US 20100125435A1

a9y United States
a2y Patent Application Publication o) Pub. No.: US 2010/0125435 Al
Pong et al. (43) Pub. Date: May 20, 2010
(54) POWER CONVERTER REMAINING LIFE (22) Filed: Nov. 19,2009
ESTIMATION
Related U.S. Application Data
(75) - Inventors: Man Hay Pong, Apehchaq (H.K); (60) Provisional application No. 61/116,507, filed on Nov.
Hon May Pang, New Territories
20, 2008.
(HK)
Correspondence Address: Publication Classification
BERKELEY LAW & TECHNOLOGY GROUP,  (51) Int.ClL
LLP GO6F 11/30 (2006.01)
17933 NW Evergreen Parkway, Suite 250 CZ R AT R 702/182
BEAVERTON, OR 97006 (US)
. (57) ABSTRACT
(73) Assignee: The University of Hong Kong
Subject matter disclosed herein may relate to monitoring
(21) Appl. No.: 12/622,003 and/or estimating remaining life for a power converter.
-
1 Vout

Vin

v

\ 4

Power Converter circuit

v

Duty cycle d

1

I

H

I

1

|

I

1

|
 Comparator
: Vcomrol
i

|

|

|

I

I

|

|

Error
Amplifier 8

Current
Waveform

Reference



Patent Application Publication = May 20,2010 Sheet 1 of 10 US 2010/0125435 A1

/ 3

Vout
vin 1 p
1 \ Power Converter circuit

o

4

||

L
!

5 Duty cycle d /M/I Current
Waveform

Comparator

Vcontroi

Error
Amplifier 8

Reference

Figure 1



Patent Application Publication

11

May 20, 2010 Sheet 2 of 10

Current Mode

US 2010/0125435 A1

13

14

15

K Controlled
Power Input and output
| Converter capacitor voltage
waveform
12 Current
\ waveform v
10
A 4 Voltage _
sampling
Current unit 16
~ sampling
unit ’J
17
v
Temperature .| Computation ’J
sensing > unit
Timer unit 18
A 4 J
Output unit >

Figure 2




Patent Application Publication = May 20,2010 Sheet 3 of 10 US 2010/0125435 A1

20

21
Figure 3
34
J 17
Trigger |
Generator | q J
35 30 N Computation
; unit
k \\[\ S/H %
—1 Filter Q @_
\ i C
20 — -~ 33
31 32

Figure 4



Patent Application Publication = May 20,2010 Sheet 4 of 10 US 2010/0125435 A1

, 42
i Isense / K 44 Iout
" 228 N
40 l - i icout
. —~ \43 .~ \
41
Figure ba
isense
IH 45
i /J
time
D
Figure 5b
icIN 46
f

B ———_—:ime

Figure 5¢
iCOUT 47
—J time
Figure 5d

Figure 5



Patent Application Publication = May 20,2010 Sheet S of 10 US 2010/0125435 A1

in isense K 53 K >4 Iout
S Y YN M N
50 | on L )l
Figure 6a
isense
i 55
iL //
time
D Figure 6b
icin
56
J time
Figure 6¢
icout 57
Figure 6d

Figure 6



Patent Application Publication

May 20,2010 Sheet 6 of 10 US 2010/0125435 A1

62
Iin isense K / o4 [
. — ./& LA out
N
- | - oo
— L
T 6 1 \61
Figure 7a
isense
iH 65
i /
KI time
D Figure 7b
icin 66
K
time
Figure 7¢
icout 67
K
Figure 7d

Figure 7



Patent Application Publication = May 20,2010 Sheet 7 of 10 US 2010/0125435 A1

R

Remaining life

Figure 8

b

Ts

Figure 9



Patent Application Publication

May 20,2010 Sheet 8 of 10

Input converter type
and capacitor
parameters

| .
'

Y

Gather digitized
current waveform

Y

Estimate capacitor
currents

Y

Read temperature
and converter
operation time

h 4

Compute lifetime
decrement

A

Express remaining life

as a factor and

present to the output

unit

Figure 10

US 2010/0125435 A1

1010

1020

1030

' 1040

1050

1060



Patent Application Publication

Graphics
Memory 1170

Y

GPU 1150

A

h 4

Y

Display
Device 1160

May 20,2010 Sheet 9 of 10 US 2010/0125435 A1
1100
CPU 1110
Memory Controller | System
Hub 1120 Memory 1130
A4
Input/Output Hub < Non-Volatile
1140 Memory 1180
Y
Flash drive
1190

Figure 11



Patent Application Publication

400

300

100

May 20,2010 Sheet 10 of 10

| |

US 2010/0125435 A1

10 20

40 50 50 70

Working Hours

Figure 12

90 100



US 2010/0125435 Al

POWER CONVERTER REMAINING LIFE
ESTIMATION

[0001] This application claims priority from U.S. Provi-
sional Application Ser. No. 61/116,507, filed Nov. 20, 2008,
and entitled “Power Converter Remaining Life Estimation.”

BACKGROUND

[0002] 1.Field

[0003] Subject matter disclosed herein may relate to moni-
toring and/or estimating remaining life for a power converter.
[0004] 2. Information

[0005] Power converters are important components of a
very wide range of electronic devices, and reliable operation
of such power converters may be of particular importance in
a vast array of electronic devices such as, for example, medi-
cal, communication, and/or computing devices. In some situ-
ations, such electronic devices may be utilized in critical
applications where it may be advantageous to avoid sudden
failure of the power converter and/or to be able to schedule
maintenance or replacement of the power supply before fail-
ure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Claimed subject matter is particularly pointed out
and distinctly claimed in the concluding portion of the speci-
fication. However, both as to organization and/or method of
operation, together with objects, features, and/or advantages
thereof, it may best be understood by reference to the follow-
ing detailed description if read with the accompanying draw-
ings in which:

[0007] FIG. 1 is diagram of an example current mode con-
trolled power converter system.

[0008] FIG. 2 is a block diagram of an example embodi-
ment of a power converter lifetime estimator.

[0009] FIG.3isanillustration ofan example current signal.
[0010] FIG. 4 is a diagram of example embodiment of
repetitive signal capture circuitry.

[0011] FIG. 5¢ is a schematic diagram of an example
embodiment of a buck power converter.

[0012] FIG. 55 is a waveform of an example signal to be
sensed.
[0013] FIG. 5¢ is an example waveform depicting input

capacitor current.

[0014] FIG. 5d is an example waveform illustrating output
capacitor current.

[0015] FIG. 6a is a schematic diagram of an example
embodiment of a boost power converter.

[0016] FIG. 64 is a waveform of an example signal to be
sensed.
[0017] FIG. 6¢ is an example waveform depicting input

capacitor current.

[0018] FIG. 6d is an example waveform of output capacitor
current.
[0019] FIG. 7a is a schematic diagram of an example

embodiment of a buck boost power converter.

[0020] FIG. 75 is an example waveform of a signal to be
sensed.
[0021] FIG. 7c is an example waveform illustrating input

capacitor current.
[0022] FIG. 7d is an example waveform depicting output
capacitor current.
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[0023] FIG. 8 is a graph demonstrating deterioration of
remaining power converter life over time.

[0024] FIG. 9 is a diagram illustrating an example tech-
nique for estimating remaining power converter life.

[0025] FIG.10isa flow chart of an example embodiment of
a method for estimating remaining power converter life.
[0026] FIG. 11 is a block diagram of an example embodi-
ment of a computing platform.

[0027] FIG. 12 is a diagram depicting example test results.
[0028] Reference is made in the following detailed descrip-
tion to the accompanying drawings, which form a part hereof,
wherein like numerals may designate like parts throughout to
indicate corresponding or analogous elements. It will be
appreciated that for simplicity and/or clarity of illustration,
elements illustrated in the figures have not necessarily been
drawn to scale. For example, the dimensions of some of the
elements may be exaggerated relative to other elements for
clarity. Further, it is to be understood that other embodiments
may be utilized. Furthermore, structural or logical changes
may be made without departing from the scope of claimed
subject matter. It should also be noted that directions or ref-
erences, for example, up, down, top, bottom, and so on, may
be used to facilitate discussion of the drawings and are not
intended to restrict the application of claimed subject matter.
Therefore, the following detailed description is not to be
taken to limit the scope of claimed subject matter or their
equivalents.

DETAILED DESCRIPTION

[0029] Inthe following detailed description, numerous spe-
cific details are set forth to provide a thorough understanding
of claimed subject matter. However, it will be understood by
those skilled in the art that claimed subject matter may be
practiced without these specific details. In other instances,
well-known methods, procedures, components and/or cir-
cuits have not been described in detail.

[0030] As discussed above, power converters are important
components of a very wide range of electronic devices, and
reliable operation of such power converters may be of par-
ticular importance in a vast array of electronic devices such
as, for example, medical, communication, and/or computing
devices which, in some situations, may be utilized in critical
applications where it may be advantageous to avoid sudden
failure of the power converter and/or to be able to schedule
maintenance or replacement of the power supply before fail-
ure.

[0031] Ingeneral, electronic components have a limited life
expectancy. It may prove impractical to design and/or manu-
facture a power converter that will never fail. To extend life
expectancy, one approach might be to use expensive compo-
nents, and/or to over-design the converter for a given appli-
cation to build in extra life expectancy. However, such an
approach may be impractical from the perspectives of size,
cost, and/or ease of manufacture. For example, one may over-
design a power converter for a notebook computer or similar
electronic device in an effort to provide extended power con-
verter life, but such a converter may greatly increase the cost
of the electronic device, and the power converter would still
fail at some point, likely without warning.

[0032] In order to have reliable operation, a focus may be
placed on a correct estimate of the remaining life of the power
converter. This may allow scheduled maintenance and/or
replacement of power converters that are near the end of their
lives, and perhaps avoid sudden disruption of service. Rather
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than using expensive components to extend the product life-
time, it may be advantageous to focus on more accurate
remaining life estimation to allow for scheduled replacement
and/or maintenance of a power converter before failure.
[0033] Atpresent, it is the responsibility of the design engi-
neer to make sure a power converter he/she designed has the
reliability required within its stated working life. However,
the estimation that can be made is often far from the truth.
This is because the remaining life estimation is based on an
assumed operating condition, while the real life time may
vary widely, perhaps as much as five to ten times, with dif-
ferent environment and aging. This open loop estimation
method may lead to over-design or inadequate design.
[0034] Electronic component lifetime may vary greatly
depending on its working environment. Accurate remaining
life estimation may benefit from accurate information related
to the operating environment.

[0035] A real-time monitoring system may relatively cor-
rectly estimate and report product reliability. This may be
similar in some respects to real time prediction of battery
remaining capacity in many battery operated products.
Another example real time reporting system is the power
distribution system as disclosed by Forth in U.S. Pat. No.
6,671,654. A similar method has been found in a battery life
estimation system as recorded by Tsujikawa. Hammond, in
his U.S. Pat. No. 7,114,098, discloses a system which moni-
tors a power supply system with a plurality of power supplies.
The system reports critical state of the power supplies to a
computer network. There is no remaining life estimation
method, but rather a failure alarm system is disclosed.
[0036] Among the many components that may be imple-
mented in a power converter, the electrolytic capacitor may be
among the components with the shortest life expectancy. Its
failure rate is typically several times of other electronic com-
ponents. Larson, in US Publication 2006/0176186, discloses
a system that monitors the state of a cooling fan on the
assumption that it is the critical component. However, not all
power converters incorporate a cooling fan. On the other
hand, deterioration of a cooling fan may cause temperature to
rise. Temperature may be a good indicator, rather than moni-
toring the fan.

[0037] In a power converter, for example, two operating
parameters may affect the reliability of an electrolytic capaci-
tor. The first parameter is temperature. The second parameter
is the ripple current through the capacitor. Warizaya, in U.S.
Publication 2007/0150236, discloses a system to monitor the
voltage, current and temperature of capacitors in a power
supply, although the main theme of this system is not the
capacitor but the system cooling fan. However, capacitor
current detection by sensors is not desirable in practice
because this impairs proper operation of the power supply and
produces power loss. Moreover, sensors may be too expen-
sive for mass produced products and Warizaya’s monitoring
system is limited to large systems in which cost is not a major
concern.

[0038] Embodiments described herein may comprise a
real-time remaining life estimation apparatus for power con-
verters. Power converter life may be determined at least in
part by an electrolytic capacitor. Electrolytic capacitor life
may be affected by its ripple current. It may not be practical to
use sensors to measure capacitor current. Embodiments dis-
closed herein may comprise a capacitor current estimation
apparatus and techniques which may employ no direct
capacitor current measurement. Embodiments may comprise
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a current mode control power converter in which a semicon-
ductor switching waveform is available in the power con-
verter controller. Embodiments may further comprise a
microprocessor which may estimate capacitor currents with a
knowledge of the power converter circuit topology, and the
estimated remaining life of the power converter may be com-
puted.

[0039] One or more embodiments disclosed herein may
also comprise a repetitive signal measurement apparatus and/
or technique which may allow a noisy, repetitive signal to be
captured and digitized by a low cost sample and hold circuit
and an analog to digital converter.

[0040] One or more embodiments disclosed herein may
comprise a simple way to communicate remaining life esti-
mation information. The estimated power converter remain-
ing life may be expressed as a value that may represent the
amount of remaining life. The value may be represented by a
duty cycle of a pulse train for an embodiment. The frequency
of the pulse train may convey additional power converter
information, such as, for example, temperature.

[0041] A potential advantage of one or more example
embodiments may be the estimation of power converter
capacitor current without a sensor installed at the capacitor.
[0042] Another potential advantage of one or more
example embodiments may be an ability to be readily inte-
grated into popular Pulse Width Modulation (PWM) control-
lers.

[0043] In an embodiment, an apparatus may comprise a
current control mode power converter to generate a switching
current signal, the current control mode power converter
comprising a capacitor. The present example embodiment
may further comprise a current sampling unit to sample the
switching current signal at the capacitor, the current sanipling
unit to generate a digitized waveform for the sampled signal.
The example embodiment may also comprise a computation
unit to estimate a remaining life of the current control mode
power converter based at least in part on the sampled wave-
form.

[0044] Another example embodiment may comprise a
technique for estimating remaining power converter life
including sampling, utilizing a sampling circuit, a signal from
a power converter, the power converter including a capacitor,
and generating a digitized waveform for the sampled signal.
The technique may also include estimating a remaining life of
the power converter based at least in part on the digitized
waveform.

[0045] In another embodiment, an article may comprise a
storage medium having stored thereon instructions execut-
able by a computing platform to sample a signal from a power
converter, the power converter including a capacitor, the
instructions further executable by the computing platform
further to generate a digitized waveform for the sampled
signal and estimate a remaining life of the power converter
based at least in part on the digitized waveform.

[0046] An additional example embodiment may comprise
an apparatus to digitize a repetitive signal having a time cycle,
wherein the apparatus comprises an input terminal to accept a
repetitive analog electrical signal from a power converter. The
apparatus may further include a sample and hold circuit hav-
ing a switch coupled to the input terminal to periodically
sample the repetitive analog electrical signal according to a
sampling time, and may also include a capacitor coupled to an
output terminal of the sample and hold circuit to maintain a
voltage from the sampled analog electrical signal. For this
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example embodiment, an analog-to-digital converter may be
coupled to the capacitor to generate a set of digital informa-
tion signals according to the voltage from the sampled analog
electrical signal. A computation unit may receive the set of
digital information signals and may store said digital infor-
mation signals in a memory, said computation unit to estimate
a remaining life of a power converter based at least in part on
the set of digital information signals. The embodiment may
further comprise a trigger unit to trigger the sample and hold
circuit at least in part in response to receiving a command
from the computation unit.

[0047] Of course, the embodiments described above are
merely example embodiments, and the scope of claimed sub-
jectmatter is not limited in these respects. Additional embodi-
ments are described below, and again the embodiments
described are examples. The scope of claimed subject matter
is not limited to the particular examples described herein.

[0048] FIG. 1 is diagram of a conventional current mode
controlled power converter system. This example switching
power converter comprises an input 1, at least one output 2, a
power converter circuit 3 and a control unit 4. The example
embodiment may further comprise at least one input capaci-
tor 5 and at least one output capacitor 6. These capacitors are,
for one or more embodiments, electrolytic type capacitors
which may determine the lifetime of the power converter. The
power converter circuit comprises semiconductor switches
which operate a converter circuit 3. The control unit com-
prises an error amplifier 7. An error amplifier 7 picks up a
signal from the output which may be the converter output
voltage or the converter output current depending on the
parameter to be controlled. In response to an internal refer-
ence signal 8 the error amplifier 7 produces a control signal.
There is also means to pick up the current through the semi-
conductor switch for control purposes. In general a current
sensing resistor picks up the switching current waveform
signal. This current signal is coupled to a comparator 9 which
compares the current signal with the control signal from the
error amplifier 7. In response, the comparator 9 produces a
pulse width modulated signal with a duty cycle that controls
the semiconductor switches. This type of power converter
configuration may be referred to as Current Mode Control.
This configuration is very popular in the field because the
control loop can be stabilized easily and it enables the con-
verter to have good dynamic performance.

[0049] One or more embodiments may make use of the
Current Mode Control converter and the apparatus described
herein to predict the power converter remaining life and reli-
ability. An embodiment in accordance with claimed subject
matter is shown in FIG. 2. This embodiment comprises a
power converter, the reliability and life of which is to be
monitored and reported. In general, the power converter has
electrolytic capacitors installed at its input terminals and out-
put terminals. The life time of these electrolytic capacitors
may largely determine the life time of the power converter. [t
is a Current Mode Control type power converter 11 where the
switching current waveform 12 signal is readily available at
the controller without an extra sensor. The current waveform
signal is captured by a current sampling unit 13. This current
sampling unit turns the current waveform information into a
digital format. The input and output capacitor ripple voltage
waveforms are captured by a voltage sampling unit 10. The
information is collected by a computation unit 17 for calcu-
lation of the reliability of the power converter. This embodi-
ment further comprises a temperature sensing unit 14. It
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comprises a temperature sensor and means to convert the
temperature information into a digital format made available
to the computation unit 17. This embodiment further com-
prises a timer unit to record converter operation time. In an
embodiment this timer is a long interval timer which counts
for several thousand hours. It may comprise a slow timer
which triggers the computation unit to update an internal
register which represents operation time. There is also means
to program the power converter parameters into the compu-
tation unit for accurate remaining lifetime prediction. Such
information includes the type of electrolytic capacitor used in
the power converter, operating voltage, converter type and
other information. The computation unit 17 collects data from
the current sampling unit 13, the temperature sensing unit 14,
the timer unit 15 and preprogrammed data on the power
converter. It calculates the estimated remaining life of the
converter and presents the result to an output unit 18. The
output unit 8 presents the remaining lifetime of the converter
by an electrical signal 19. This signal is presented in the form
of a pulse having a duty cycle between 0 and 1. This duty
cycle represents the portion of the lifetime that remains. For
example, at the beginning, the duty cycle may be 1 and it may
decay with converter operation time according to computa-
tion algorithm described herein. The output signal 19 can
have other formats. For example it can be an analog signal
with a voltage between two levels while the remaining con-
verter life portion is represented by a signal level in between.

[0050] The current sampling unit 13 captures the power
converter switching waveform and digitizes the information
for presentation to the computation unit 17. In general the
current waveform 20 is trapezoidal or triangular in shape as
shown in FIG. 3. The frequency of this waveform may be
relatively high, on the order of a few hundred KHz. A high
speed analogue to digital converter (A/D converter) may be
utilized to digitize this waveform. However, a high speed A/D
converter may be relatively expensive. A low cost, lower
speed A/D converter may be utilized for one or more embodi-
ments. One or more embodiments may make use of the repeti-
tive nature of the waveform in order to be able to use the low
cost A/D converter. The principle is shown in FIG. 3. A
repetitive sample is taken at a time t, from the start of a
switching cycle. Multiple samples are taken in order to aver-
age out noise effects. The signal may be digitized by an A/D
converter and the data may be stored in a memory in the
computation unit. In response to completion of the conversion
process, t, may be incremented to a next sample point. The
delay timet ;sweeps through the whole cycle from t, to T and
a complete cycle of the waveform can be captured. This
technique makes use of the repetitive nature of the signal to be
sampled in order to accommodate slow sample and hold
devices and A/D converters.

[0051] An example embodiment of a current sampling unit
is shown in FIG. 4 and described herein. Current waveform 20
is passed through a filter 35 which removes high frequency
noise. The signal is presented to a sample and hold circuit 30.
Circuit 30 comprises a capacitor 31 and a discharge resistor
32. The sampled signal is presented to an A/D converter 33
which in turn feeds the digitized data to the computation unit
17. Sample and hold circuit 30 may be triggered by a trigger
generator 34 which may be synchronized with current wave-
form 20. In response to a completion of data capture, the
computation unit increments the time t, for the trigger gen-
erator. Computation unit 17 controls sampling through the
whole cycle and captures a digitized waveform of the whole
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cycle. This example embodiment of a current sampling unit
may be incorporated into an integrated circuit or any other
package.

[0052] Computation unit 17 gathers data from the various
units and predicts the remaining power converter life. Ini-
tially, unit 17 receives the digitized current waveform from
the current sampling unit and calculates the capacitor currents
in the input capacitor 5 and output capacitor 6 according to the
algorithm described herein. For some embodiments, there are
three basic power converter topologies, namely the buck,
boost, and buck-boost converter topologies. Input and output
capacitor currents may be computed from the current wave-
form of the semiconductor switch.

[0053] FIG. 5a illustrates an example embodiment of a
buck converter comprising an input capacitor 40 and an out-
put capacitor 41. The converter may further comprise a semi-
conductor switch 42, a diode 43, and an inductor 44. It is
assumed that the input current I,, and output current I, of the
converter are constant. The switching current is absorbed at
least in part by the input capacitor and the output capacitor.
FIG. 5billustrates the current i, ., through the switch42. The

current through the input capacitor has the same waveform as
i, except that the waveform 46 is balanced about the time

sense

axis as shown in FIG. 5¢. The duty cycle for this embodiment
is labeled “D”. The r.m.s. ripple current i, is represented in
terms of'i,,,., in the following equation:

_ (F+B)ED> +TD+4) +iLin(3D°+2D +4) &
femne =
CIn 122D- 1}

wherein i; represents the switch “turn on” current, and
wherein 1, represents the switch “turn off” current.

[0054] FIG. 5d illustrates the current through the output
capacitor for an embodiment. The r.m.s. ripple current i,z
may be represented in terms of i in the following equa-

sense

tion:
N T @
tcour = B

[0055] The buck converter is one possible topology, for an

embodiment. It may be extended to a forward converter or
other converters which provide isolation between the input
and output by a transformer. Topological variations are pos-
sible for a variety of embodiments, and the techniques
described herein may be applied accordingly.

[0056] FIG. 6a depicts an example embodiment of a boost
converter. The boost converter may comprise an input capaci-
tor 50 and an output capacitor 51. The converter may further
comprise a semiconductor switch 52, an inductor 53, and a
diode 54. It is assumed for this example that the input current
I,,, and output current I, of the converter are constant. The
switching current is absorbed at least in part by the input
capacitor and the output capacitor. FIG. 65 depicts the current
is,,s through the switch 52. The current through the input
capacitor picks up the ripple current ofi, . as shown in FIG.
6¢. The r.m.s. ripple current i ;,, may be represented in terms

ofi,,, in the following equation:

, (i — i)’
oy = 17
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[0057] FIG. 6d depicts the current through output capacitor
51. The ripple current i, 7 has the same waveform as i,,,.,
except that the waveform 57 is balanced about the time axis,
for this example. The rm.s. ripple current i, may be

represented in terms of i in the following equation:

sense

(@ +B)(=3D° +1D? 9D +5)+ @
, iLin(=6D% + 14D? — 14D + 6)
lcovr = B

[0058] The boost converter is an example topology. It may
be extended to converters with isolation between the input
and output by a transformer or other means. Topological
variations are possible for one or more alternate embodi-
ments, and the example techniques described herein may be
applied accordingly.

[0059] FIG. 7a illustrates an example embodiment of a
buck-boost converter. The converter may comprise an input
capacitor 60 and an output capacitor 61. The converter may
further comprise a semiconductor switch 62, an inductor 63,
and a diode 64. It is assumed for this example that the input
current [, and output current I, of the converter are constant.
The switching current may be absorbed at least in part by the
input capacitor and the output capacitor. FIG. 75 depicts the
current i, through the switch 62. The current through the
input capacitor may pick up the ripple current of 1., as
illustrated in FIG. 7¢. The r.m.s. ripple current i, for an
embodiment may be represented in terms of i, ., in the
following equation:

(Z+7)4D5 + 1D 14D) + ®
iLiy(~8D3 +2D3 4 4D)

122D - 17

iciv =

[0060] FIG. 7d depicts the current through the output
capacitor for this example. The ripple current i, may be

represented for this example in terms ofi_, ., in the following
equation:
(2 +2)=3D3 +TD° ~9D + 5) + ©)
. iriy(=6D% + 14D 14D +6)
lcour = B

[0061] The buck-boost converter is an example topology. It
may be extended to converters with isolation between the
input and output by a transformer, such as, for one example,
a flyback converter. There may be topological variations for
other embodiments, and the techniques described herein may
be applied accordingly.

[0062] For one or more embodiments, an aluminum elec-
trolytic capacitor may be a component which may at least in
part determine the lifetime of a power converter. A possible
cause of failure for an aluminum electrolytic capacitor may be
a drying-out of electrolyte. This may also be referred to as
‘wear-out failure’ which may result in a reduction in capaci-
tance. Aluminum electrolytic capacitors may comprise liquid
electrolyte. The electrolyte may exhibit rather conspicuous
temperature characteristics, and the thermal stress may have
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an effect on the capacitor’s life expectancy. Dissipation heat
generated by the ripple current may be a factor affecting the
useful life of the capacitor. For one or more embodiments, the
maximum permissible ripple current value may depend on the
ambient temperature. Operating temperature and ripple cur-
rent rating may be sources of wear-out mechanisms. An
increase in ambient temperature or in internal temperature
rise caused by ripple current may accelerate the evaporation
of the electrolyte. The electrolyte vapor may escape through
the rubber packing and the electrolyte volume left is reduced.
Etch tunnels of the capacitor may no longer be fully filled
with electrolyte and thus the effective surface area of the
electrode reduces. This causes the capacitance to be
decreased, and the equivalent series resistance (ESR) may
increase due at least in part to the electrolytic resistance.
[0063] The equivalent series resistance (ESR) may be com-
puted. The ripple currents in the input capacitor and the output
capacitor may be captured as described. The capacitor ripple
voltage waveform may also be captured by a sampling unit
the same as that described in FIG. 4. Having obtained the
current waveform and the voltage waveform of the capacitors,
the computation unit 17 may calculate the ESR using the
well-known Ohm’s law. The ESR in an electrolytic capacitor
grows as the capacitor deteriorates, and as such may provide
a good indicator of the capacitor’s remaining life.

[0064] For one or more embodiments, the lifetime of a
capacitor may be estimated from the following equation:

(AT éT,f) )

wherein:
[0065] L represents the actual life;
[0066] L, represents the base life at rated conditions;
[0067] T, . represents the rated temperature;
[0068] T, represents the ambient temperature;
[0069] AT, represents the rated heatrise at the core of the

capacitor by rated current ripple;
[0070] A, represents the temperature factor for a rated
heat rise;
[0071] AT, represents the actual heat rise at the core of
the capacitor by operating current ripple; and
[0072] A represents the temperature factor for actual
heat rise.
[0073] The two multipliers, for one or more embodiments,
may represent an ambient temperature factor and a capacitor
core temperature factor. The two temperature factors” effect
may be expressed by an Arrhenius relation, for an embodi-
ment. Because the core temperature heat may be generated
from ripple currents, it is possible to rewrite the second mul-
tiplier in terms of current ripple rating with the given rela-
tionship:

AT = AT, - (Ii)2

where I represents the ripple current rms and [, represents the
rated ripple current. I represents the capacitor ripple current
which is estimated by the techniques described herein for the
various converter topologies.
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[0074] InFIG. 8 the life of an example capacitor is plotted
against time. The estimated remaining life is expressed in
terms of a factor between 1 and 0 for this example embodi-
ment. The factor starts with avalue 1 and decays to 0 over time
for this example, with the estimated lifetime [ defined by
example equation (7), above. The rate at which capacitor life
decays may be given by the slope of curve, which is

e~

Slope m may be modified by factors that may affect L such as
ambient temperature T, and ripple current I.

[0075] The decrement in estimated remaining life percent-
age for an operating period t for an example embodiment may
be expressed as:

(10)

mt

t
3 -100% = ﬁ -100%

wherein t represents a time period of one data refresh cycle.
[0076] Actual lifetime L' can be affected by different oper-
ating conditions throughout the life of the capacitor. After
cumulative time t the remaining life corresponds to a factor o
that indicates the estimated remaining life where

n ) (11)

[0077] Computation unit 17 may have stored therein infor-
mation related to the converter. The information may com-
prise the type of power converter being used as well as param-
eters of the capacitor, for one or more embodiments. The
capacitor parameters for an example embodiment may com-
prise the factor L, the rated maximum temperature T, the
rated ripple current [, AT, A and/or A, which may be avail-
able from the capacitor manufacturer or by measurement. The
information may further comprise the ambient temperature of
the capacitor environment T, as received from temperature
sensing unit 14, and may also comprise the operation time
from timer unit 15. Computation unit 17 may compute o
using the above-mentioned information for an example
embodiment. However, the types of information mentioned
are merely examples, and the scope of claimed subject matter
is not limited in this respect.

[0078] For embodiments incorporating power converters
with an input capacitor and an output capacitor, the estimated
remaining life of each capacitor may be computed separately.
The smaller estimated remaining life value may be presented
as the estimated remaining life of the power converter.
[0079] Foran embodiment, output unit 18 receives factor o
from the computation unit and turns the information into an
electrical signal 19 for presentation to the outside world. For
an example embodiment, factor o may be represented as the
duty cycle of a pulse train as shown in FIG. 9 where

1, (12)
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wherein t,, represents a period of time during which a signal
representing a remaining life is at a logically high value, for
this example embodiment.

[0080] Ifthe duty cycle of the pulse train represents factor
a, the frequency of the pulse may also present useful infor-
mation on the power converter. The pulse frequency can
represent capacitor environment temperature T,, for an
example embodiment. If there is an abnormal rise in tempera-
ture say due to deterioration or failure of the system cooling
fan, the pulse frequency may be designed to change signifi-
cantly, thus serving as a signal that the power converter
requires immediate repair. For other embodiment, the fre-
quency of the pulse train may represent any of a range of
information that may be advantageous.

[0081] Although embodiments described herein mention a
pulse train to communicate estimated remaining life of a
power converter, other embodiments are possible using other
signal types. For example, in an embodiment the estimated
remaining life may be represented by an analog signal that
varies in voltage level according to the estimated remaining
life.

[0082] It will be obvious to those having ordinary skill in
the art that there are many ways to present the factor o in the
form of an electrical signal without departing from the scope
of claimed subject matter.

[0083] One or more embodiments, such as those described
herein, may be implemented by a microprocessor system.
The microprocessor system may comprise the units depicted
in FIG. 2, for example, including, but not limited to, the power
converter 11 with means to capture current information, cur-
rent sampling unit 13, temperature sensing unit 14, timer unit
15, computation unit 17 and/or output unit 18. Any combina-
tion or a selected set of the units described herein may be
integrated into an integrated circuit for one or more embodi-
ments. Also, for one or more embodiments, the computation
speed may not be an important consideration, and the system
may be designed for low cost.

[0084] FIG. 10 is a flow diagram of an example embodi-
ment of a method for estimated the remaining life of a power
converter. At block 1010, information related to the power
converter may be programmed into a computation unit, for
example. For an example embodiment, one possible type of
information may include the converter type, which may be
one of the three basic converter topologies discussed above or
others. Setting the converter type allows appropriate equa-
tions to be used to estimate the capacitor currents. The param-
eters related to the capacitor shown in equations (7) and (8)
may be gathered and also provided to the calculation unit, for
an example embodiment. At block 1020, a digitized wave-
form of the semiconductor current may be gathered. For an
embodiment, the example embodiments described in connec-
tion with FIG. 3 may be utilized. At block 1030, an appropri-
ate equation may be selected from among equations (1) to (6)
or others according to the type of power converter identified,
and the estimated capacitor current may be calculated. At
block 1040, the capacitor temperature and the converter
operation time may be determined. The capacitor lifetime
decrement may be calculated, for an embodiment, according
to equation (10) at block 1050. At block 1060, the estimated
remaining lifetime may be presented as a factor c. according
to equation (11). This factor may be made available to the
outside world for real-time monitoring. The example process
described above may repeat any number of times, and may
provide real-time monitoring of the power converter.
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Embodiments in accordance with claimed subject matter may
include all, less than, or more than blocks 1010-1060. Also,
the order of blocks 1010-1060 are merely an example order,
and the scope of claimed subject matter is not limited in this
respect.

[0085] FIG. 11 is a block diagram of an example embodi-
ment of a computing platform 1100. Computing platform
1100 merely represents one possible computing platform
configuration that may be used to implement some or all of
the techniques described herein, and the scope of claimed
subject matter is not limited in this respect. Computing plat-
form 1100 may comprise a central processing unit (CPU)
1110 and a memory controller hub 1120 coupled to CPU
1110. Memory controller hub 1120 is further coupled to a
system memory 1130, to a graphics processing unit (GPU)
1150, and to an input/output hub 1140. GPU 1150 is further
coupled to a display device 1160, which may comprise a CRT
display, a flat panel LCD display, or other type of display
device. Also coupled to GPU 1150 is a graphics memory
1170. For this example embodiment, graphics memory 1170
may be coupled to GPU 1150 via a parallel data interface or
interconnect, and input/output hub 1140 may be coupled to
memory controller hub 1120 via a serial data interface or
interconnect.

[0086] Further, for the example embodiment depicted in
FIG. 11, input/output hub 1140 may be coupled to non-vola-
tile memory 1180, and may further be coupled to flash drive
1190, which, for the embodiment depicted in FIG. 11, may
comprise a USB Flash drive inserted into a USB port in
system 1100 (not shown).

[0087] System memory 230 may, for an embodiment, have
stored thereon instructions, that, if executed by CPU 1110
may enable the computing platform to perform at least in part
one or more aspects of power converter remaining life esti-
mation operations as described herein, although the scope of
claimed subject matter is not limited in this respect. Comput-
ing platform 1100 may also comprise, for one or more
embodiments, one or more power converters (not shown) that
may be monitored in accordance with embodiments
described herein. Of course, system 1100 is merely an
example type of electronic device that may implement one or
more embodiments described herein, and the scope of
claimed subject matter is not limited to any particular device

type.

[0088] A computing platform refers to a system or a device
that includes the ability to process or store data in the form of
signals. Thus, a computing platform, in this context, may
comprise hardware, software, firmware or any combination
thereof. For one or more embodiments, a computing platform
may comprise any of a wide range of digital electronic
devices, including, but not limited to, personal desktop or
notebook computers, high-definition televisions, digital ver-
satile disc (DVD) players or recorders, game consoles, satel-
lite television receivers, cellular telephones, personal digital
assistants, mobile audio or video playback or recording
devices, and so on. Further, unless specifically stated other-
wise, a process as described herein, with reference to flow
diagrams or otherwise, may also be executed or controlled, in
whole or in part, by a computing platform.

[0089] FIG. 12 is a diagram depicting example test results
for an embodiment. Test results for this example are based on
an example embodiment of power convert. For this example
embodiment, the converter comprises a discontinuous con-
duction mode flyback converter. In an embodiment, the fly-
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back converter may comprise a converter similar to a buck-
boost converter such as that described above in connection
with FIG. 7a, but with the inductor split to form a transformer.
Of course, the flyback converter is merely an example type of
power converter, and the scope of claimed subject matter is
not limited in this respect. Similarly, the buck converter, boost
converter, and buck-boost converters are also merely example
types of power converters, and again the scope of claimed
subject matter is not limited in these respects.

[0090] As mentioned, the example test results of FIG. 12
are based on an example embodiment of a discontinuous
conduction mode flyback converter. For this example
embodiment, the output signal of the flyback converteris 12V
at 7A. The working temperature of the output capacitor of the
flyback converter is assumed to be 25° C. The output capaci-
tor ripple current for this example is assumed to be 12.76 A
rms. For this example embodiment of the flyback converter,
the output capacitor comprises a Rubycon ZL series capacitor
rated at 35V and 1800 pF. The initial ESR of the output
capacitor is assumed to be 15.6 m at 25° C. and 100 kHz.
Also, the calculated rated ESR is assumed to be 11.8 m¢2 at
105° C. and 100 kHz. Of course, this is merely an example
capacitor, and the scope of claimed subject matter is not
limited in these respects.

[0091] Asdepicted in FIG. 12, the y-axis represents an ESR
percentage for the output capacitor based on an initial ESR
measurement, and the x-axis represents working hours for the
power converter. For the present example, the power con-
verter end of life is assumed to occur at the point where the
output capacitor ESR reaches 200% of the capacitor’s initial
ESR. For the present example power converter embodiment,
the point at which the output capacitor’s ESR is estimated to
reach the 200% level is calculated to be 46.96 hrs. According
to the test results for this example, and as depicted in FIG. 12,
the point at which the output capacitor ESR percentage
reaches the 200% level is measured to be 56 hrs. For this
example test result, an error of 16% between the measured
testresults and the calculated predicted result is observed. For
an example embodiment, an acceptable error range may com-
prise 40%, although the scope of claimed subject matter is not
limited in these respects.

[0092] Reference throughout this specification to “one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment
of claimed subject matter. Thus, the appearance of the phrases
“in one embodiment” or “in an embodiment” in various
places throughout this specification are not necessarily all
referring to the same embodiment. Furthermore, the particu-
lar features, structures, or characteristics may be combined in
any suitable manner in one or more embodiments.

[0093] The term “and/or” as referred to herein may mean
“and”, it may mean “or”, it may mean “exclusive-or”, it may
mean “one”, it may mean “some, but not all”, it may mean
“neither”, and/or it may mean “both”, although the scope of
claimed subject matter is not limited in this respect.

[0094] Unless specifically stated otherwise, as apparent
from the discussion herein, it is appreciated that throughout
this specification discussions utilizing terms such as “pro-
cessing,” “computing,” “calculating,” “selecting,” “forming,”
“enabling,” “inhibiting,” “identifying,” “initiating,” “query-
ing,” “obtaining,” “hosting,” “maintaining,” “representing,”
“modifying,” “receiving,” “transmitting,” “storing,” “deter-
mining” or the like refer to the actions or processes that may
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be performed by a computing platform, such as a computer or
a similar electronic computing device, that manipulates or
transforms data represented as physical, electronic or mag-
netic quantities or other physical quantities within the com-
puting platform’s processors, memories, registers, or other
information storage, transmission, reception or display
devices.

[0095] 1In the preceding description, various aspects of
claimed subject matter have been described. For purposes of
explanation, systems or configurations were set forth to pro-
vide an understanding of claimed subject matter. However,
claimed subject matter may be practiced without those spe-
cific details. In other instances, well-known features were
omitted or simplified so as not to obscure claimed subject
matter. While certain features have been illustrated or
described herein, many modifications, substitutions, changes
or equivalents will now occur to those skilled in the art. It is,
therefore, to be understood that the appended claims are
intended to cover all such modifications or changes as fall
within the true spirit of claimed subject matter.

1. An apparatus, comprising;

a current control mode power converter to generate a
switching current signal, said current control mode
power converter comprising a capacitor;

a current sampling unit to sample the switching current
signal at the capacitor, the current sampling unit to gen-
erate a digitized waveform for the sampled signal; and

a computation unit to estimate a remaining life of the
current control mode power converter based at least in
part on the sampled waveform.

2. The apparatus of claim 1, further comprising a voltage
sampling unit, wherein the capacitor of the current control
mode power converter comprises an input capacitor, the volt-
age sampling unit to sample a ripple voltage at the input
capacitor.

3. The apparatus of claim 1, further comprising a voltage
sampling unit, wherein the capacitor of the current control
mode power converter comprises an output capacitor, the
voltage sampling unit to sample a ripple voltage at the output
capacitor.

4. The apparatus of claim 1, further comprising a tempera-
ture sensing unit to sense a temperature of the capacitor, the
computation unit to estimate the remaining life of the current
control mode power converter based at least in part on a
temperature of the capacitor.

5. The apparatus of claim 4, further comprising a timer unit
to track power converter operation time, the computation unit
to estimate the remaining life of the current control mode
power converter based at least in part on the power converter
operation time.

6. The apparatus of claim 5, further comprising an output
unit to receive an output signal from the computation unit and
to generate an analog signal representing the estimated
remaining life of the current control mode power converter.

7. The apparatus of claim 6, the computation unit further to
estimate the remaining life of the current control mode power
converter based, at least in part, on information related to the
capacitor.

8. The apparatus of claim 7, the computation unit to calcu-
late a current for the capacitor, and the computation unit to
estimate the remaining life of the current control mode power
converter based at least in part on the calculated capacitor
current.
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9. The apparatus of claim 8, the computation unit to esti-
mate the remaining life of the current control mode power
converter using one or more mathematical expressions
selected at least in part in response to a topology of the current
control mode power converter.

10. The apparatus of claim 9, the output unit to generate a
pulse train signal, the signal having a duty cycle, wherein the
duty cycle represents the estimated remaining life of the
current control mode power converter.

11. The apparatus of claim 10, the output unit to generate
the pulse train with a frequency representing the sensed
capacitor temperature.

12. A method, comprising;

sampling, utilizing a sampling circuit, a signal from a

power converter, the power converter including a capaci-
tor;

generating a digitized waveform for the sampled signal;

and

estimating a remaining life of the power converter based at

least in part on the digitized waveform.

13. The method of claim 12, further comprising sensing a
temperature of the capacitor, wherein said estimating the
remaining life comprises estimating the remaining life of the
power converter based at least in part on the temperature of
the capacitor.

14. The method of claim 13, further comprising tracking
power converter operation time, wherein said estimating the
remaining life comprises estimating the remaining life of the
power converter based at least in part on the power converter
operation time.

15. The method of claim 14, further comprising generating
an analog signal representing the estimated remaining life of
the power converter.

16. The method of claim 15, wherein said estimating the
remaining life comprises estimating the remaining life of the
power converter based at least in part on information related
to the capacitor.

17. The method of claim 16, further comprising calculating
a current for the capacitor, wherein said estimating the
remaining life comprises estimating the remaining life of the
power converter based at least in part on the calculated
capacitor current.

18. The method of claim 17, wherein said estimating the
remaining life comprises estimating the remaining life of the
power converter based at least in part on one or more math-
ematical expressions selected at least in part in response to a
topology of the power converter.

19. The method of claim 18, further comprising generating
a pulse train signal, the pulse train signal having a duty cycle,
wherein the duty cycle represents the estimated remaining
life of the power converter.

20. The method of claim 19, wherein said generating the
pulse train comprises generating the pulse train with a fre-
quency representing the sensed capacitor temperature.

21. An article, comprising: a storage medium having stored
thereon instructions executable by a computing platform to:

sample a signal from a power converter, the power con-

verter including a capacitor;

generate a digitized waveform for the sampled signal; and

estimate a remaining life of the power converter based at

least in part on the digitized waveform.

22. The article of claim 21, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to sense a temperature of the capacitor, the
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computing platform to estimate the remaining life based at
least in part on the temperature of the capacitor.

23. The article of claim 22, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to track power converter operation time, the
computing platform to estimate the remaining life based at
least in part on the power converter operation time.

24. The article of claim 23, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to generate an analog signal representing the
estimated remaining life of the power converter.

25. The article of claim 24, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to estimate the remaining life based at least in
part on information related to the capacitor.

26. The article of claim 25, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to calculate a current for the capacitor, the
computing platform to estimate the remaining life based at
least in part on the calculated capacitor current.

27. The article of claim 26, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to estimate the remaining life based at least in
part on one or more mathematical expressions selected at
least in part in response to a topology of the power converter.

28. The article of claim 27, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to generate a pulse train signal, the pulse train
signal having a duty cycle, wherein the duty cycle represents
the estimated remaining life of the power converter.

29. The article of claim 28, wherein the storage medium
has stored thereon further instructions executable by the com-
puting platform to generate the pulse train with a frequency
representing the sensed environmental temperature.

30. An apparatus to digitize a repetitive signal having a
time cycle, comprising:

an input terminal to accept a repetitive analog electrical
signal from a power converter;

a sample and hold circuit having a switch coupled to the
input terminal to periodically sample the repetitive ana-
log electrical signal according to a sampling time;

a capacitor coupled to an output of the sample and hold
circuit to maintain a voltage from the sampled analog
electrical signal;

an analog-to-digital converter coupled to the capacitor to
generate a set of digital information signals according to
the voltage from the sampled analog electrical signal,

a computation unit to receive the set of digital information
signals and to store said digital information signals in a
memory, said computation unit to estimate a remaining
life of a power converter based at least in part on the set
of digital information signals;

a trigger unit to trigger the sample and hold circuit at least
in part in response to receiving a command from the
computation unit.

31. The apparatus of claim 30, further comprising a filter to
reduce higher frequency electrical noise from the repetitive
analog electrical signal.

32. The apparatus of claim 31, wherein said apparatus
comprises an integrated circuit.
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