3 Output Filter the controller. In addition, a fuel cell has many restrictions

The output filter needed to be designed to be large enough how energy is drawn fromit. Switching frequency current
to passively filter the PWM voltage ripple and small enoughnust be passively filtered and the dc/dc controller must not
to allow the controller to control the output voltage using thedllow low frequency £ 120 Hz) current to be drawn from
control shown in Section IV-E, while being optimized for the fuel cell. See Fig. 6 for the current-ripple specification.
minimum cost. Final filter component values were 160 The fuel cell used had a “power request” input and a
and 80pF. “power available” output, with a first order respongex{

The peak output current was calculated to be 80 A. To keeﬂ)o s). This response time was due to the mechanical nature of
the cost low powdered iron toroidal inductors were used witfhe fuel cell's fuel-flow regulator. Drawing too much power
an estimated cost of $55 each. damages the fuel cell and drawing too little wastes fuel: the

The output filter capacitors were the polypropylene typé‘,_onverter should draw power equal to the “power available”
because they could sustain the large continuous high fréldnal.
quency current. To obtain the required capacitance a nur
of capacitors had to be paralleled resulting in a larger t
necessary current rating and hence an overdesign, hov ! il I il !

TABLE III
INVERTER LOSS BREAKDOWN FORLOKW 0.8 PF INDUCTIVE LOAD
WITH A SWITCHING FREQUENCY OF20KHz.

—200 V =5

C.2 Devices

/4" Fon /A\um'\num Casing

T s s jra T

il il il i il il

Transistor Diode Device Losses s mountea nere N\—Gireut 8oord

Sw. Cond. | Sw. | Cond. | Package| Inverters Fig. 9. Final heatsink design using six extruded aluminum elements and
50.46 | 34.25 | O 26.22 | 110.94 | 443.77 three 4d-inch computer fans.




The dc/dc controller had two separate sections: one deéility. Simulations showed that an RC damper, placed in
termines how much power to be requested from the fugdarallel with the filter capacitor, with a damping capacitor
cell (the power request controller), and the other controllaving two-thirds of the capacitance of the filter capacitor
the power drawn from the fuel cell (the power tracking con-and a resistor tuned to give maximum dampifidnp =
troller). Fig. 10 shows the control block diagram. Note thatl00 pF, Ryamp = 0.3 Q) provided enough damping for the
labeled states are average, low-pass-filtered values. system to be stable. The steady state rms current in the

The power request controller is simply a proportional-damper was low, consisting of only a small switching fre-
integral (PI) controller for bus voltage. It generates an outpuyuency ripple. Consequently, there was less than 10 W of
current command, then multiplied & by the bus voltage to steady-state loss in the resistor. Placing a resistor in parallel
yield P*, the requested power. This provides a bus-voltagewith the inductor is also a viable solution [5], but the losses
independent gain. would have been higher in this case. The division function

The power tracking controller must accurately control avand PCMC combination in the power tracking controller at-
erage current drawn from the fuel cell. Ramp-compensatetimpts to maintain constant power flow. Using the fuel cell
peak-switch-current turn-off, clocked turn-on Peak Currenyoltage for the voltage input signa, rather than the in-
Mode Control (PCMC) [5] is the most common current con-put capacitor voltage greatly reduced the effect that the di-
troller used in industry and was selected. PCMC providegision function had on input filter resonance. Stability was
the necessary degree of input current control and preverfigrther improved by low-pass filtering the input voltage sig-
overcurrent due to transformer saturation. It also eliminatezal at 1 kHz, because this frequency is below the 5 kHz input
the possibility of transformer “staircase saturation” due to thélter resonance frequency.
cumulative effect of slight gate-pulse-duration imbalance [4].

A single Hall-effect type current sensor placed between thg-2 Inverter Control
input filter and the MOSFETs was used for PCMC current An observer-based single-phase-inverter controller for a
feedback. UPS application was proposed in [7]. This approach gives

PCMC naturally controls peak current, not average cuwery good performance and requires no current sensors. A
rent. Average current control may be obtained with PCMGimplified form of this approach was used for control of
by closing an average (filtered) current feedback Pl loopach of the two inverter phase legs, with the resultant dia-
around the PCMC block [6]. Note that the PCMC block ingram shown in Fig. 11. The command feedforward section
Fig. 10 includes the high frequency current feedback loopf the controller was eliminated for simplicity. The line-
used to detect peak current. In addition to feedback, a funérequency voltage drop across the output inductor is small
tion block “Fn” is included to map the desired average curand the feedback controller can easily correct for this error.
rent to the peak-current-command input to the PCMC bloclkAlso, bus voltage decoupling was further developed to in-
The true relationship between the peak current and avettude decoupling of voltage imbalance between the top and
age current is a nonlinear function of input and output voltbottom halves of the bus. The voltages of the two halves
age, output filter inductance and switching frequency. Nonwas close because the center tap of the transformer was con-
ideal component characteristics such as stray inductance ametcted to the neutral point of the bus: more current flows to
saturation also have an effect on this relationship. Howthe half that has lower voltage. However, some imbalance
ever, a simple constant value approximation can be used, beay remain due to nonidentical battery cells. The inverter
cause the feedback loop can correct for the error. A valumodulation (without feedback) is given in (1).
of two was a good initial approximation corresponding to
the boundary between continuous and discontinuous current. y, _ 1 VBust —VBus- 120v/2sin(2mx 60¢) (1)
Improved performance can be obtained by using a lookup ta- 2 2(Veust +Vbus-) VBust + VBus-
ble, especially when the inductor current is discontinuous. Handli i load th t challenaing in-

Since the inverter load current is changing at twice the line andling noniinear foads was the most chaflenging In
fre ignificant t fluctuation i fi thverter. control issue. Loads such as diode-bridge rgctlﬂers
quency, a significant current fluctuation is present in the
bus capacitors and batteries. Parasitic impedance in the uas_ed n compute_rs and most o_ther household el_ectronl_cs draw

. . . arge current spikes that excite a resonance in the inverter
pacitors/batteries can therefore cause a voltage ripple on the

bus. To ensure that this varying bus voltage does not caug}ejtpm filter. Matlab/Simulink simulation results shown in
pulsating power to flow from the fuel cell, the bandwidth of 'g. 12 show the performance of the inverter with open and

the voltage feedback used for the fuel cell power request mu%kosed loop control. The load used for this simulation was a

be less than the bus voltage ripple frequency. Also, the ban Vaus
width of the power tracking controller must be greater tha p* I* sl [ U
that of the bus voltage ripple. Therefore, the low-pass fil| ., ™% Power Request Controller
ter corner frequencies chosen were 10 Hzand 1 kHzrespg Cel | p ~— T T T T T T T T T T
tively. l

The power tracking controller has a constant-power
drawing nature created by the combination of the divide-by P i T
voltage function and PCMC. Thus, the seemingly benignin :
put LC filter can be a source of instability [5]. The strong
input filter resonance must be damped to prevent this insta- Fig. 10. DC/DC converter control block diagram.
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Fig. 11. Simplified observer based single phase inverter controller.

3 kW diode bridge rectifier, equivalent to 20 computer power
supplies (CPS) in parallel. While this is an unrealistically
difficult load, the voltage THD was still under the required
value of 5% given in the specificatons shown in Table I.

E.3 Control Hardware

The heart of the control system was the DSP chip. The
DSP must be able to handle all of the previously mentioned
tasks simultaneously, which required a large amount of pro-J
cessing speed as well as enough I/O channel connectiong®
Flash memory can save a significant amount of developmen
time and is also an advantage for a final product; the firmware= =g
may be upgraded easily in the field. This may need to bef# :
done when the batteries are replaced, as battery technolog 8-yt
is always changing. .

A simple 8-bit PIC microcontroller was first considered, (b) Closed loop
however several shortcomings were soon apparent. A se-
ries of Motorola 16-bit DSP chips were found to have bettefig. 12. Inverter simulation results with 20 CPS loads. top: voltage (V);
performance and greater flexibility, yet only costs approxi-  bottom: current (A); horizontal: time (10ms/ div.).
mately $5.50 each in large quantities. The DSP56F807 was V. EDUCATIONAL EXPERIENCE
chosen. It operates at 40 MIPS, has flash memory, a serial
bus and many other 1/O channels. It features two banks @&. Team Structure and Project Management/Organization
six PWM outputs with programmable dead-time, which al- ) . . .
lows the one chip to control both the dc/dc converter and the The University of Wisconsin's team was composed of 22

inverters, with the exception of the PCMC, which requiredztucien;?embe;s ang ttg/vo fagttj:y. a((jjwsers. O(fj tlh 1e 22 stu-
additional comparator, logic and ramp generation circuitry. dZ?g?z;duaf:;ne creditfoward their degrees an were un-

TABLE IV
s o Since the inverter comprised five main sections, the team
IMULATED OUTPUT VOLTAGE DISTORTION IN%THD FOR VARIOUS .. . . .

LOADS. was divided into five groups: (1) the fuel cell to dc-link boost

group, (2) the dc-link and battery group, (3) the H-bridge

| Control | Cinear load | 3 CPSs| 20 CPSs| split-phase inverter group, (4) the control group, and (5) the
heatsink group. The students divided among the groups,

Open Loop | 1% 6.2% 14%

S S 5 sometimes participating in multiple groups; five group lead-
Closed loop| 1% 1.9% | 4.8% ers and one chairperson completed the team. The UW FEC
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Fig. 13. Future high voltage fuel cell inverter.

Team was selected to be among the top five teams and cothe loss. There was an inherent mismatch between the com-
peted in the final competition held in Morgantown, WV in petition’s fuel cell output characteristic and the requirements
August 2001. More information on the structure and manef ac domestic power; an issue also present in other renew-

agement of the team can be found in [2]. able energy sources such as photovoltaic cells.
In light of this a new topology which uses two nominal
VI. CONCLUSIONS 120 V fuel cells is proposed, and shown in Fig. 13. This de-

In the Fall of 2000 the US Department of Energy and thesign has the boost stage built into the input filter and needs no
IEEE setup and sponsored a national US student competitidransformer or intermediate dc-link inductors. With the input
to develop a very-low-cost fuel cell powered dc/ac invertewoltage being higher, the size of the input inductors becomes
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