
(19) United States 
(12) Reissued Patent 

Walters et al. 
(10) Patent Number: 
(45) Date of Reissued Patent: 

USOORE42307E 

US RE42,307 E 
Apr. 26, 2011 

(54) THERMALLY COMPENSATED CURRENT 
SENSING OF INTRINSIC POWER 
CONVERTERELEMENTS 

(75) Inventors: Michael M. Walters, Apex, NC (US); 
Matthew B. Harris, Raleigh, NC (US); 
Bogdan M. Duduman, Raleigh, NC 
(US) 

(73) Assignee: Intersil Americas Inc., Milpitas, CA 
(US) 

(21) Appl. No.: 11/726,407 

(22) Filed: Mar. 21, 2007 
Related U.S. Patent Documents 

Reissue of: 

(64) Patent No.: 6,870,352 
Issued: Mar. 22, 2005 
Appl. No.: 10/858,586 
Filed: Jun. 2, 2004 

U.S. Applications: 
(63) Continuation of application No. 10/219,555, filed on 

Aug. 15, 2002, now Pat. No. 6,812,677. 

(60) Provisional application No. 60/313,986, filed on Aug. 
21, 2001. 

(51) Int. Cl. 
G05F I/573 (2006.01) 
G05F L/565 (2006.01) 

(52) U.S. Cl. ........................................ 323/277; 323/275 
(58) Field of Classification Search .................. 323/222, 

323/223, 226, 265, 269,271, 273, 275-277, 
323/282, 285,290,907; 363/50, 56.02, 98, 

363/132 
See application file for complete search history. 

VIN 

PWM 
DRIVERS 

FEEDBACK 
SIGNAL 

PROCESSENG 

32 

(56) References Cited 

U.S. PATENT DOCUMENTS 

4, 174,496 A 11, 1979 McFall et al. 
4.325,017 A 4, 1982 Schade, Jr. 
4,334,263. A 6, 1982 Adachi 
4,535,378 A 8, 1985 Endo 
4,668,905 A 5/1987 Schierjott 
5,237,262 A 8/1993 Ashley et al. 
5,627,460 A 5/1997 Bazinet et al. 
5,717,322 A 2f1998 Hawkes et al. 
5,723,974 A 3/1998 Gray 
5,793, 193 A 8/1998 Hodgins 
5,805.433 A 9, 1998 Wood 

(Continued) 

FOREIGN PATENT DOCUMENTS 

DE 19822525 11, 1999 

(Continued) 
OTHER PUBLICATIONS 

European Patent Office, “Office Action”, Mar. 26, 2009, Published 
in: EP. 

(Continued) 

Primary Examiner — Matthew V Nguyen 
(74) Attorney, Agent, or Firm — Fogg & Powers LLC 

(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 
is connected to an intrinsic current sensing element exhibiting 
a temperature-based parameter non-linearity. The thermally 
compensated current sensor has a temperature coefficient that 
Substantially matches a temperature coefficient of an intrinsic 
power converter element used to measure current flow, thus 
linearizing the current measurement. Also, a currentfeedback 
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 

CONVERTERELEMENTS 

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 is 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. 15, 2002, 
now U.S. Pat. No. 6,812,677, which is based upon prior filed 
provisional application No. 60/313,986 filed Aug. 21, 2001, 
the entire disclosure of which is incorporated herein by ref 
CCC. 

FIELD OF THE INVENTION 

The present invention 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 is commonly imple 
mented as a safety feature. Such a current limit feature would 
use a signal proportional to output current limiting level. A 
resistor inserted between the output and the load could gen 
erate the desired signal. However, the resistance of this sensor 
is the subject of a trade-off between power dissipation and 
signal amplitude. Typically, the signal level at current limit is 
approximately 0.1 volt, to be well above the noise floor. The 
sensing resistor's power dissipation is 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 efficiency. Instead of an additional resistive element, 
current flow is 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 inductor current sensing and related methods' teaches 
that the current flow information in an inductor can be recon 
structed as a Voltage across a resistor-capacitor network. This 
method uses the intrinsic 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 MOSFET to reconstruct the current 
flow information. Both of these methods make use of the 
fundamental power converter components as current sensing 
elements and they avoid using a dissipative element in the 
power path. 
The intrinsic current sensing methods in the above 

examples can only approximate the actual current flow. These 
methods suffer in accuracy when compared with the current 
sensing resistor. For example, utilizing the inductor's wind 
ing resistance as the current sensing element Suffers both an 
initial tolerance error and a variation with temperature. An 
inductor's winding initial resistance varies with the length 
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2 
and diameter of the windings wire, as well as the specific 
manufacturing procedure. This same wire resistance 
increases as a function of temperature. Therefore, the recon 
structed Voltage signal is 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 in a switching DC-to-DC con 
Verter. 

This and other objects, features and advantages in accor 
dance with the present invention are provided by a DC-to-DC 
converter including 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 is connected to the output inductor 
for sensing current in the output inductor. The thermally 
compensated current sensor has a temperature coefficient that 
Substantially matches a temperature coefficient 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 
SSO. 

The power switches preferably include a low side field 
effect transistor and a high side field effect transistor con 
nected together. The thermally compensated current sensor 
may be connected in parallel with the output inductor and 
may comprise a resistor and a capacitor connected in series. 
The resistor of the thermally compensated current sensor may 
be a positive temperature coefficient 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 coefficient that 
Substantially matches a temperature coefficient of an on-state 
resistance of the power Switches. Also, in this embodiment, 
the thermally compensated current sensor is connected 
between the power switches and the current feedback loop 
circuit, and comprises a positive temperature coefficient 
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 is con 
nected between the power device and the output terminal. A 
thermally compensated current sensor is 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 coefficient that Substantially matches a tempera 
ture coefficient 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 
SO. 

In an alternative embodiment of the multiphase DC-to-DC 
converter, instead of the thermally compensated current sen 
sor, a feedback resistive network is 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 coefficient resistor having a temperature coeffi 
cient that Substantially matches a temperature coefficient of 
an on-state resistance of the monitored power Switch of the 
power devices. 
A method aspect of the present invention is 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 coefficient that 
Substantially matches a temperature coefficient 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 athermally compensated current sensor 
connected to at least one power switch. Here, the thermally 
compensated current sensor has a temperature coefficient 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 

FIG. 1 is a schematic diagram of a DC-to-DC converter of 
the present invention. 

FIG. 2 is a schematic diagram of a second embodiment of 
a DC-to-DC converter of the present invention. 

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

FIG. 4 is a graph illustrating the load line characteristics of 
the DC-to-DC converter of FIG. 2. 

FIG. 5 is a schematic diagram of a multiphase DC-to-DC 
converter in accordance with the present invention. 

FIG. 6 is a schematic diagram of an alternative embodi 
ment of the multiphase DC-to-DC converter of FIG. 5. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention will now be described more fully 
hereinafter with reference to the accompanying drawings, in 
which preferred embodiments of the invention are shown. 
This invention may, however, be embodied in 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 invention to those 
skilled in 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 is load line 
characteristic or droop feature found in DC-DC power con 
version for microprocessors. Here, the output Voltage is pro 
grammed to decrease (droop) with increasing load current. 
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4 
The droop feature positions the output Voltage at the optimum 
level prior to a load transient so the transient Voltage excur 
sion stays within acceptable levels with the minimum output 
capacitance. The precision is required to minimize not only 
the bulk output capacitance but also the high-frequency dis 
tribution capacitance. 

Turning now to FIG. 1 of the drawings, the DC-to-DC 
converter 10 in accordance with a first embodiment of the 
present invention is 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 of 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 in other embodiments may include 
only the high side switch 12, with a diode substituted in 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 in 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 is more fully described, for example, in 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 inven 
tion. Both of these patents are also incorporated by reference 
herein in 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 is connected in 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 in parallel with the output inductor 
18 for sensing current passing through the inductor. The cur 
rent sensor 30 preferably comprises a resistor Risen 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 coefficient. The current sensor 30 is 
connected to the illustrated 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 Risen and capacitor Csen may 
have respective values so that the current sensor 30 is a sub 
stantially instantaneous current sensor. 

Importantly, the current sensor 30 is a thermally compen 
sated current sensor having a temperature coefficient that 
Substantially matches a temperature coefficient 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 is 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 is 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 in the art will readily appreciate the con 
struction of the many possible and equivalent variations of the 
feedback signal processing loop circuit 32. Such as disclosed, 
for example, in 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 in the art. The DC-to-DC con 
verter 10 may also include additional features/circuit portions 
not shown for clarity including, for example, soft 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 coefficient that 
Substantially matches a temperature coefficient of an on-state 
resistance of one of the power switches 12, 14, e.g. the low 
side power switch 14. Also, in this embodiment, the thermally 
compensated current sensor 30' is connected between the 
power switches 12, 14 and the current feedback circuit 32. 
and includes a positive temperature coefficient resistor. 
As discussed above and in 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 flow 
information. For this example, the Voltage is sampled across 
the lower MOSFET 14 (shown in FIG. 2) using the resistor 
Risen connected to feedback signal processing 32 including 
virtual-ground. The sensed current (Isen) is proportional to 
the inductor current (II) by the following relationship: 
Isen-Ilx(RdS/Rsen). As the MOSFET temperature increases, 
its Rds(on) increases which causes a corresponding increase 
in the sensed current Isen. The Isen signal is further processed 
within the system to provide a load line characteristic that is 
also a function of MOSFET temperature. 
The Isen signal can be thermally compensated by selecting 

a Risen resistor with the appropriate thermal characteristics. 
For example, selecting a positive temperature coefficient 
(PTC) resistor that matches the MOSFETs Rds(on) tempera 
ture coefficient 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 MOSFETs, on-state resistance 
(Rds(on)) as the current sensing element. The analysis 
includes the variations due to the reference, Voltage setting 
resistors, and MOSFET parameters. The largest variation is 
due to the temperature characteristic of the MOSFET. 

FIG. 4 illustrates the RSS tolerance analysis of a DC-to-DC 
converter with thermal compensation in 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 reference to FIGS. 5 
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6 
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 is connected between the power device and the 
output terminal. For multiphase power converters a PTC 
resistor is required on each power channel. Thus, a thermally 
compensated current sensor Rsen1, RSen2 is connected to the 
power device in 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 Rsen1, Risen2 has a temperature coefficient that substan 
tially matches a temperature coefficient of an on-slate 
resistance of the low side power switch 14. 

In an alternative embodiment, the multiphase DC-to-DC 
converter 40" (FIG. 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 Rfb includes a nega 
tive temperature coefficient resistor Rntic having a tempera 
ture coefficient that Substantially matches a temperature coef 
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 coefficient 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 Rfb in the 
embodiment of FIG. 5 is 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 in FIG. 
6. 

Another aspect of the invention 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 
feedback 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 coefficient that 
Substantially matches a temperature coefficient of the output 
inductor. Furthermore, the current feedback loop circuit 32 
operates to control the power Switches 12, 14 in response to 
the thermally compensated current sensor. The current sensor 
30 preferably comprises a resistor Rsen and a capacitor Csen 
connected together in 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" (FIG. 2) connected to the power switches. Here, the 
thermally compensated current sensor 30' has a temperature 
coefficient that substantially matches a temperature coeffi 
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 is understood by those skilled in 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 in the foregoing descrip 
tions and the associated drawings. Therefore, it is understood 
that the invention is 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 is claimed is: 
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 in parallel to the output inductor for sensing 
current in the output inductor, the thermally compen 
sated current sensor having a temperature coefficient 
that substantially matches a temperature coefficient of 
the output inductor wherein the at least one power switch 
is responsive to the thermally compensated current sen 
SO. 

2. A DC-to-DC converter according to claim 1, wherein the 
at least one power switch comprises at least one field effect 
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-to-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 in series. 

6. A DC-to-DC converter according to claim 5, wherein the 
resistor of the thermally compensated current sensor com 
prises a positive temperature coefficient 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 
athermally 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 coefficient that Sub 
stantially matches a temperature coefficient of an on 
state resistance of the at least one power switch wherein 
the at least one power switch is 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 effect 
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 is connected 
between the at least one power switch and a current feedback 
loop circuit. 
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8 
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 coefficient that Substantially matches a tem 
perature coefficient of an on-state resistance of the low 
side power switch, wherein the power device is respon 
sive 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 
effect transistor. 

15. A multiphase DC-to-DC converter according to claim 
13, wherein the thermally compensated current sensor is 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 currentfeedback 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 coefficient that Sub 
stantially matches a temperature coefficient 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 
effect transistor. 

19. A methodofregulating 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 in parallel 
to the output inductor and having a temperature coeffi 
cient that Substantially matches a temperature coeffi 
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 in series. 

23. A method according to claim 22, wherein the resistor 
comprises a positive temperature coefficient resistor. 

24. A methodofregulating 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 at least one 
power Switch and having a temperature coefficient that 
Substantially matches a temperature coefficient of an 
on-state resistance of the at least one power Switch; and 

controlling the at least one power Switch in 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 is connected between the at least 
one power Switch and a current feedback loop circuit. 

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 in elec 
tronic devices comprising: 

aboard 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 
coefficient matching a temperature coefficient of the 
output inductor and is 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 
effect 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, 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
a current sensor connected for sensing current in the out 

put inductor, and 
a thermal compensation circuit having a temperature coef 

ficient that substantially compensates for the effect of a 
temperature coefficient of the output inductor, wherein 
the at least one power switch is responsive to the thermal 
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 current 
SetSOF 

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 circuit comprises a negative temperature 
coefficient resistor. 

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 
rent sensor comprises a resistor and capacitor coupled in 
Series. 

41. The DC-to-DC converter of claim 40, wherein the resis 
tor of the current sensor comprises a positive temperature 
coefficient resistor. 

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 sensor connected to the at least one power switch 

for providing a sensed current related to a current being 
conducted through the output inductor, wherein the cur 
rent sensor is coupled across the output inductor, and 

a thermal compensation circuit having a temperature coef 
ficient that substantially matches a temperature coeffi 
cient of the output inductor to cancel the effect of the 
temperature coefficient of the output inductor wherein 
the at least one power switch is responsive 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 current feedback loop circuit. 

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

45. The DC-to-DC converter of claim 42, wherein the ther 
mal compensation circuit 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 resistor. 

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 current 
sensor is coupled across the output inductor, and 

a thermal compensation circuit having a temperature coef 
ficient that substantially cancells the effect of tempera 
ture on the output inductor caused by the temperature 
coefficient of the output inductor; wherein the power 
device is responsive to the thermal 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 48, 
wherein the thermal compensation circuit comprises a ther 
mal compensation resistor. 

51. The multiphase DC-to-DC converter of claim 48, 
wherein the thermal compensation circuit comprises a posi 
tive temperature coefficient resistor: 

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

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 
rent 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 resistive circuit element coupled to the control circuit, the 
resistive circuit element having a temperature coefficient 
that substantially matches a temperature 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 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 cur 
rent sensor 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 

cuit, 
said power switch, control circuit, output inductor, current 

sensor and thermal compensation circuit being mounted 
On the board, and 

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


