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(57) ABSTRACT

A DC-to-DC converter includes one or more power switches,
a pulse width modulation circuit for generating control pulses
for the power switches, and an output inductor connected to
the power switches. A thermally compensated current sensor
1s connected to an intrinsic current sensing element exhibiting
a temperature-based parameter non-linearity. The thermally
compensated current sensor has a temperature coeificient that
substantially matches a temperature coetlicient of an intrinsic
power converter element used to measure current flow, thus
linearizing the current measurement. Also, a current feedback
loop circuit cooperates with the pulse width modulation cir-
cuit to control the power switches responsive to the thermally
compensated current sensor.
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THERMALLY COMPENSATED CURRENT
SENSING OF INTRINSIC POWER
CONVERTER ELEMENTS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATION

This application 1s a reissue application of U.S. Pat. No.
6,870,352 which is a Continuation Application of a U.S.
patent application Ser. No. 10/219,555 filed Aug. 135, 2002,
now U.S. Pat. No. 6,812,677, which 1s based upon prior filed
provisional application No. 60/313,986 filed Aug. 21, 2001,
the entire disclosure of which 1s incorporated herein by ref-
erence.

FIELD OF THE INVENTION

The present mnvention relates to the field of electronic cir-
cuits, and more particularly, to DC-DC converters and asso-
ciated methods.

BACKGROUND OF THE INVENTION

Typically, DC-DC converters use current flow information
to provide value added functions and features. For example,
limiting the current during an overload 1s commonly 1mple-
mented as a safety feature. Such a current limit feature would
use a signal proportional to output current limiting level. A
resistor 1nserted between the output and the load could gen-
erate the desired signal. However, the resistance of this sensor
1s the subject of a trade-oil between power dissipation and
signal amplitude. Typically, the signal level at current limait 1s
approximately 0.1 volt, to be well above the noise tloor. The
sensing resistor’s power dissipation 1s proportional to the load
current at the limit level. At high current levels, the power
dissipation can be excessive.

Eliminating the sensing resistor improves the DC-DC con-
verter’s elliciency. Instead of an additional resistive element,
current flow 1s measured using the intrinsic elements within
the power converter components. For example, U.S. Pat. No.
5,982,160 to Walters et al. and entitled “DC-to-DC converter
with mductor current sensing and related methods™ teaches
that the current flow information 1n an inductor can be recon-
structed as a voltage across a resistor-capacitor network. This
method uses the mtrinsic resistance of the inductor’s winding,
as the current sensing element.

Another method to eliminate the current sensing resistor
measures the voltage dropped across the nearly constant,
on-state resistance of one of the switching MOSFETs in the
converter. The method samples the voltage drop during the
conduction interval of the MOSFE'T to reconstruct the current
flow information. Both of these methods make use of the
fundamental power converter components as current sensing
clements and they avoid using a dissipative element 1n the
power path.

The intrinsic current sensing methods in the above
examples can only approximate the actual current flow. These
methods sutler in accuracy when compared with the current
sensing resistor. For example, utilizing the inductor’s wind-
ing resistance as the current sensing element suifers both an
initial tolerance error and a variation with temperature. An
inductor’s winding initial resistance varies with the length
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and diameter of the winding’s wire, as well as the specific
manufacturing procedure. This same wire resistance
increases as a function of temperature. Therefore, the recon-
structed voltage signal 1s a function of the inductor windings’
mechanical tolerance and temperature as well as the current
flow.

SUMMARY OF THE INVENTION

In view of the foregoing background, it is therefore an
object of the invention to provide low power dissipation while
accurately measuring and processing current information
with thermal compensation 1n a switching DC-to-DC con-
verter.

This and other objects, features and advantages 1n accor-
dance with the present invention are provided by a DC-to-DC
converter mcluding one or more power switches, a pulse
width modulation circuit for generating control pulses for the
power switches, and an output inductor connected between
the power switches and an output terminal. A thermally com-
pensated current sensor 1s connected to the output inductor
for sensing current in the output inductor. The thermally
compensated current sensor has a temperature coeificient that
substantially matches a temperature coetficient of the output
inductor. Also, a current feedback loop circuit cooperates
with the pulse width modulation circuit to control the power
switches responsive to the thermally compensated current
SENSor.

The power switches preterably include a low side field
cifect transistor and a high side field effect transistor con-
nected together. The thermally compensated current sensor
may be connected 1n parallel with the output inductor and
may comprise a resistor and a capacitor connected 1n series.
Theresistor of the thermally compensated current sensor may
be a positive temperature coellicient resistor.

Alternatively, the thermally compensated current sensor
may be connected to the at least one power switch for pro-
viding a sensed current proportional to a current being con-
ducted through the output inductor. Here, the thermally com-
pensated current sensor has a temperature coelificient that
substantially matches a temperature coelficient of an on-state
resistance ol the power switches. Also, 1n this embodiment,
the thermally compensated current sensor 1s connected
between the power switches and the current feedback loop
circuit, and comprises a positive temperature coetficient
resistor.

Another aspect of the present invention relates to a mul-
tiphase DC-to-DC converter having multiple channels. Each
of the channels includes a power device with, e.g. a low side
power switch and a high side power switch connected
together. A pulse width modulation circuit generates control
pulses for the power device, and an output inductor 1s con-
nected between the power device and the output terminal. A
thermally compensated current sensor i1s connected to the
power device in each channel for providing a sensed current
proportional to a current being conducted through the output
inductor. The thermally compensated current sensor has a
temperature coellicient that substantially matches a tempera-
ture coellicient of an on-state resistance of the low side power
switch. Also, a current feedback loop circuit cooperates with
the pulse width modulation circuit for controlling the power
device responsive to the thermally compensated current sen-
SOF.

In an alternative embodiment of the multiphase DC-to-DC
converter, istead of the thermally compensated current sen-
sor, a feedback resistive network 1s connected between an
input of the control circuit of each of channels and the output
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terminal. The feedback resistive network includes a negative
temperature coellicient resistor having a temperature coetfi-
cient that substantially matches a temperature coelificient of
an on-state resistance of the monitored power switch of the
power devices.

A method aspect of the present invention 1s directed to
regulating a DC-to-DC converter comprising an output ter-
minal, power switches, a pulse width modulation circuit for
generating control pulses for the power switches, an output
inductor connected between the power switches and the out-
put terminal, and a current feedback loop circuit cooperating,
with the pulse width modulation circuit for controlling the
power switches. The method includes sensing current passing,
through the inductor using a thermally compensated current
sensor connected to the output inductor. Again, the thermally
compensated current sensor has a temperature coelificient that
substantially matches a temperature coetlicient of the output
inductor. Furthermore, the current feedback loop circuit oper-
ates to control the at least one power switch in response to the
thermally compensated current sensor.

Alternatively, the method may include providing a sensed
current proportional to a current being conducted through the
output inductor using a thermally compensated current sensor
connected to at least one power switch. Here, the thermally
compensated current sensor has a temperature coelficient that
substantially matches a temperature coefficient of an on-state
resistance of the at least one power switch. The current feed-
back loop circuit controls the at least one power switch in
response to the thermally compensated current sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a schematic diagram of a DC-to-DC converter of
the present invention.

FI1G. 2 1s a schematic diagram of a second embodiment of
a DC-to-DC converter of the present invention.

FIG. 3 1s a graph illustrating the load line characteristics of
a conventional DC-to-DC converter without thermal com-
pensation.

FI1G. 4 1s a graph 1llustrating the load line characteristics of
the DC-to-DC converter of FIG. 2.

FIG. 5 1s a schematic diagram of a multiphase DC-to-DC
converter 1n accordance with the present invention.

FIG. 6 1s a schematic diagram of an alternative embodi-
ment of the multiphase DC-to-DC converter of FIG. 3.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present mvention will now be described more fully
hereinafter with reference to the accompanying drawings, in
which preferred embodiments of the mvention are shown.
This invention may, however, be embodied 1n many different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the ivention to those
skilled 1n the art. Like numbers refer to like elements through-
out.

Some functions and features of the DC-DC converter do
not require high precision current flow information and the
intrinsic methods discussed above offer an efficiency advan-
tage. However, other functions and features demand better
precision. An example demanding high precision 1s load line
characteristic or droop feature found 1n DC-DC power con-
version for microprocessors. Here, the output voltage 1s pro-
grammed to decrease (droop) with increasing load current.
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The droop feature positions the output voltage at the optimum
level prior to a load transient so the transient voltage excur-
s10n stays within acceptable levels with the minimum output
capacitance. The precision 1s required to minimize not only
the bulk output capacitance but also the high-frequency dis-
tribution capacitance.

Turming now to FIG. 1 of the drawings, the DC-to-DC

converter 10 1 accordance with a first embodiment of the
present invention 1s now described. The DC-to-DC converter
10 provides a controlled voltage Vout to a load 22. In the
illustrated embodiment, the DC-to-DC converter 10 includes
a pair ol power switches, a high side switch 12, and a low side
switch 14 connected to a source voltage Vin. Of course, as
will be readily appreciated by those skilled in the art, the
DC-to-DC converter 10 1n other embodiments may include
only the high side switch 12, with a diode substituted 1n the
position of the low side switch 14. In addition, although
MOSFET transistors are illustrated, other semiconductor
switches may be used as will also be understood by those
skilled 1n the art.
The DC-to-DC converter 10 also includes the schemati-
cally illustrated pulse width modulation circuit 16 which
would also preferably include switch drivers. This circuit
portion 1s more fully described, for example, 1n U.S. Pat. No.
5,717,322 to Hawkes et al. and U.S. Pat. No. 5,793,193 to
Hodgins, both assigned to the assignee of the present mven-
tion. Both of these patents are also incorporated by reference
herein 1n their entirety. The pulse width modulation circuit 16
generates a series of pulse width modulated control pulses for
the power switches 12, 14 to regulate the output voltage Vout
coupled to the load 22. Those of skill in the art will readily
appreciate the construction and operation of the pulse width
modulation circuit 16 without further detailed discussion.

The illustrated DC-to-DC converter 10 also includes an
output inductor 18 coupled between the load 22 and a node
between the high and low side switches 12, 14. A diode may
also be connected between ground and the node between the
high and low side power switches 12, 14. An output capacitor
20 1s connected 1n parallel across the load 22 as will also be
readily appreciated by those skilled in the art.

This embodiment of the present invention provides a cur-
rent sensor 30 connected 1n parallel with the output inductor
18 for sensing current passing through the inductor. The cur-
rent sensor 30 preferably comprises a resistor Rsen and a
capacitor Csen connected together in series. The current flow
information in the inductor 18 can be reconstructed as a
voltage across the resistor-capacitor network. This method
uses the intrinsic resistance of the inductor’s winding as the
current sensing element. As would be appreciated by the
skilled artisan, the intrinsic resistance of the inductor’s wind-
ing has a temperature coellicient. The current sensor 30 1s
connected to the 1llustrated feedback signal processing loop
circuit 32 cooperating with the pulse width modulation circuit
16 for controlling the power switches 12, 14 responsive to the
current sensor. The resistor Rsen and capacitor Csen may
have respective values so that the current sensor 30 1s a sub-
stantially instantaneous current sensor.

Importantly, the current sensor 30 1s a thermally compen-
sated current sensor having a temperature coetlicient that
substantially matches a temperature coelficient of the output
inductor 18. The load line accuracy can be improved by
compensating for the intrinsic current sensing temperature
characteristic. In other words, the current loop gain 1s modi-
fied as a function of temperature to cancel the temperature
characteristic of the intrinsic current sensing element, e.g. the
output inductor 18. Accordingly, the disadvantages of the
prior art inductor current sensing techniques are overcome.
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The feedback signal processing circuit 32 may include a
voltage regulation loop circuit cooperating with a peak cur-
rent control loop circuit for setting a peak current level. The
current sense signal 1s processed through the schematically
illustrated feedback signal processing loop circuit 32 to prop-
erly condition the signal for pulse width modulation circuit
16. Those of skill 1n the art will readily appreciate the con-
struction ol the many possible and equivalent variations of the
teedback signal processing loop circuit 32, such as disclosed,

for example, 1n the above cited U.S. Pat. Nos. 5,717,322 and
5,793,193,

The DC-to-DC converter may also include an overload
detection circuit which uses the sensed current signal from
the current sensor 30 to prevent overloads as will be readily
understood by those skilled 1n the art. The DC-to-DC con-
verter 10 may also include additional features/circuit portions
not shown for clarity including, for example, soit start and
slope compensation circuit portions. The DC-to-DC con-
verter 10 may also include a hysteretic comparator, not

shown, for switching between a normal operating mode and a
discontinuous low current demand mode.

Another embodiment of the invention will now be
described while referring to FIGS. 2-4. Here, the DC-to-DC
converter 10' includes a thermally compensated current sen-
sor 30' connected to the power switches 12, 14 for providing
a sensed current proportional to a current being conducted
through the output inductor 18. Here, the thermally compen-
sated current sensor 30' has a temperature coellicient that
substantially matches a temperature coelficient of an on-state
resistance of one of the power switches 12, 14, ¢.g. the low
side power switch 14. Also, 1n this embodiment, the thermally
compensated current sensor 30' 1s connected between the
power switches 12, 14 and the current feedback circuit 32,
and includes a positive temperature coellicient resistor.

As discussed above and 1n U.S. Pat. No. 6,246,220, the
Rds(on) method samples the voltage drop during the conduc-
tion interval of the MOSFET to reconstruct the current tflow
information. For this example, the voltage 1s sampled across
the lower MOSFET 14 (shown 1n FIG. 2) using the resistor
Rsen connected to feedback signal processing 32 including
virtual-ground. The sensed current (Isen) 1s proportional to
the inductor current (I1) by the following relationship:
Isen=IIx(Rds/Rsen). As the MOSFET temperature increases,
its Rds(on) increases which causes a corresponding increase
in the sensed current Isen. The Isen signal 1s further processed
within the system to provide a load line characteristic that 1s
also a function of MOSFET temperature.

The Isen signal can be thermally compensated by selecting
a Rsen resistor with the appropriate thermal characteristics.
For example, selecting a positive temperature coelficient
(PTC) resistor that matches the MOSFETs Rds(on) tempera-
ture coetlicient minimizes the Isen, and droop voltage, depen-
dency on MOSFET temperature.

FIG. 3 shows a typical load line specification and the RSS
tolerance analysis of a conventional DC-to-DC converter uti-
lizing power switch’s, e.g. a MOSFET’s, on-state resistance
(Rds(on)) as the current sensing element. The analysis
includes the vanations due to the reference, voltage setting
resistors, and MOSFET parameters. The largest variation 1s
due to the temperature characteristic of the MOSFET.

FI1G. 4 illustrates the RSS tolerance analysis of a DC-to-DC
converter with thermal compensation 1n accordance with the
present invention. The minimum and maximum load lines fall
within the specification.

Another aspect of the present invention relates to a mul-
tiphase DC-to-DC converter 40 having first and second chan-
nels, and which will be described with reterence to FIGS. 5
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and 6. Each of the channels includes a power device with, e.g.
a low side power switch 14 and a high side power switch 12
connected together. A pulse width modulation circuit 16 gen-
erates control pulses for the power device, and an output
inductor 18 1s connected between the power device and the
output terminal. For multiphase power converters a P1C
resistor 1s required on each power channel. Thus, a thermally
compensated current sensor Rsenl, Rsen2 is connected to the
power device 1n each channel for providing a sensed current
proportional to a current being conducted through the respec-
tive output inductor. The thermally compensated current sen-
sor Rsenl, Rsen2 has a temperature coelficient that substan-
tially matches a temperature coellicient of an on-slate
resistance of the low side power switch 14.

In an alternative embodiment, the multiphase DC-to-DC
converter 40' (FI1G. 6), includes a feedback resistive network
connected between an input of the pulse width modulation
circuit or control circuit of each of channels and the output
terminal. The feedback resistive network Rib includes a nega-
tive temperature coellicient resistor Rntc having a tempera-
ture coeltlicient that substantially matches a temperature coet-
ficient of an on-state resistance of the low side power switch
14 of the power devices.

This approach compensates for the thermal effects of cur-
rent sensing utilizing a negative temperature coeificient resis-
tor Rntc. The embodiment uses a single NTC device for
temperature correction in multiphase converters as compared
with the PTC compensation method. The resistor Rib in the
embodiment of FIG. 5 1s replaced with an NTC resistor net-
work to provide correction of the Isen signal. NTC resistors
typically have non-linear thermal characteristics. The resis-
tance can be linearized over the temperatures of interest using
a network of standard resistors 42 connected as shown 1n FIG.

6.

Another aspect of the mvention relates to a method for
regulating a DC-to-DC converter 10, 10" of the type as
described above and comprising power switches 12, 14, a
pulse width modulation circuit 16 for generating control
pulses for the power switches, an output inductor 18, and a
teedback signal processing circuit 32 cooperating with the
pulse width modulation circuit. The method preferably
includes sensing current passing through the inductor 18
using a thermally compensated current sensor 30 connected
in parallel with the output inductor. Again, the thermally
compensated current sensor has a temperature coeificient that
substantially matches a temperature coelficient of the output
inductor. Furthermore, the current feedback loop circuit 32
operates to control the power switches 12, 14 1n response to
the thermally compensated current sensor. The current sensor
30 preferably comprises a resistor Rsen and a capacitor Csen
connected together 1n series.

Alternatively, the method may include providing a sensed
current proportional to a current being conducted through the
output inductor 18 using a thermally compensated current
sensor 30' (FI1G. 2) connected to the power switches. Here, the
thermally compensated current sensor 30' has a temperature
coellicient that substantially matches a temperature coetli-
cient of an on-state resistance of one power switch. The
current feedback loop circuit 32 controls the at least one
power switch in response to the thermally compensated cur-
rent sensor 30'.

It 1s understood by those skilled 1n the art that all the above
described embodiments can be applied to the inductor wire
current sensing approach or the Rds(on) current sensing
approach.

Many modifications and other embodiments of the inven-
tion will come to the mind of one skilled in the art having the
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benefit of the teachings presented 1n the foregoing descrip-
tions and the associated drawings. Therefore, 1t 1s understood
that the 1nvention 1s not to be limited to the specific embodi-
ments disclosed, and that modifications and embodiments are
intended to be included within the scope of the appended
claims.

That which 1s claimed 1s:

1. A DC-to-DC converter comprising;:

at least one power switch;

a control circuit for generating control pulses for the at least

one power switch;

an output inductor connected to the at least one power

switch; and

a thermally compensated current sensor operatively con-

nected 1n parallel to the output inductor for sensing
current 1n the output inductor, the thermally compen-
sated current sensor having a temperature coellicient
that substantially matches a temperature coefficient of
the output inductor wherein the at least one power switch
1s responsive to the thermally compensated current sen-
SOF.

2. A DC-t0-DC converter according to claim 1, wherein the
at least one power switch comprises at least one field eflect
transistor.

3. A DC-to-DC converter according to claim 1, wherein the
at least one power switch comprises a low side field effect
transistor and a high side field effect transistor connected
together.

4. A DC-t0-DC converter according to claim 1, wherein the
at least one power switch comprises a low side power switch
and a high side power switch connected together.

5. A DC-to-DC converter according to claim 1, wherein the
thermally compensated current sensor comprises a resistor
and capacitor connected 1n series.

6. A DC-to-DC converter according to claim 3, wherein the
resistor of the thermally compensated current sensor com-
prises a positive temperature coellicient resistor.

7. A DC-to-DC converter comprising:

at least one power switch;

a control circuit for generating control pulses for the at least

one power switch;

an output inductor connected to the at least one power

switch; and

a thermally compensated current sensor connected to the at

least one power switch for providing a sensed current
related to a current being conducted through the output
inductor, and having a temperature coellicient that sub-
stantially matches a temperature coelficient of an on-
state resistance of the at least one power switch wherein
the at least one power switch 1s responsive to the ther-
mally compensated current sensor.

8. A DC-to-DC converter according to claim 7, wherein the
at least one power switch comprises at least one field etfect
transistor.

9. A DC-to-DC converter according to claim 7, wherein the
at least one power switch comprises a low side field effect
transistor and a high side field effect transistor connected
together.

10. A DC-to-DC converter according to claim 7, wherein
the at least one power switch comprises a low side power
switch and a high side power switch connected together.

11. A DC-to-DC converter according to claim 7, wherein
the thermally compensated current sensor 1s connected
between the at least one power switch and a current feedback
loop circuat.
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12. A DC-to-DC converter according to claim 11, wherein
the thermally compensated current sensor comprises a resis-
tor.

13. A multiphase DC-to-DC converter comprising:

at least first and second channels each comprising

a power device including a low side power switch and a
high side power switch connected together;

a control circuit for generating control pulses for the power
device;

an output inductor connected to the power device; and

a thermally compensated current sensor connected to the
power device for providing a sensed current related to a
current being conducted through the output inductor, the
thermally compensated current sensor having a tem-
perature coelficient that substantially matches a tem-
perature coelficient of an on-state resistance of the low
side power switch, wherein the power device 1s respon-
stve to the thermally compensated current sensor.

14. A multiphase DC-to-DC converter according to claim
13, wherein each of the power switches comprises a field
elfect transistor.

15. A multiphase DC-to-DC converter according to claim
13, wherein the thermally compensated current sensor 1s con-
nected between the power device and a current feedback loop
circuit.

16. A multiphase DC-to-DC converter according to claim
15, wherein the thermally compensated current sensor com-
prises a resistor.

17. A multiphase DC-to-DC converter comprising;:

at least first and second channels each comprising

a power device including a low side power switch and a
high side power switch connected together;

a control circuit for generating control pulses for the power
device;

an output inductor connected to the power device;

a current sensor connected to the power device for provid-
ing a sensed current proportional to a current being
conducted through the output inductor;

a current feedback loop circuit cooperating with the control
circuit for controlling the power device responsive to the
current sensor; and

a feedback resistive network connected between an input
of the control circuit of each of the at least first and
second channels and the output terminal, and compris-
ing a resistor having a temperature coetlicient that sub-
stantially matches a temperature coelficient of an on-
state resistance of the low side power switch of the
power device of the at least first and second channels.

18. A multiphase DC-to-DC converter according to claim
17, wherein each of the power switches comprises a field
elfect transistor.

19. A method of regulating a DC-to-DC converter compris-
ing at least one power switch, a control circuit for generating
control pulses for the at least one power switch, and an output
inductor connected to the at least one power switch, the
method comprising:

sensing current passing through the inductor using a ther-
mally compensated current sensor connected 1n parallel
to the output inductor and having a temperature coetii-
cient that substantially matches a temperature coetli-
cient of the output inductor; and

controlling the at least one power switch in response to the
thermally compensated current sensor.

20. A method according to claim 19, wherein the at least

one power switch comprises at least one field effect transistor.
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21. A method according to claim 19, wherein the at least
one power switch comprises a low side field effect transistor
and a high side field effect transistor connected together.

22. A method according to claim 19, wherein the thermally
compensated current sensor comprises a resistor and capaci-
tor connected 1n series.

23. A method according to claim 22, wherein the resistor
comprises a positive temperature coetlicient resistor.
24. A method of regulating a DC-to-DC converter compris-
ing at least one power switch, a control circuit for generating
control pulses for the at least one power switch, and an output
inductor connected to the at least one power switch, the
method comprising:
providing a sensed current related to a current being con-
ducted through the output inductor using a thermally
compensated current sensor connected to the atleast one
power switch and having a temperature coelficient that
substantially matches a temperature coelificient of an
on-state resistance of the at least one power switch; and

controlling the at least one power switch 1n response to the
thermally compensated current sensor.

25. A method according to claim 24, wherein the at least
one power switch comprises at least one field effect transistor.

26. A method according to claim 24, wherein the at least
one power switch comprises a low side field effect transistor
and a high side field effect transistor connected together.

27. A method according to claim 24, wherein the thermally
compensated current sensor 1s connected between the at least
one power switch and a current feedback loop circuat.

28. A method according to claims 24, wherein the ther-
mally compensated current sensor comprises a resistor.

29. A DC-to-DC power converter adapted for use 1n elec-
tronic devices comprising:

a board adapted for mounting within the electronic device;

and

at least one power switch, a control circuit for generating,

control pulses for the at least one power switch, an
output inductor connected to the at least one power
switch, and a thermally compensated current sensor
operatively connected to the output conductor, said
power switch, control circuit, output inductor and cur-
rent sensor being mounted on the board and wherein the
thermally compensated current sensor has a temperature
coellicient matching a temperature coellicient of the
output inductor and 1s responsive to the thermally com-
pensated current sensor operative for sensing current in
the output inductor.

30. A DC-to-DC converter according to claim 29, wherein
the at least one power switch comprises at least one field
eifect transistor.

31. A DC-to-DC converter according to claim 29, wherein
the at least one power switch comprises a low side field effect
transistor and a high side field effect transistor connected
together.

32. A DC-to-DC converter according to claim 29, wherein
the at least one power switch comprises a low side power
switch and a high side power switch connected together.

33. A DC-to-DC converter according to claim 29, wherein
the thermally compensated current sensor comprises a resis-
tor.

34. A DC-to-DC converter comprising:

at least one power switch;

a control circuit for generating control pulses for the at

least one power switch;,

an output inductor connected to the at least one power

switch,
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a current sensor connected for sensing current in the out-
put inductor; and

a thermal compensation cirvcuit having a temperature coef-
ficient that substantially compensates for the effect of a
temperaturve coefficient of the output inductor, wherein
the at least one power switch is vesponsive to the thevmal
compensation circuit and the current sensor.

35. The DC-to-DC converter of claim 34, wherein the ther-

mal compensation circuit comprises a portion of the curvent
Sensor.

36. The DC-to-DC converter of claim 34, wherein the ther-

mal compensation circuit comprises a thermal compensation
resistor.

37. The DC-to-DC converter of claim 34, wherein the ther-

mal compensation circuit comprises a positive temperature
coefficient resistor.

38. The DC-to-DC converter of claim 34, wherein the ther-

mal compensation cirvcuit comprises a negative temperature
coefficient rvesistor.

39. The DC-to-DC converter of claim 34, wherein the at

least one power switch comprises a low side field effect tran-
sistor and a high side field effect transistor coupled together.

40. The DC-to-DC converter of claim 34, wherein the cur-
vent sensor comprises a resistor and capacitor coupled in
series.

41. The DC-to-DC converter of claim 40, wherein the resis-
tor of the curvent sensov comprises a positive temperature
coefficient vesistor.

42. A DC-to-DC converter comprising.

at least one power switch;

a control circuit for generating control pulses for the at

least one power switch;

an output inductor connected to the at least one power

switch;

a current sensov connected to the at least one power switch

Jor providing a sensed curvent velated to a current being
conducted through the output inductor, wherein the cur-
vent sensor is coupled across the output inductor; and

a thermal compensation circuit having a temperatuve coef-

ficient that substantially matches a temperature coeffi-
cient of the output inductor to cancel the effect of the
temperaturve coefficient of the output inductor wherein
the at least one power switch is vesponsive to the thermal
compensation circuit and the current sensor.

43. The DC-to-DC converter of claim 42, wherein the cur-
rent sensor is connected between the at least one power
switch and a curvent feedback loop circuit.

44. The DC-to-DC converter of claim 42, wherein the ther-
mal compensation circuit comprises a portion of the curvent
Sensor.

45. The DC-to-DC converter of claim 42, wherein the ther-
mal compensation cirvcuit comprises a thermal compensation
resistor.

46. The DC-to-DC converter of claim 42, wherein the ther-
mal compensation circuit comprises a positive temperature
coefficient vesistor.

47. The DC-to-DC converter of claim 42, wherein the ther-
mal compensation circuit comprises a negative temperature
coefficient resistor.

48. A multiphase DC-to-DC converter comprising:

at least first and second channels each comprising a power

device including a low side power switch and a high side
power switch coupled together;

a control circuit for generating control pulses for the power

devices;

an output inductor connected to the power devices;
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a current sensor connected to the power devices for pro-
viding a sensed current related to a current being con-
ducted through the output inductor, wherein the curvent
sensor is coupled across the output inductor; and

a thermal compensation circuit having a temperature coef-
ficient that substantially cancels the effect of tempera-
ture on the output inductor caused by the temperature
coefficient of the output inductor, wherein the power
device is vesponsive to the thevmal compensation circuit
and to the current sensor.

49. The multiphase DC-to-DC converter of claim 48,
wherein the thermal compensation circuit comprises a por-
tion of the current sensor.

50. The multiphase DC-to-DC converter of claim 46,

wherein the thermal compensation circuit comprises a ther-
mal compensation resistor.

51. The multiphase DC-to-DC converter of claim 46,
wherein the thermal compensation circuit comprises a posi-
tive temperature coefficient vesistor.

52. The multiphase DC-to-DC converter of claim 48,
wherein the thermal compensation circuit comprises a nega-
tive temperature coefficient vesistor.

53. A multiphase DC-to-DC converter comprising:

at least first and second channels each comprising a power
device including a low side power switch and a high side
power switch connected together;,

a control circuit for generating control pulses for the power
devices;

an output inductor connected to the power devices;

a current sensor connected to the power devices for pro-
viding a sensed current proportional to a current being
conducted through the output inductor, wherein the cur-
vent sensor is coupled across the output inductor;

a current feedback loop circuit cooperating with the con-
trol circuit for controlling the power devices responsive
to the current sensor; and

a rvesistive circuit element coupled to the control circuit, the
resistive circuit element having a temperature coefficient
that substantially matches a temperaturve coefficient of
the output inductor such that the effect of fluctuations in
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temperature in the output inductor are compensated for
by the resistive circuit element.
54. A method of regqulating a DC-to-DC converter compris-
ing at least one power switch, a control circuit for generating
control pulses for the at least one power switch, and an output
inductor connected to the at least one power switch, the
method comprising:
sensing curvent passing through the inductor using a cur-
vent sensov connected in parallel to the output inductor;

compensating the sensed current with a circuit element
having a temperature coefficient that is selected to sub-
stantially match a temperature coefficient of the output
inductor such that the effect of temperature on the output
inductor is substantially cancelled by the circuit ele-
ment; and

controlling the at least one power switch in response to the

thermally compensated sensed current.

55. A DC-to-DC power converter adapted for use in elec-
tronic devices comprising:

a board adapted for mounting within the electronic device;
and

at least one power switch,

a control circuit for generating control pulses for the at
least one power switch,

an output inductor connected to the at least one power
switch,

a current sensor operatively connected to the output induc-
tor, and

a thermal compensation circuit coupled to the control cir-
cull,

said power switch, control civcuit, output inductor, curvent
sensor and thermal compensation civcuit being mounted
on the board, and

wherein the thermal compensation circuit has a tempera-
ture coefficient that corrects the measure of the curvent
sensed by the curvent sensor to account substantially for
the effect of temperature on the curvent in the output
inductor caused by a temperature coefficient of the out-
put inductor.
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