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Abstract

Eliminating the ac—dc converter (such as a computer’s power supply), in a dc system when using a fuel cell based uninterruptible power
supply (UPS), serves several primary functions. Firstly, it eliminates the need for a dc—ac inverter, and secondly, it eliminates a usually highly
inefficient component—the power supply. Multiple conversions result in multiple inefficiencies. By replacing the computer’s ac power supply
with a high efficiency dc power supply capable of operating directly from a fuel cell — and thereby eliminating the inverter — the overall
efficiency of the UPS can be increased by 50% or more. This is essential considering that the primary function of a fuel cell based UPS
is long-term operation of the system, and poor efficiency equates to higher fuel consumption. Furthermore, inefficient systems have greater
power demands, and therefore a larger fuel cell stack is needed to power them. At the present cost of fuel cell systems, this is a considerable
problem. The easiest way to accomplish a direct dc UPS is to replace the computer’s ac—dc power supply with a dc—dc power supply.
© 2005 Published by Elsevier B.V.
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1. Introduction of two power conversions taking place between the fuel cell,
and the computer’s actual components—dc—ac in the inverter,
Fuel cells are rapidly becoming a significant source of and then ac—dc in the computer's power supply. This is a
power in our society, and their use in a variety of applications considerable waste of hydrogen resource for a fuel cell based
is inevitable. One such application is the use of a fuel cell as UPS. Furthermore, if the inverter is incapable of accepting
the power source in an uninterruptible power supply (UPS), the wide input voltage that a fuel cell provides, an additional
for use with digital equipment, such as a personal computerdc—dc converter must be used to bring the input voltage to
(PC). The primary purpose of using a fuel cell instead of a within the inverter’s tolerance, which results in three inef-
battery as the power source is the fuel cell’'s high energy den-ficiencies. Finally, computer power supplies are notoriously
sity, and therefore, the ability to operate a system for very inefficient—typically 65% to 70% at full load. While this is
long periods of time during a utility grid failure. However, tolerable for a grid operated PC, or when the only backup
while a fuel cell can operate uninterrupted for very long peri- power required is for a short period of time, this is a sig-
ods of time, it is still limited by the amount of fuel (usually nificant loss when dealing with long-term operation using
hydrogen) available. The few fuel cell based UPSs that havelimited resources, i.e. a fuel cell system with limited fuel.
emerged, utilize a conventional dc—ac inverter in order to  This work demonstrates a fuel cell based true online UPS
convert the fuel cell’s dc power to ac power for use by the in which the computer's ac power supply is replaced with
computer’s power supplil—3]. Thus, there are aminimum a wide voltage input, high efficiency dc power supply, and
thereby the inverter is eliminated as well. This resulted in
* Corresponding author. Tel.: +1 480 727 1241; fax: +1 775 314 6458. @ UPS with a substantially improved efficiency, and con-
E-mail address: manit@asu.edu (G. Tamizhmani). sequently, a significantly improved operating tif#g. As
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the use of alternative energy increases in society, the needa sealed lead-acid (SLA) battery, which is then connected

to improve the efficiency of both the souraed the load
becomes more important.

2. Model development

This research work was begun by looking at developing an
uninterruptible power supply that would use a dc computer

power supply during backup mode, bypassing the computer’s

ac power supply. It would utilize an additional dc—dc con-
verter in order to stabilize the fuel cell’'s output voltage prior
to being fed into the dc power supply for the computer. It is
essential to do this since the voltage of the fuel cell used in
this experiment can range from 39V (in open-circuit condi-
tion), down to 20V (just before the short-circuit condition).
In addition, a relay would be used for the transfer switch.
This configuration is shown iRig. 1

This design had two inherent problems. First, it still had
two conversions during the backup period, both of them
dc—dc. While the efficiency would be better than using the
computer’s power supply, it was not as efficient as it could
be. The second probie— a fatal one —was due to the transfer
switch following the computer’s power supply. This approach
provided no “hold time” from either power supply during the
transfer time. This meant the computer was without power
for a few milliseconds (the relay’s switching time), which
would cause the computer to reboot. This defeated the pri-
mary purpose of a UPS, so this plan was dismissed.

2.1. Improved design

A better approach was to use a true online UPS design.
This design typically uses a battery charger in parallel with

Utility Grid

into a dc—ac pure sine wave inverter; this provides power to
the computer’'s ac power supply. It is also called a double-
conversion UPS since the ac line voltage is converted to dc,
and then converted back to ac. The benefit to this design is
that there is literally a zero transfer time because the battery
immediately picks up the load when the grid power fails. The

other benefit is that the output power is conditioned through
the process, and is free of spikes and sags.

In utilizing this design, the computer’'s ac power supply
needed to be eliminated, and replaced with a wide input volt-
age, high efficiency dc power supply. Since a dc power supply
with a sufficiently wide input voltage range was unavailable,
a 200 W power supply was built using four dc—dc converters,
+5V, +12V, =5V and —12V. A standard AT type com-
puter was used instead of an ATX type since this was only a
proof-of-concept, and it was a little easier to build the neces-
sary power supply. A 12V TFT LCD monitor was also used
since it is more efficient, can be operated from a 12 V source
without much modification, and it is becoming the trend for
monitors. This monitor consumed a mere 28W of power, in
contrast to the more than 100 W of power consumed by the
15" CRT monitor that had been used previously. For long-
term backup operating times, this is a sensible decision. This
configuration is shown ifig. 2

The battery and charging unit were connected to the cus-
tom built dc power supply as shown kig. 2 above. When
all components were turned on, the system worked perfectly.

2.2. Adding the fuel cell

The fuel cell now needed to be incorporated into the
design. The initial plan was to use the fuel cell to charge the

AC Power SI:Ipply
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]
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Fig. 1. Original planned design of fuel cell based UR&tze: the computer’'s power supply is shown as separate from the computer.
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Fig. 2. Redesigned UPS without fuel cell system incorporated.

battery as well as power the computer during backup time. diode between the battery and the fuel cell. This would allow
However, in order to do this, it was necessary to isolate the the fuel cell to directly power the computer with the support
fuel cell from the battery. Using a dc—dc charge controller of the battery, but would isolate the fuel cell from the bat-
could do this, but doing so would add to the overall cost of tery, and therefore the battery would not affect the fuel cell’s
the UPS, as well as contribute a small power loss through thevoltage output. The final configuration is showrFig. 3.
charge-controlling unit. A transfer switch is unnecessary in this design since the
Itwas decided that since the battery would be fully charged fuel cell provides the higher voltage, therefore, it will pick
when grid power failed — at which point the fuel cell would up the load automatically as soon as it is applied to the load.
pick up the load — the benefit of trying to maintain a float This was confirmed through measurements showing the bat-
charge on the battery from the fuel cell was not worth the tery had zero current flowing to the computer’s power supply
cost to do so. Therefore, it was decided to incorporate the when the fuel cell system was powering the computer. How-
fuel cell into the system by connecting it directly to the com- ever, an exception to this occurs when the fuel cell’s voltage
puter’'s dc power supply. However, the battery needed to beis lower than the battery’s voltage. In this event, the battery
maintained as a backup source in the event of sudden surgevill not only provide the entire power to the load, but it will
power demands, or if the fuel cell should fail for some reason, actually feed some currentthe fuel cell as well. This occurs
the battery would once again power the computer. If the fuel if the fuel cell’'s membrane is dehydrated, and the output volt-
cellwere directly connected in parallel with the battery to the age of the stack is lower than the battery’s voltage. A remedy
load, the battery — being the lower voltage — would dictate for this problemisto turn onthe fuel cellunder aresistive load
the voltage of the system. This would keep the fuel cell oper- until the MEAs are rehydrated, and the voltage is acceptable.
ating at a lower voltage than it would operate at if the battery A relay could be used to keep the fuel cell disconnected from
were removed from the system, thereby resulting in a lower the load during this time. When the voltage is determined
efficiency for the fuel cell. Once again, this is not a desirable to be within acceptable tolerance, the relay would then con-
condition. It was finally decided to use a simple blocking nectthe fuel cell to the load. Obviously, the system would be
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Fig. 3. Final UPS layout.
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operating from the battery during this rehydration process. The computer was then operated from the fuel cell powered
An alternative is to maintain the fuel cell in a standby state UPS without the inverter, and the measured results were:
(with hydrogen applied to the stack), perhaps using the avail-
able power to trickle charge the battery. The primary problem 189Ax 343V =648W @
with this method is that a UPS may not be utilized for along This is a power consumption reduction of:
period of time; therefore, the user may find considerably less
hydrogen available for the UPS when it is actually needed. w % 100= 37.8% ()
Furthermore, leaving the fuel cell operating at very low cur- 1041
rent for extended periods of time will result in a reduction of and results in an operating time improvement of:
available power due to collecting of the platinum particles on 1041 — 648
the fuel cell’s electrodes. —————— x 100= 60.6% 4)

It should be noted that there was a 385 current flowing 1041
from the battery through the charging unit; this is normal, and The operating time for the system using a standard fuel
was stopped by simply disconnecting the charging unit from cell powered UPS with a K/UK type hydrogen cylinder was
the battery with a relay. This also allowed the charging unit approximately 120 h. Using the same cylinder atthe improved
to be disconnected in the event of a utility grid undervoltage efficiency would result in:
condition..'.rhis is_ of much greqter concern sincg an underyolt- 120 hx 1.606= 1927 h )
age condition will cause the input current to increase since
the output power remains constant. If the voltage drops too This is a significant improvement from the standard UPS
low, the transformer of the charger can overheat due to theoperating time of 120 h.

higher input current. It should also be noted that the conventional UPS required
104.1 W, while the direct dc UPS required only 64.8 W. This
2.3. The system monitoring unit means a 300 W fuel cell system could easily power three to

four of the high efficiency computers, instead of only two

Finally, a controlling circuit was incorporated to monitor using the conventional UPS. This would result in a lower
the system, and turn on — or turn off — components as nec-up-front fuel cell cost as well.
essary. A overvoltage/undervoltage relay was used for the Finally, ifa CRT monitor had been used in the initial evalu-
line-voltage monitoring. One of the pins of the microcon- ation, the power requirement would have been approximately
troller was tied high, and one of the relay’s pins was tied 180 W instead of 104.1 W for the conventional UPS, and the
to ground. When a power fault condition was detected, the initial operating time at the beginning of the testing would
relay would trip, and shunt the microcontroller’s detecting have been reduced to approximately 70 h, instead of 120 h.
input pin to ground. After appropriate time delays and retest- Of course, the relationship of the monitor’s power demands
ing of the utility power, it disconnected the charging unit, to the computer’'s power demands will not always be as sig-
turned on the fuel cell, and then proceeded to continuously nificant as this, but it should be a serious consideration for
check for the line-voltage to be restored. Using a microcon- anybody interested in long-term operation of a system using
troller as the controlling unit allows a change of time delays, expensive hydrogen fuel.
and the order of relay switching with very little effort. Latch-
ing relays were used so as to eliminate the need to maintain3.1. System operation analysis
power to the relays’ coils.

An additional function for the microcontroller would be Clearly, when a UPS is intended to operate a computer
to monitor the fuel cell's output voltage, and if the voltage for extended periods of time, it is essential to replace the
is low, connect the fuel cell through a power resistor allow- computer’s inefficient power supply with a high efficiency
ing the fuel cell to rehydrate as mentioned above. When the dc power supply. This approach is simple to implement if:

voltage is within parameters, then connect the fuel cell to the (1) The UPS is an online UPS since it is already providing

load. dc power.
(2) Itisatypical PC since the power supplyis easily replaced.
3. Results and discussion This simple approach would allow even a battery-powered

UPS to operate 60.6% longer than it would operate using

The system was tested to determine whether the expectedhe same battery bank with a conventional UPS. For short-
improvement in performance was attained. Measurementsterm operation (<2 h) a standard inverter based UPS would
had been taken using a standard fuel cell powered UPS withbe sufficient, but for operating times of several hundred hours
adc—dc converter, an inverter, and the computer’s power sup-(0r days), the battery costs start to become significant, and

ply. The power consumed by this system was: the battery space requirements become considerable.
Incorporating the fuel cell into the system makes it more

3.09A x 337V =1041W (1) challenging than just a battery-powered UPS since the fuel
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cell will be working in parallel with the battery, and each Presently, the 24V battery powers the system monitoring
has its own voltage. If the fuel cell’s voltage drops below the and control unit while in backup mode (otherwise it is pow-
battery’s voltage at any time, the battery will automatically ered by the grid). The fuel cell could power the unit when
pick up the entire load, and this is not desirable. Using a in backup mode, which would not only extend the battery
blocking diode results in the higher voltage component being life, but would allow either the fuel celir the battery to be
the primary power source. Once the fuel cell is operating at available to power it, thus creating a more secure redundant
full voltage, the battery can be disconnected, but then the power condition. It should be noted that the power consump-
battery is no longer available for sudden surge demands. Thistion of the controlling circuit is only about 8.5 mW during
would be a problem if such a demand occurred. the quiescent period, which equates to a current of only about
The fuel cell voltage will not drop below the battery’s volt-  354.2uA (based on the 24V nominal supply voltage), and
age (unless the fuel cell's MEAs are dehydrated as discussedt would take more than two years to discharge the 7Ah bat-
above), since as soon as the load is large enough to causéery used in this system. This length of backup would most
the fuel cell’'s voltage to drop below the battery’s, the battery likely never occur, but if it did, additional batteries could be
will pick up the load, and thus, reduce the demand on the added for continued operation, or hot-swap batteries could be
fuel cell allowing its voltage to recover. Instead, if the fuel employed.
cell's voltage drops to the battery’s voltage, the fuel cell and
the battery will find equilibrium, and share the load. How-
ever, with proper planning of the fuel cell system’s size with 4. Conclusions

respect to the load, this should rarely — if ever — occur.
The primary restraint on a fuel cell based UPS today is

cost, since fuel cell systems are still quite expensive. How-
ever, that is expected to improve as fuel cell technology
There is a need to provide a means of rehydrating the improves, and product_ion volume of_fU(_aI C_ellstacksincrease.
fuel cell before applying it to the load. This could best be Fuel cell technology is effectively in its infancy, so there
accomplished by providing a resistive load through which the 1S considerable potential for the further development of this
fuel cell can discharge for a few minutes until itis sufficiently “NeW" technology. -~
rehydrated, and up to acceptable voltage (a fuel cell produces AS the popularity of the fuel cell grows, the ability to oper-
water as it operates, so it rehydrates automatically). The basica® mission critical systems for extended periods of time, or
configuration of the rehydrating system is showrFig. 4 large systems for a short period of time will also grow. It
below. will become essential for a UPS to provide a quality input
There should also be a voltage monitoring circuit measur- Signal, as well as provide long-term operation with the mini-
ing the voltage across the temporary resistive load in order MuM amount of peripheral eqUIp.m.ent. In order_to attain this
to switch the fuel cell over to the computer system when the 908, the system must be as efficient as possible to reduce
voltage is sufficient. This is a better approach than allowing Hydroegen consumption. _
the fuel cell to operate continuously with a small load applied ~_ This research demonstrated a method to increase the oper-
to it due to the gradual reduction of fuel, and platinum particle ting time of a computer system by replacing the computer’s
grouping. poor quallt.y power supply with a high efficiency dc'power
Additional improvements would be minor changes to supply, Whlch also allowed the removal of the 'dc—gc mverter.
improve efficiency, or reduce system size. The computer's A considerable amount of effort has gone into improving
power supply could be more closely matched to the com- f[he efficiency of the fuel _ce_II, but it is counterp_roductlve to
puter's power needs, thus improving its efficiency. How- |mprove_the fue_l cell's 9ﬁ|C|ency, while neglectmg .the load
ever, this will only improve the overall efficiency a minimal @nd any interfacing equipment the fuel cell is powering. Ithas
amount, and might result in the computer’s demand exceed-Peendemonstrated thatthe load can contribute significantly to

3.2. Future improvements

ing the power supply’s capability on occasion. asystem’s _overe_lll performa_mce. Thisis particula_rly important
when working with alternative energy technologies—such as
a fuel cell.
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