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PARALLEL SUPPLY CURRENT SHARING
USING THERMAL FEEDBACK
BACKGROUND

[0001] The statements in this section merely provide back
ground information related to the present disclosure and may
not constitute prior art.
[0002] The present teachings relate to systems and methods

for controlling current sharing of parallel poWer supplies
using thermal feedback.
[0003] Electronic poWer generating systems for providing

ing subsystem for current output by each of a plurality of
poWer modules, in accordance With various embodiments of
the present disclosure.
[0010] FIG. 2 is a block diagram illustrating the poWer
generating system shoWn in FIG. 1 including a plurality of
temperature based control circuits, in accordance With vari
ous implementations.
[0011] FIG. 3 is a block diagram illustrating the poWer
generating system shoWn in FIG. 1 including a master tem
perature based control circuit, in accordance With various

other implementations.

poWer to a load can typically include a plurality of poWer
modules, or circuits, Which each output a current to a common

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

load. More particularly, the current output by each of the
poWer modules is combined to cumulatively provide the
needed amount of current draWn by the load. This is com

[0012]

Example embodiments Will noW be described more

monly referred to as current sharing, because the plurality of
poWer modules shares in providing the current draWn by the
load.
[0004] In many instances air?oW and temperatures over

fully With reference to the accompanying draWings. HoWever,
example embodiments may be provided in many different

and around the poWer system can be variant, or certain areas

ments are provided so that this disclosure Will be thorough,
and Will fully convey the scope to those Who are skilled in the
art. In some example embodiments, Well-knoWn processes,

of the system can be exposed to greater amounts of heat such
that each poWer module can experience differing thermal

forms and should not be construed as being limited to the

example embodiments set forth herein. Example embodi

environments. That is, each poWer module may experience
differing cooling and/or heating effects as a result of vari

Well-knoWn device structures, and Well-knoWn technologies

ances in air?oW and heat exposure at different portions of the
poWer system. Therefore, some poWer modules may operate
at a higher temperature than other poWer modules of system,

of the example embodiments. Throughout the speci?cation,

Which Will typically shorten operational life of the module.
Thus, since each of the poWer modules is sharing in providing
the needed current to the load, the shorter operational life of
the hotter operating modules may result in shortening the

overall life of the poWer generating system, loWering the

overall reliability.
SUMMARY

[0005] In various embodiments of the present disclosure, a
method for sharing current generation among a plurality of

are not described in detail to avoid the unclear interpretation

like reference numerals in the draWings denote like elements.
[0013] The terminology used herein is for the purpose of

describing particular example embodiments only and is not
intended to be limiting. As used herein, the singular forms
“a”, “an” and “the” may be intended to include the plural
forms as Well, unless the context clearly indicates otherWise.
It Will be further understood that the terms “comprises” and/
or “comprising,” When used in this speci?cation, specify the

presence of stated features, integers, steps, operations, ele
ments, and/ or components, but do not preclude the presence
or addition of one or more other features, integers, steps,

operations, elements, components, and/or groups thereof.

poWer modules utiliZed to poWer an electronic system is

[0014]

provided. The method may include controlling an amount of
current output from each poWer module based on the thermal
characteristics of each respective poWer module.
[0006] In various other embodiments of the present disclo
sure, a poWer generating system is provided. The system may

element is referred to as being “on”, “connected to” or

include a plurality of poWer modules outputting current to a
common load and a thermally controlled current sharing sub

system. The thermally controlled current sharing subsystem
is structured and operable to control the current output by
each of the poWer modules to establish an approximate ther

mal equilibrium among the poWer modules.
[0007] Further areas of applicability of the present teach

ings Will become apparent from the description provided
herein. It should be understood that the description and spe
ci?c examples are intended for purposes of illustration only
and are not intended to limit the scope of the present teach
1ngs.

Additionally, it Will be understood that When an

“coupled to” another element, it may be directly on, con
nected or coupled to the other element, or intervening ele
ments may be present. In contrast, When an element is
referred to as being “directly on,” “directly connected to” or
“directly coupled to” another element, there may be no inter

vening elements present. As used herein, the term “and/or”
includes any and all combinations of one or more of the

associated listed items.

[0015]

Furthermore, it Will be understood that, although the

terms ?rst, second, third, etc. may be used herein to describe
various elements and/or components, these elements and/or
components should not be limited by these terms. These
terms may be only used to distinguish one element or com

ponent, from another element or component. Thus, a ?rst
element or component, discussed beloW could be termed a
second element or component Without departing from the

The draWings described herein are for illustration

teachings of the example embodiments.
[0016] Still further, unless otherWise de?ned, all terms (in
cluding technical and scienti?c terms) used herein have the

purposes only and are not intended to limit the scope of the

same meaning as commonly understood by one of ordinary

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

present teachings in any Way.

skill in the art. It Will be further understood that terms, such as

[0009]

FIG. 1 is a block diagram illustrating a poWer gen

those de?ned in commonly used dictionaries, should be inter

erating system including a thermally controlled current shar

preted as having a meaning that is consistent With their mean
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ing in the context of the relevant art and Will not be interpreted

coils, etc. During operation, the poWer generating compo

in an idealized or overly formal sense unless expressly so

nents 32 generate heat. Particularly, some poWer generating
components 32 characteristically generate more heat than the
others, e.g., poWer transistors. The location of the poWer
generating component 32 that generates the mo st heat during
operation is considered the target location, or ‘hot spot’, of the
respective poWer module 18. The hot spot of each poWer
module 18 may be empirically determined or provided by the
manufacturer of the respective poWer modules 18. Thus, in
various embodiments, the TCCSS 14 monitors the tempera
ture at the hot spot of each poWer module 18 and controls the
voltage output of the voltage regulating circuits 26 based on
the sensed hot spot temperatures. That is, if the sensed tem

de?ned herein.
[0017] The systems and methods described beloW are
applicable to any system that requires poWer and has a current

sharing methodology for providing the poWer. Although vari
ous exemplary embodiments are illustrated and described,

one skilled in the art Would easily and readily recogniZe the
present disclosure is applicable to any electronic system that
requires poWer and has a current share methodology for deliv
ering the poWer. For example, in various embodiments, the
present disclosure is applicable to larger poWer modules, e.g.,
recti?ers, of poWer systems for providing poWer to Wireless
communication cell sites. While in other exemplary embodi
ments, the present disclosure is applicable to board mounted

perature of the hot spot of any one or more poWer modules 18

poWer systems that include a plurality of poWer modules on a

is greater than that at the hot spots of the other poWer modules
18, the TCCSS 14 Will reduce the voltage output of the hotter

circuit board.
[0018] FIG. 1 illustrates a poWer generating system 10 that

poWer module(s) 18 via the respective voltage regulation
circuit(s) 18.

includes a thermally controlled current sharing subsystem
(TCCSS) 14 operable to control the current output by each of
a plurality of poWer modules 18-1 through 18-n of the poWer
generating system 10. The poWer modules 18-1 through 18-n
are operable in a current sharing con?guration such that the
poWer modules 18-1 through 18-n cumulatively provide a

circuit(s) 26 of the hotter poWer module(s) 18 Will result in a
reduction of the amount of current output by the hotter poWer
module(s) 18. Furthermore, the reduction in current output of
the hotter poWer module(s) 18 Will result in a reduction of the

needed amount of current draWn by a load 22. The poWer
modules 18-1 through 18-n are simply referred to herein as
poWer modules 18.

[0019]

The poWer modules 18 may be any poWer generat

ing device, component or circuit. For example, the poWer
modules 18 may be DC to AC converters, AC to DC convert

[0023] Reducing the voltage output of voltage regulation

operational temperature of the hotter poWer module(s) 18.
[0024]

Since the poWer modules 18 are operable in a cur

rent sharing con?guration, the cumulative current output of
the poWer modules 18, i.e., the current output of the poWer
generating system 10, is self-leveling. That is, as the current
output by the hotter poWer module(s) 18 is reduced, the cur
rent draW, or demand, of the load 22 Will be satis?ed by an
increase in the current output of the cooler poWer module(s)
18. Thus, a substantially constant current output of the poWer
generating system 10 to the load 22 is maintained.

ers, DC to DC converters, poWer bricks, recti?ers, etc., that
provide current to the load 22. The load 22 may be any device,
component, system, mechanism, etc., that draWs current. For
example, in various embodiments, the poWer modules 18 are
recti?ers of poWer systems for providing poWer to a load, e. g.,
Wireless communication cell sites. While in other exemplary

module(s) 18, via the voltage regulation circuit(s) 26, until the

embodiments, the poWer modules 18 are board mounted con
ver‘ters that provide poWer to a load such as various electrical

operational temperature of the hot spots of all the poWer
modules 18 are substantially in equilibrium, i.e., at substan

[0025] In various embodiments, the TCCSS 14 constantly
adjusts, e.g., reduces, the voltage output of the hotter poWer

appliances.

tially the same temperature, thereby substantially achieving a

[0020]

thermal equilibrium among all the poWer modules 18.

Generally, the TCCSS 14 controls the current output

by each of the poWer modules 18 based on a sensed tempera
ture of a target location of each respective poWer module 18.

[0026]

For example, if the voltage regulation circuits 26 of

a ?rst and a second poWer module 18 are causing the tWo

That is, if the sensed temperature of the target location of any

poWer modules 18 to output approximately equal voltage, but

one or more poWer modules 18 is greater, i.e., hotter, than the

the environmental conditions are such that the operational
temperature of the second poWer module 18 increases to a

target locations of the otherpoWer modules 18, the TCCSS 14
Will reduce the current output of the hotter poWer module(s)
18.

[0021] More speci?cally, to generate an output current each
of the poWer modules 18 includes, among other components

(not shoWn), a voltage regulation circuit, or sub-module, 26.
Each voltage regulation circuit 26 includes a plurality of
voltage regulating components 30 operable to regulate the

voltage output by the respective voltage regulation circuit 26.
For example, each voltage regulation circuit 26 can include
components such as band gap regulators, Zener diodes or
other voltage references in a circuit that utiliZes the reference
voltage and controls the output of the poWer module 18 based
on the reference voltage through feedback from the output. In

various embodiments, each voltage regulation circuit 26 may
be a digital circuit, While in other embodiments the voltage
regulation circuit 26 may be an analog circuit.
[0022] Additionally, each poWer module 18 includes a plu
rality of poWer generating components 32 such as one or more

sWitching poWer supplies, poWer transistors, transformer,

temperature that is higher than that of the ?rst poWer module,
the TCCSS 14 Will begin to reduce the voltage output by the
voltage regulation circuit 26 of a second poWer module 18.
This Will result in a reduction of current output by the second
poWer module 18 that in turn Will result in a loWering of the

operational temperature of the second poWer module 18. Sub

stantially simultaneously, the current output by the ?rst poWer
module 18 Will increase to satisfy the current demand of the
load 22. This Will result in an increase in operational tempera
ture of the ?rst poWer module 18. The TCCSS 14 Will con

tinue to adjust the voltage output of the ?rst voltage regulation
circuit 26 until the ?rst and second poWer modules 18 effec
tively reach a thermal equilibrium. Thus, the current output to
the load 22 by the poWer generating system 10 Will not be
shared in terms of equal current from each poWer module 18,
but rather in terms of thermal characteristics of each respec
tive poWer module 18.
[0027] Referring noW to FIG. 2, in various embodiments
the TCCSS 14 may include a plurality of thermal control
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circuits 34 such that each power module 18 includes a respec
tive thermal control circuit 34. Each thermal control circuit 34
includes a thermal sensor 38 that is thermally tied to the target

voltage output by each of voltage regulation circuits 26 based

location, i.e., hot spot, of the respective poWer module 18. In
addition to the thermal sensor 38, each thermal control circuit

circuit 46 is structured and operable to monitor the hot spot
temperatures of each poWer module 18 and control the volt

on the hot spot temperature sensed by the respective thermal
sensors 38. More particularly, the master thermal control

34 includes circuitry 42 for controlling the voltage output by

age output by the respective voltage regulation circuits 26

the respective voltage regulation circuit 26 based on the hot
spot temperature sensed by the respective thermal sensor 38.
More particularly, each thermal control circuit 34 is struc
tured and operable to monitor the respective hot spot tem
perature by placement of the thermal sensor 38 on the hot spot

among all the poWer modules 18, as described above.
[0032] The master thermal control circuit 46 can comprise
any thermal sensors 38 and other circuitry 50 suitable to

monitor the hot spot temperatures of each of the poWer mod

and control the voltage output by the respective voltage regu

ules 18 and control the voltage output by the respective volt

lation circuit 26 such that a thermal equilibrium is substan
tially obtained among all the poWer modules 18, as described
above.
[0028] Each thermal control circuit 34 can comprise any
thermal sensor 38 and other circuitry 42 suitable to monitor

age regulation circuits 26 based on the sensed temperatures.
For example, in various embodiments, the master thermal
control circuit 46 may comprise a plurality of voltage divider
circuits that each includes a thermistor, e.g., a positive tem

the respective hot spot temperature and control the voltage
output by the respective voltage regulation circuit 26 based on
the sensed temperature. For example, in various embodi
ments, each thermal control circuit 34 may comprise a volt
age divider including a thermistor, thermally tied to the

such that a thermal equilibrium is substantially obtained

perature coef?cient thermistor, thermally tied to a respective
hot spot, and one or more resistors. Accordingly, as the tem

perature of any hot spot increases, the resistance of the respec

tive thermistor increases causing the respective voltage
divider to reduce the voltage output by the respective voltage
regulation circuit 26, thereby reducing the current output by

the temperature of the hot spot increases, the resistance of the
thermistor increases causing the voltage divider to reduce the

the respective poWer module 18. Similarly, as the temperature
of any hot spot decreases, the resistance of the respective
thermistor decreases such that the respective voltage divider

voltage output by the respective voltage regulation circuit 26,

alloWs the voltage output by the respective voltage regulation

respective hot spot, and one or more resistors. Accordingly, as

thereby reducing the current output by the respective poWer

circuit 26 to increase, thereby alloWing the current output by

module 18. Similarly, as the temperature of the hot spot
decreases, the resistance of the thermistor decreases such that

the respective poWer module 18 to increase as necessary to

the voltage divider alloWs the voltage output by the respective
voltage regulation circuit 26 to increase, thereby alloWing the

master thermal control circuit 46 controls the current output
of all the poWer modules 18 to substantially maintain a ther
mal equilibrium among all the poWer modules 18.

current output by the respective poWer module 18 to increase
as necessary to satisfy the current draW of the load 22.
Accordingly, the thermal control circuits 34 control the cur
rent outputs of the respective poWer modules 18 to substan

tially maintain a thermal equilibrium among all the poWer
modules 18.
[0029] As described above, since the poWer modules 18 are
operable in a current sharing con?guration, the cumulative
current output of the poWer modules 18, i.e., the current

output of the poWer generating system 10, is self-leveling.
That is, as the current output by the hotter poWer module(s) 18
is reduced, the current draW, or demand, of the load 22 Will be
satis?ed by an increase in the current output of the cooler
poWer module(s) 18. Thus, a substantially constant current
output of the poWer generating system 10 to the load 22 is
maintained.
[0030] In various other embodiments, each thermal control
circuit 34 may include an analogue to digital converter system
electrically tied to each respective thermal sensor 38. Accord
ingly, each thermal control circuit 34 may adjust the voltage

output by the respective voltage regulation circuit 26 by digi
tally stepping the voltage output up or doWn in accordance
With the hot spot temperature as sensed by the respective
thermal sensor 38 to substantially maintain a thermal equi
librium among all the poWer modules 18.

[0031]

Referring noW to FIG. 3, in various embodiments

satisfy the current draW of the load 22. Accordingly, the

[0033] In various other embodiments, the master thermal
control circuit 46 may include a plurality of analogue to

digital (A/D) converters circuits, Whereby eachA/D converter
circuit is electrically tied to a corresponding one of the ther
mal sensors 38. Accordingly, the master thermal control cir

cuit 46 may adjust the voltage output by each of the voltage

regulation circuits 26 by digitally stepping the voltage outputs
up or doWn in accordance With the hot spot temperatures as

sensed by the respective thermal sensors 38 to substantially
maintain a thermal equilibrium among all the poWer modules
18.

[0034] Therefore, the systems and methods described
above control the voltage output, and thus the current output,
of the poWer modules based upon the thermal characteristics

in order to establish approximate thermal equilibrium among
the poWer modules and thereby maximiZe system reliability.
That is, implementation of the systems and methods
described above control output current not in terms of equal
current sharing, but rather in terms of shared thermal charac
teristics of the poWer modules.

[0035] The description herein is merely exemplary in
nature and, thus, variations that do not depart from the gist of
that Which is described are intended to be Within the scope of
the teachings. Such variations are not to be regarded as a

departure from the spirit and scope of the teachings.

the TCCSS 14 may include a single master thermal control
circuit 46 that includes a plurality of thermal sensors 38. In
such embodiments, each thermal sensor 38 is thermally tied

What is claimed is:
1. A method for sharing current among a plurality of poWer
modules utiliZed to poWer an electronic system, said method

to the target location, i.e., hot spot, of a corresponding one of
the poWer module voltage regulation circuits 26. In addition

comprising:

to the plurality of thermal sensors 38, the master thermal

control circuit 46 includes circuitry 50 for controlling the

controlling an amount of current output from each poWer
module based on the thermal characteristics of each

respective poWer module.
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2. The method of claim 1, wherein controlling the amount
of current comprises:
monitoring the temperature at or near a ‘hot spot’ of each
poWer module via a corresponding one of a plurality of
thermal sensors.

3. The method of claim 2, Wherein the controlling the
amount of current further comprises:
controlling an output voltage of each respective poWer
module based on the ‘hot spot’ temperature of each
respective poWer module such that the output current is
controlled based on the ‘hot spot’ temperature of each
respective poWer module.
4. The method of claim 1, Wherein the controlling the
amount of current output from each poWer module establishes

an approximate thermal equilibrium betWeen the poWer mod
ules based on the thermal characteristics of each respective
poWer module.

5. The method of claim 4, Wherein the controlling the
amount of current output from each poWer module further

comprises controlling the voltage output of each respective
poWer module to establish an approximate thermal equilib

rium betWeen poWer modules by approximately equalizing
‘hot spot’ temperatures among the poWer modules, each
poWer module having a respective ‘hot spot’.
6. The method of claim 5, Wherein the controlling the
amount of current output from each poWer module further

comprises reducing the output voltage of the poWer module as
the temperature of the respective ‘hot spot’ increases to equal
iZe ‘hot spot’ temperatures among the poWer modules.
7. The method of claim 1, Wherein controlling the amount
of current output from each poWer module comprises:
monitoring the temperature at or near a ‘hot spot’ of each

poWer module during operation of the respective poWer
module; and
controlling the output current of each respective poWer
module based on the ‘hot spot’ temperature of each
respective poWer module to establish an approximate
thermal equilibrium among the poWer modules.
8. The method of claim 7, Wherein the controlling the
amount of current further comprises:

controlling an output voltage of each respective poWer
module based on the ‘hot spot’ temperature of each
respective poWer module such that the output current is
controlled based on the ‘hot spot’ temperature of each

respective poWer module.
9. The method of claim 8, Wherein the controlling the
amount of current output from each poWer module comprises
reducing the output voltage of the poWer module as the tem
perature of the respective ‘hot spot’ increases to equaliZe ‘hot
spot’ temperatures among the poWer modules.

10. A poWer generating system, said system comprising:
a plurality of poWer modules outputting current to a com
mon load; and

a thermally controlled current sharing subsystem operable
to control the current output by each of the poWer mod
ules to establish an approximate thermal equilibrium
among the poWer modules.
11. The system of claim 10, Wherein the thermally con

trolled current sharing subsystem comprises a plurality of
thermal control circuits, each thermal control circuit included
in a respective one of the poWer modules for controlling the
current output by the respective poWer module based on the
thermal characteristics of the respective poWer module.
12. The system of claim 11, Wherein each poWer module
comprises a voltage regulation circuit and each thermal con

trol circuit comprises voltage control circuit for controlling

the voltage output by the respective voltage regulation circuit.
13. The system of claim 12, Wherein each thermal control
circuit further comprises a thermal sensor tied to a ‘hot spot’

of the respective poWer module to monitor the temperature of

the respective hot spot such that respective voltage control
circuit controls the voltage output by the respective voltage
regulation circuit to control the current output by the respec
tive poWer module based on the ‘hot spot’ temperature.
14. The system of claim 13, Wherein the thermal sensors
comprise thermistors and the voltage control circuits com
prise a voltage divider circuits.
15. The system of claim 10, Wherein the thermally con
trolled current sharing sub system comprises a master thermal

control circuit for controlling the current output by each
poWer modules based on thermal characteristics of the poWer
modules.

16. The system of claim 15, Wherein each poWer module
comprises a voltage regulation circuit and the master thermal
control circuit comprises a voltage control circuit for control

ling the voltage output by each of the voltage regulation
circuits.
17. The system of claim 16, Wherein the master thermal
control circuit further comprises a plurality of thermal sen
sors, each thermal sensor tied to a ‘hot spot’ of a respective
one of the poWer modules to monitor the temperature of the

respective hot spot such that voltage control circuitry controls
the voltage output by each of the voltage regulation circuits to
control the current output by the respective poWer module
based on the ‘hot spot’ temperature.
18. The system of claim 17, Wherein each thermal sensor

comprises a positive temperature coef?cient thermistor.
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