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Battery-Free Power Backup System Uses Supercapacitors to
Prevent Data Loss in RAID Systems

Jim Drew

RAID systems by their very nature are designed to preserve data in the face of adverse
circumstances. One such circumstance, a power failure, does not directly threaten

data that is stored on disks, but it does compromise data in transit or data that is
temporarily stored in volatile memory. To protect volatile data, many systems incorporate
a battery-based power backup system that supplies short-term power—enough
watt-seconds for the RAID controller to write volatile data to nonvolatile memory.

The problem is that increased perfor- are made of carbon and aluminum and supercapacitor capacities have made
mance demands and green initiatives are contain no heavy metals, so they do not them a viable energy storage medium
putting pressure on system designers to present any hazardous material disposal for data-recovery backup solutions.
find alternatives to batteries. Batteries issues. Also, supercapacitors are more )
. . . In a supercapacitor-based backup power
are a notoriously hazardous material robust than batteries, thus decreas- i k
. . . . . system, a series connected capacitor
that must be disposed of under the strict ing maintenance costs—the cycle life
S . . o . stack must be charged and the cell volt-
guidelines set by regulatory agencies. of Li-ion batteries is 500 cycles while a ;
. . . ages balanced. The supercapacitors are
Because they require regular replacement supercapacitor offers a cycle life of one ] ]
o . switched into the power path when needed
whether used or not, battery replacement million cycles. Supercapacitors can be i
. . . . . T and the power to the load is controlled
and disposal is a serious consideration recharged to full capacity in minutes b Fzard 1 sh
. . . a Dc/De converter. [Figurd 1 shows
in the cost of running a data center. where as batteries may take as long as Y

six hours. Although the energy density a supercapacitor-based power backup

Advancements in flash memory perfor- system using an LTC362§ supercapaci-

i ) of a supercapacitor may be as much :
mance have made it possible to replace . tor charger, an automatic power cross-
o ) as two orders of magnitude less than a ‘ )

the batteries in these systems with .. . over switch using the LTC4412 and an
) ] Li-ion battery, reduced power require-
longer-lasting, higher performance and . . LTM4616 dual output DC/DC converter.
ments in flash memory and increased

greener supercapacitors. Supercapacitors

Figure 1. Circuit implementation of a supercapacitor energy storage system for holding up power during a power fault.
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Figure 2. Charge profile into matched supercaps

The 1TC3625 is a high efficiency super-
capacitor charger that has a number of
features that makes it an ideal choice
for small profile backup in RAID appli-
cations. It comes in a 3mm x 4mm

x o.75mm 12-lead DFN package and
requires few external parts. It features
programmable average charge current
up to 14, automatic voltage cell balanc-
ing of two series-connected supercapaci-
tors and a low quiescent current. When
the input power is removed or the part
is disabled, the LTC3625 automatically
enters a low current state drawing less

than 1pa from the supercapacitors.

SUPERCAPACITOR
CHARACTERISTICS

Supercapacitors are available in capaci-
tances that range from the hundreds of
millifarads to thousands of farads. The
standard voltage ratings are 2.5v and
2.7v, while packaged, stacked super-
capacitors can be greater than 15v. A
10F/2.7V supercapacitor is available in

a tomm x 3omm 2-terminal radial can
while a 400F/2.7v supercapacitor is in a
3smm x 62mm 4-terminal radial can. Two

of the four terminals in the larger can are
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Advancements in flash memory performance
have made it possible to replace the batteries in
power holdup systems with longer-lasting, higher
performance and greener supercapacitors.
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for mechanical stability and are not electri-

cally connected to either power terminal.

The two critical parameters of the super-
capacitor to a backup power application
are the initial leakage current and the cell
voltage. The initial leakage current may
be as much as 5o times the rated leakage
current and decreases to the specified cur-
rent after 100 hours at rated voltage. The
applied voltage across the supercapaci-
tor has a significant effect on its operat-
ing life. When charging series connected
supercapacitors, voltage balancing is a
key requirement of the charging circuit
to preserve capacitor life. Passive volt-
age balancing, where a resistor is placed
in parallel with each supercapacitor, is a
simple technique but one that continually
discharges the supercapacitor when the
charger is disabled. Active voltage balanc-
ing, such as that performed by the LTC3625
during the charging process, eliminates
the need for these resistors and prevents
overcharging of the supercapacitors.

BACKUP POWER APPLICATIONS
An effective power backup system incor-
porates a supercapacitor stack that
has the capacity to support a complete
data transfer out of volatile memory.
A pc/pe converter takes the output

of the supercapacitor stack and pro-
vides a constant voltage to the data
recovery electronics. The data transfer
must be completed before the voltage
across the supercapacitor stack drops
to the minimum input operating volt-
age (vyy) of the bc/pDe converter.

To estimate the minimum capacitance
of the supercapacitor stack, the effec-
tive circuit resistance (Ry) needs to

be determined. Ry is the sum of the

ESR of the supercapacitors, the distribu-
tion losses (Rpysr) and the Rpgon) of
the automatic crossover’s MOSFETS.

Rr = ESR + Rpjst + Rps(on)

Allowing 10% of the input power to

be lost in the effective circuit resistance
at the point when the voltage into the
DC/DC converter is at Vyy, the maximum

value of R may be determined by:



Rrvax) =

The voltage required across the super-
capacitor stack (vgyy)) at this minimum
operating voltage of the bc/Dc converter:

Ve — Juv2 +Pn <Rt
=",

The minimum capacitance (Cyy) require-
ment can now be calculated based on the
required backup time (Tpy) to transfer
data into the flash memory, the ini-

tial stack voltage (v¢ () and (Veuy))-

2P *Tgy

Cuvin =
Ve(0)2 — Veuv)2

The minimum capacitance (Cyyy) is the
effective capacitance (Cgpg) of the stack

of supercapacitors, which is the capaci-
tance of one supercapacitor divided by
the number of supercapacitors in the
stack. The ESR used in the expression for
calculating Ry is the product of the Esr of
one supercapacitor times the number of
supercapacitors in the stack. The end of
life of a supercapacitor is defined as when
the capacitance drops to 70% of its initial
value or the Esr doubles in value. This
end of life definition is used in select-

ing the supercapacitor for the design.

Both the Esr and capacitance of the
supercapacitor decrease as the applied
frequency increases. Manufactures gener-
ally specify the ESR at 1kHz while some
specify the ESR at 1kHz as well as at DC.
The capacitance is usually specified at DC.
One method of determining the actual
capacitance and ESR of the supercapaci-
tor is to apply a constant current (I) to a
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In a supercapacitor-based backup power system, a
series connected capacitor stack must be charged and
the cell voltages balanced. The supercapacitors are
switched into the power path when needed and the
power to the load is controlled by a DC/DC converter.

charged supercapacitor and use the volt-
age decay to determine these parameters.
The initial step in voltage (Av¢), neglect-
ing any inductance effect of the super-

capacitor, is used to determine the EsR.

esp= A%

After the initial step in voltage, the volt-
age across the supercapacitor decreases
linearly due to the constant current
load. By measuring the voltage at two
time intervals, the capacitance of the
supercapacitor can be determined.

Ve is the voltage at the
first time interval (t1)

Ve 1s the voltage at the sec-

ond time interval (t2)

|o(12—t1)

C=
Ve(t1) — Vo(iz)

The final parameter to determine is
the charging current (1cyarge) Of the
supercapacitors. The charging current
is determined by the desired recov-
ery time or recharge time (Trpcrarce)

of the stack of supercapacitors.

The charging profile of the supercapaci-
tors using the LT3625 is not the clas-
sic linear voltage ramp that one would

expect (see 2). This is due to the
buck-boost topology of the 113625.

The bottom supercapacitor of a two-

capacitor stack is charged first to approxi-

mately 1.35V (Vyupcoon))- Once the bottom

capacitor reaches 1.35v the boost circuit

starts to charge the top supercapacitor,

removing charge from the bottom super-
capacitor. The buck converter continues
to charge the bottom supercapacitor but
the rise in voltage is slower since some
of its charge is being removed. If the
boost converter’s input current is greater
than the buck converters output cur-
rent, voltage on the bottom supercapaci-
tor decreases, and when it decays by the
Vmipicoop) hysteresis, the boost converter
turns off and remains off until the bottom

supercapacitor charges back to Vyipcoon)-

If the top supercapacitor exceeds the
bottom supercapacitor by somv, the

boost converter turns off until the bot-
tom supercapacitor is s5omv above the

top supercapacitor. Finally if the bottom
supercapacitor reaches its maximum
threshold, the buck converter turns off and
the boost converter remains on. The volt-
age on the bottom supercapacitor deceases
and the buck converter remains off until
the voltage decreases by somv. This
process continues until vyt reaches its

programmed charger termination voltage.

The graph in 2 shows the charge
profile for two configurations of the
LTC3625 charging a stack of two 10F super-
capacitors to 5.3V with Rprog set to 143k.
This graph, combined with the follow-

ing equation, is used to determine the
value of Rpgog that would produce the
desired charge time for the actual super-

capacitors in the target application.

Reroc =
10F_, 5:3V—Vowy) |, Taeoanae

143k e
Cactuat  Vour —Vewv)  TesTIMATE
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Vewy) is the minimum voltage of the
supercapacitors at which the pc/pe con-
verter can produce the required out-
put. Vour is the output voltage of the
LTC3625 in the target application (set by
Vggr PiN). Testimate 1S the time required
to charge from vy to the 5.3v, as
extrapolated from the charge profile
curves. Trecuarce 1S the desired the

recharge time in the target application.

The initial charge time at start-
up is determined from the full
charging time of 70 seconds.
Vour, €, Rerog
53V 10F 143k
DESIGN EXAMPLE

For example, say it takes 45 seconds to

TstarTup =708

store the data into flash memory where
the input power to the Dc/DC converter is
20W. Vyy of the bc/De converter is 2.7v.
A Trpcnarge Of ten minutes is desired.
The voltage applied to the supercapaci-
tor directly affects its lifetime so we do
not want to apply full rated voltage
(2.7v) across each stacked cap. The

full charge voltage of the stack is set

to 4.8v—a good compromise between
extending the life of the supercapaci-
tor and utilizing as much of the storage
capacity as possible. The components of
Ry are estimated: Rpgrripution = 10ME,

ESR = 20mQ and Rpgon) = 10MQ.

Rt =Rpist +ESR+Rps(on)

=210mQ+10mQ+10mQ
=40mQ
L 0Ae(Vpy)? 04e27V2
Rrmax) = Py 20W =36.5mQ

34 | October 2010 : LT Journal of Analog Innovation

The LTC3625 is an efficient 1A supercapacitor
charger with automatic cell balancing that can be
combined with the LTC4412 low loss PowerPath
controller to produce an energy storage system
that protects data in RAID disk applications.

The resulting estimated values of

Rypax) = 36mQ and Ry = gomQ are close
enough for this stage of the design. The
voltage needed on the supercapacitor stack

when the Dc/Dc converter drops out is:

(Vuv)2 +Pn *Rt
Vuv

_ 2.7V2+20W «40mQ

- 2.7V

Ve =

=3V
The require capacitance of the stack is:
2ePyeToy _ 2+20We45s

=128F
2 232
(VC(O)) - Veuv) 4.82-3

Cnvin =

A stack of two 360F supercapaci-

tors (NessCap ESHSR-0360C0-002R7A)
have an end-of-life capacitance of
126F. The initial EsR is specified at
3.2mQ with an end of life ESR at 6.4mQ.

The crossover switch consists of an
LTC4412 PowerPath™ controller and
two Si4421DY, P-Channel MOSFETs from
Vishay. The Rpgon of the sig421DY with

a gate voltage of 2.5V is 10.75mQ (max).

Using the values for the end of life
ESR of the supercapacitors and the actual
MOSFET’S Rpg(on), the maximum inter-

connect resistance can be determined:

Roistvax) =Rt - (2 *ESReoL + RDS(ON))
=40mQ—(2+6.4mQ+10.5mQ)
=16.45mQ

The 1TC3625 has two configuration
modes of operation. A single inductor
configuration is used for supercapacitor
charging currents of less than o.5a and a
dual inductor configuration for charging

currents up to 1A. For this application,

the 2-inductor configuration is used
to meet the recharging time require-

ment with the 360F supercapacitors.

To determine the value for Rprog, the stack
capacitance is estimated at the superca-
pacitors initial capacitance plus the high
side (20%) of its tolerance. From the
graph in 2, the charge time from

3V to 5.3V was estimated at 32 seconds.

10F 5.3V -3V 600s
360F+1.2 4.8V—3V 325

RPROG =143k
=79.3k

The nearest standard 1% resistor is 78.7k.

The initial start-up time is estimated at:

4.8V 360F 1.2 78.7k

5.3V 10F 143k
=1507s

TstarTup =70s°*

The data sheet suggests a 3.3pH induc-
tor (Coilcraft Mss7341-332N1) for
both the buck and boost inductors.

The 11C3625 contains a power fail com-
parator, which is used to monitor the
input power to enable the 1TC4412
PowerPath controller. The PFO comparator
has an internal reference of 1.2v con-
nected to the comparator’s negative

input. A voltage divider connected to

the PFI pin sets the power fail trigger
point (Vpg) to 4.75v. The bottom resistor

is set to 100k, so the upper resistor is:

Ver ~VREF . o uen
VRer

475V -1.2V
To1ov
=295.8k

Rupper =

100k

The nearest standard 1% resistor is 294k.
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Figure 3. Initial charging of a depleted series
connected pair of 360F supercapacitors

THE CIRCUIT IN ACTION

Figurd 1 shows a complete supercapaci-
tor energy storage system consisting of
the 1133625, two Coilcraft 3.3pH induc-
tors and two 360F supercapacitors
from NessCap. The r1Cc4412 and the
two Vishay si4421Dy MOSFETs make up
the automatic crossover switch while
the LTM4616 is the DC/DC converter
that represents the constant power
load to the energy storage system.

Figurd 3 shows an initial charging time
of 1112 seconds for the LTC3625 charging
circuit. Using nominal component values
the initial charging time is 1255 seconds,
which is well within component tolerance
levels. During the first 250 seconds, only
the buck converter is charging the bot-
tom supercapacitor and once the voltage
reaches 1.35V, the boost converter starts
to operate. Both the buck converter and
the boost converter continue to operate
for the next 500 seconds. An interesting
observation of the charging profile is that
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Figure 4. Supercapacitor backup time supporting a
20W Load

after 750 seconds, the change in slope and
the ripple voltage on the input voltage is
due to the buck converter turning off and

on during the final minutes of charging.

4 shows the backup time of the sys-
tem with a 20w load. The desired backup
time was 45 seconds while our system

is supporting the load for 76.6 seconds.
The longer available backup time is due
to lower than estimated parasitic circuit
resistances and that the pc/pc converters
continue to operate down to 2.44V instead
of the 2.7v in the design calculations. The
output of the 1.8v converter can be seen to
turn back on again when the 1.2v con-
verter turns off. This “motor-boating”
effect is caused by the rise in voltage at
the input of the pc/De converter when the
input current is reduce as the 1.2v con-
verter section turns off. This can be
eliminated by adding an external under-
voltage lockout circuit with adequate
hysteresis to disable the bc/pc converter.
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Figure 5. Recharge of series-connected pair of 360F
supercapacitors

Finally, 5 shows the recharge time
of the supercapacitors after a backup
operation. The recharge time is actually
685 seconds, compared to the 600 seconds
used in the calculations. The longer charg-
ing time is attributed to the lower starting

voltage of 2.44V for the Dc/De converter.

CONCLUSION

Supercapacitors are replacing batteries

to satisfy green initiative mandates for
data centers. The LTC3625 is an efficient
1A supercapacitor charger with automatic
cell balancing that can be combined with
the LTC4412 low loss PowerPath control-
ler to produce an energy storage system
that protects data in rRAID disk applica-
tions. The LTC3625 is available in a 12-lead

3mm x 4mm x 0.75mm DFN package. m
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