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(57) ABSTRACT

A DC/DC converter has an output voltage and sources an
output current to a load. The DC/DC converter includes an
error amplifier with a reference mput and a summing nput.
The reference input 1s electrically connected to a reference
voltage. The summing nput 1s electrically connected to the
output voltage and the output current. The summing mput 1s
configured for adding together the output voltage and the
output current. The error amplifier 1ssues an error signal and
adjusts the error signal dependent at least 1n part upon the
output voltage and the output current. A comparator receives
the error signal. The comparator has a ramp nput electrically
connected to a voltage ramp signal. The comparator 1ssues an
output signal that 1s based at least 1n part upon said error input.
A power switch has an on condition and an oif condition, and
supplies dc current to the load when in the on condition. The
power switch has a control input electrically connected to the
comparator output signal. The power switch 1s responsive to
the control input to change between the on condition and the
off condition to thereby adjust the output current of the

DC/DC converter.

15 Claims, 3 Drawing Sheets

100
114 // |
gi 124~ e U
*- — > »
POWER CURRENT
+| | SWITCH SENSOR 1219 [bL [ (RL+
T VIN Tr\w 18 ™ Vour
¢ 127
- VRAMP — (5129
| A CCOMP\ Rcomp
0> B A
112~ VER
i VERROR %‘ 126
SR LATCH o ¢ AMP VHEF RZ

128



US RE44,910 E
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

4,635,178 A 1/1987 Greenhalgh

4,924,170 A 5/1990 Henze

5,045,989 A 9/1991 Higaki et al.

5,192,906 A 3/1993 Nathan

5,200,643 A 4/1993 Brown

5477,132 A 12/1995 Canter et al.

5,513,089 A 4/1996 Sudo et al.

5,514,947 A *  5/1996 Berg .....ocooooiiiiiiiiiiiinnn, 323/282
5,627,460 A 5/1997 Bazinet et al.

5,635,871 A * 6/1997 Cavigelll ....................., 330/107
5,734,259 A 3/1998 Sisson

5,770,926 A * 6/1998 Choretal. ........c......on. 315/307
5,808,455 A 9/1998 Schwartz et al.

5,838,147 A 11/1998 Suzuki

5,877,611 A 3/1999 Brkovic

5917312 A 6/1999 Brkovic

5,949,229 A 9/1999 Choi et al.

6,058,030 A 5/2000 Hawkes et al.

6,064,187 A 5/2000 Redl et al.

6,181,120 B1* 1/2001 Hawkesetal. .............. 323/282
RE38.,780 E 8/2005 Hawkes et al.

RE38.,906 E 12/2005 Hawkes et al.

RE42.897 E 11/2011 Hawkes et al.

OTHER PUBLICATIONS

Chinese Patent Office, “Cause of Invalidation”, “from Foreign Coun-
terpart of U.S. Appl. No. 09/591,360”, Oct. 9, 2012, pp. 1-22, Pub-

lished in: CN.

Korean Patent Office, “Notice of Allowance”, “from Foreign Coun-
terpart of U.S. Appl. No. 09/591,360, Mar. 29, 2006, pp. 1-3, Pub-
lished in: KR.

Korean Patent Office, “Office Action”, “from Foreign Counterpart of
U.S. Appl. No. 09/591,360, Sep. 26, 2005, pp. 1-4, Published in:
KR.

U.S. Patent and Trademark Office, “Ex Parte Quayle Office Action”,
“U.S. Appl. No. 10/045,169”, Aug. 20, 2002, pp. 1-5.

U.S. Patent and Trademark Office, “Notice of Allowance”, “U.S.
Appl. No. 10/045,169”, Jan. 2, 2003, pp. 1-5.

U.S. Patent and Trademark Office, “Notice of Allowance”, “U.S.
Appl. No. 10/045,169”, Jul. 12, 2004, pp. 1-4.

U.S. Patent and Trademark Office, “Ex Parte Quayle Office Action”,
“U.S. Appl. No. 10/045,169”, Sep. 18, 2002, pp. 1-6.

U.S. Patent and Trademark Office, “Certificate of Correction”, “U.S.
Appl. No. 10/375,914”, Apr. 29, 2008, p. 1.

U.S. Patent and Trademark Office, “Notice of Allowance”, “U.S.
Appl. No. 10/375,914”, Jul. 12, 2004, pp. 1-5.

U.S. Patent and Trademark Office, “Notice of Allowability”, “U.S.
Appl. No. 10/375,914”, Feb. 14, 2005, pp. 1-3.

U.S. Patent and Trademark Office, “Office Action”, “U.S. Appl. No.
10/375,914”, Nov. 21, 2003, pp. 1-5.

U.S. Patent and Trademark Office, “Advisory Action”, “U.S. Appl.
No. 11/294,700”, Aug. 4, 2008, pp. 1-3.

U.S. Patent and Trademark Office, “Advisory Action”, “U.S. Appl.
No. 11/294,700”, Feb. 1, 2011, pp. 1-4.

U.S. Patent and Trademark Office, “Advisory Action”, “U.S. Appl.
No. 11/294,700”, Feb. 11, 2011, pp. 1-4.

U.S. Patent and Trademark Office, “Final Office Action™, “U.S. Appl.
No. 11/294,700”, May 19, 2008, pp. 1-5.

U.S. Patent and Trademark Office, “Final Office Action”, “U.S. Appl.
No. 11/294,700”, Jul. 19, 2010, pp. 1-5.

U.S. Patent and Trademark Office, “Final Office Action™, “U.S. Appl.
No. 11/294,700”, Jan. 14, 2011, pp. 1-4.

U.S. Patent and Trademark Office, “Notice of Allowance™, “U.S.
Appl. No. 11/294,7007, Jun. 28, 2011, pp. 1-5.

U.S. Patent and Trademark Office, “Office Action”, “U.S. Appl. No.
11/294,700”, Sep. 27, 2007, pp. 1-7.

I

U.S. Patent and Trademark Office, “Office Action™, “U.S. Appl. No.
11/294,700, Oct. 2, 2009, pp. 1-5.

U.S. Patent and Trademark Office, “Office Action™, “U.S. Appl. No.
11/294,700, Jan. 22, 2010, pp. 1-5.

U.S. Patent and Trademark Office, “Office Action™, “U.S. Appl. No.
11/294,700”, Mar. 11, 2010, pp. 1-5.

U.S. Patent and Trademark Office, “Office Action”, “U.S. Appl. No.
11/294,700”, Nov. 1, 2010, pp. 1-10.

“A Pentium Pro Voltage Regulator Module (VRM) Using the
HIP6003 PWM Controller (HIP60O3EVAL1)”, “Application Note
AN9664”, Dec. 1996, pp. 1-7, Publisher: Intersil Corporation.
Walter, Mike and Greg Miller, “An Embedded Pentium Pro Power
Supply Using the HIP6002 PWM Controller (HIP6002EVALL)”,
“Application Notes AN9668”, Dec. 1996, pp. 1-7, Publisher: Harris
Corporation.

Miller, Greg , “A Voltage Regulator Module (VRM) Using the
HIP6004 PWM Controller (HIP6004EVALL)”, “Application Notes
AN9672”, Jan. 1997, Publisher: Intersil Americas.

Miller, Greg, “Embedded DC-DC Converters Using the HIP6004 and
HIP6005 (HIP60O4EVAL3J, HIP600SEVAL3Z)”, “Application NOte
AN9706, Feb. 1997, Publisher: Intersil.

Decker, D.K. And L.Y. Inouye, “Operation of High Power Converters
in Parallel”, “NASA Contractor Report”, Mar. 1993, No. 191095,
Publisher: NASA.

Dixon, “Average Current Mode Control of Switching Power Sup-
plies”, “Texas Instruments Incorporated”, 2001, pp. 5-1 thru 5-14.
“HIP6002 Buck and Synchronous-Rectifier PWM Controller and
Output Voltage Monitor”, “Harris Semiconductor”, Dec. 1996, Pub-
lisher: Harris Corporation.

“HIP6003 Buck Pulse-Width Modulator (PWM) Controller and Out-
put Voltage Monitor”, “Harris Semiconductor”, Dec. 1996, Pub-
lisher: Harris Corporation.

Jamerson, Cliff and Chuck Mullett, “Paralleling Supplies via Various
Droop Methods”, “Technical Papers of the Ninth International High
Frequency Power Conversion 1994 Conference”, Apr. 17-21, 1994,
Publisher: Intertec International Inc., Published 1in: San Jose, Cali-
fornia.

Lin, Chang-Shiarn and Chern-Lin Chen, “Single-Wire Current-
Share Paralleling of Current-Mode Controlled DC Power Supplies”,
“20th Annual IEEE Power Electronics Specialists Conference”,
1998, pp. 52-58, vol. 1, Publisher: IEEE.

Meador et al., “Pass Transistor Option for Voltage Error Amplifiers™,
“Technical Developments”, Aug. 1, 1989, vol. 9, Publisher:
Motorola, Inc.

Moussaoul et al., “An Overview of the Control Scheme for Distrib-
uted Power Systems”, “Southcon Conference Record”, Jun. 25-27,
1996, pp. 584-591, Publisher: IEEE, Published in: Orlando, FL.
“RC5052 High Performance Programmable Synchronous DC-DC
Controller for Low Voltage Microprocessors”, 1998, Publisher:
Fairchild Semiconductor Corporation.

“Regulating Pulse Width Modulator”, “Silicon General Product
Catalog”, Jan 1989, pp. 4-89 thru 4-92, Publisher: Silicon General,
Inc., Published in: Garden Grove, CA.

“Pulse-Width-Modulation Control Circuits”, “Data Sheets”, Jan.
1983, pp. 2-123 thru 2-130, Publisher: Texas Instruments.
“UC1875/6/7/8, UC2875/6/7/8 UC3875/6/7/8 Phase Shift Resonant
Controller”, “Unitrode Products from Texas Instruments™, Jul. 1999,
Publisher: Texas Instruments Inc.

“Linear Integrated Circuits Data and Applications Handbook: Regu-
lating Pulse Width Modulators™, “Unitrode IC Data Handbook™,
1990, pp. 4-79 thru 4-86, Publisher: Unitrode Integrated Circuits

Corporation.
Chinese Patent Office, “Supplemental Cause of Invalidation™, “from

Foreign Counterpart of U.S. Appl. No. 09/591,360”, May 29, 2013,
pp. 1-101, Published in: CN.

* cited by examiner



U.S. Patent May 27, 2014 Sheet 1 of 3 US RE44,910 E

OUTPUT VOLTAGE
o ____\UPPeRoPECLIMIT
TARGET SPEC
V1ARGET1=ViIAF—~Y——————=2 —-—=
{
|
" LOWERGOPEGLMIT
LOAD CURRENT TIME
: .
| I
| |
| |
| |
| |
| |
| |
| I
FIG. 7A T1A T1A+1
OUTPUT VOLTAGE
UPPERSPEG LIMIT
ViB
v TARGET SPEC
TARGET1B R U - =~
: LOWER SPEC LIMIT
)R e
LOAD CURRENT , TIME
|
|

FIG. 1B T Tt TIME



U.S. Patent May 27, 2014 Sheet 2 of 3 US RE44,910 E

10
14 // ,
24 OUT
CURRENT
. STCH SENSOR | AL +
= VN 6~ VOUT
L VRAMP
- ~ 111
LI R
0 S CLK
12 » _ ~ VFB ”
FRROR
SRLATCH 1 VERROR wE| Veer SR
35 28
32 W =
FIG. 2

POWER CURRENT
+ SWITCH SENSOR

112

SR LATCH




U.S. Patent May 27, 2014 Sheet 3 of 3 US RE44,910 E

V i
o Rcomp 7~ Ceomr
R3
VISENSE
126
VREF/2 VERROR
R7
128
V i
oUT
Rcomp ~ Coomp
120
VB
VISENSE — - y
R VREF ERROR
1 128
VOLTAGE TO CURRENT -
CONVERTER

FIG. 4B



US RE44,910 E

1

CURRENT MODE DC/DC CONVERTER
WITH CONTROLLED OUTPUT IMPEDANCE

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.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Notice: Movre than one reissue application has been filed
Jor the veissue of Pat. No. 6,151,120. The reissue applications
are reissue application Ser. No. 10/045,169 (the great-grand-
parent veissue), veissue application Ser. No. 10/375,914 (the
grandparent, continuation reissue); reissue application Ser.
No. 11/294,700 (the parent, continuation reissue) and the
reissue application Ser. No. 13/250,464 (the present, continu-
ation reissue application). All four reissue applications are
reissues of the same U.S. Pat. No. 6,181,120.

This continuation reissue application claims the benefit of
U.S. Provisional Application Ser No. 60/151,971, filed Sep.
1, 1999.

FIELD OF THE INVENTION

The present invention relates to DC/DC converters.

BACKGROUND OF THE INVENTION

As the complexity and clock speed of CPUs continue to
rise, greater demands are placed on the power supplies (DC/
DC converters) that supply the operating voltage to the CPUs.
Typically, the operating voltage of CPUs 1s specified with a
relatively tight tolerance to ensure proper operation of the
CPU. The tight tolerances on CPU operating voltages are
being turther narrowed as CPU clock and CPU bus speeds
increase, and CPU operating voltages decrease. The decrease
in permissible tolerances on CPU operating voltages has
resulted 1n a corresponding increase 1n the regulation speci-
fications of power supplies that supply operating voltages to
CPUs.

The current drawn by a CPU generally undergoes frequent
variation and rapid changes of substantial magnitude. For
example, the current a CPU draws from a power supply may
change by as much as 10-75 Amps per microsecond. These
frequently varying and rapidly changing demands for sub-
stantial amounts of current are referred to as load transients.
These extreme load transients cause a corresponding voltage
transient on voltage output of the power supply, thereby mak-
ing 1t very difficult for a power supply to comply with tight
power supply regulation specifications. Many power supplies
incorporate very large capacitors to reduce the effect of these
large and rapid load transients, and thereby lessen the result-
ant corresponding voltage transients on the output voltage of
the power supply to an acceptable level. However, the use of
large capacitors adds significantly to the cost, size and weight
of the power supply.

In order to reduce the number and size of capacitors needed
to lessen the eflect of a given load transient on power supply
output voltage, a technique known as “droop” 1s employed.
Normally, power supplies are designed to have an output
voltage that 1s essentially independent of the load current.
However, in applications where a power supply will be
required to comply with tight regulation specifications 1n a
high-load-transient environment, there 1s an advantage in
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2

carefully controlling and/or adjusting the output impedance
of the power supply to thereby cause the power supply output
voltage to decrease by a predetermined amount 1n response to
an increase 1n current demanded by or being supplied to the
load.

In conventional current-mode DC/DC converters, the duty
cycle of the DC/DC converter 1s modulated by a negative-
teedback voltage loop to maintain the desired output voltage.
The feedback voltage loop has a DC voltage gain which
determines the amount of “droop” in the output impedance of
the power supply. The DC voltage gain of the feedback loop
1s, therefore, designed to be relatively low 1n order to achieve
a relatively small amount of droop and thereby maintain a
substantial degree of voltage regulation to comply with the
tight tolerances placed upon the operating voltage supplied to
the CPU.

The low DC gain 1n the feedback loop, however, results 1n
any variations or oilsets in the voltages within the DC/DC
converter being retlected 1n a corresponding error in the out-
put voltage of the converter. The only known solution to this
problem 1s to design precise circuitry using components hav-
ing tight tolerances 1 order to achieve low-offset voltages
and/or precise mternal voltages within the DC/DC converter.
The inclusion of such precise circuitry adds substantially to
the cost and complexity of the converter.

Therefore, what 1s needed 1n the art 1s a converter that
maintains voltage regulation 1n a high-load-transient environ-
ment.

Furthermore, what 1s needed 1n the art 1s a converter which
does not depend upon large capacitors to maintain voltage
regulation 1n a high-load transient environment, and 1s there-
fore less expensive to build, smaller 1n size and lighter 1n
weight.

Moreover, what 1s needed 1n the art 1s a converter which
achieves voltage regulation 1n a high-load transient environ-
ment without the use of precision circuitry, and 1s therefore
less complex and less expensive to build.

SUMMARY OF THE INVENTION

The present invention provides a DC/DC converter having,
a controlled output impedance and which provides for a con-
trolled droop 1n the output voltage in response to load tran-
sients.

The mvention comprises, in one form thereof, a DC/DC
converter having an output voltage and sourcing an output
current to a load. The DC/DC converter includes an error
amplifier with a reference input and a summing i1nput. The
reference mput 1s electrically connected to a reference volt-
age. The summing 1nput 1s electrically connected to the out-
put voltage and the output current. The summing input 1s
configured for adding together the output voltage and the
output current. The error amplifier 1ssues an error signal and
adjusts the error signal dependent at least 1n part upon the
output voltage and the output current. A comparator receives
the error signal. The comparator has a ramp nput electrically
connected to a voltage ramp signal. The comparator 1ssues an
output signal that 1s based at least 1n part upon said error input.
A power switch has an on condition and an oif condition, and
supplies dc current to the load when 1n the on condition. The
power switch has a control input electrically connected to the
comparator output signal. The power switch 1s responsive to
the control input to change between the on condition and the
off condition to thereby adjust the output current of the

DC/DC converter.
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An advantage of the present invention 1s that droop 1n the
output voltage of the converter 1n response to a load transient
1s controlled and reduced.

Another advantage of the present invention 1s that the need
for a plurality of large capacitors to maintain regulation of the
output voltage 1n a high-load transient environment 1s elimi-
nated, and therefore the present invention 1s less expensive to
manufacture, 1s of a lighter weight and smaller 1n size than
conventional DC/DC converters.

A Turther advantage of the present invention 1s that 1t 1s

essentially immune to errors 1n internal reference and oifset
voltages.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and advantages of
this invention, and the manner of attaining them, will become
apparent and be better understood by reference to the follow-
ing description of one embodiment of the invention in con-
junction with the accompanying drawings, wherein:

FIG. 1A includes a pair of graphs 1llustrating how conven-
tional converters droop when a load 1s applied and then
removed.

FIG. 1B includes a pair of graphs that show how the present
invention improves droop when a load 1s applied and then
removed;

FIG. 2 1s a schematic of a conventional converter;

FIG. 3 1s a schematic of one embodiment of a current mode
DC/DC converter with controlled output impedance of the
present invention; and

FIGS. 4A and 4B show examples of the summing circuit of
FIG. 3;

Corresponding reference characters indicate correspond-
ing parts throughout the several views. The exemplification
set out herein illustrates one preferred embodiment of the
invention, in one form, and such exemplification 1s not to be
construed as limiting the scope of the mvention 1n any man-
ner.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to the drawings, and particularly to FIG. 1A,
the effect of a load transient upon the output voltage of a
conventional converter 1s illustrated. The targeted no-load
output voltage of the converter 15 V., » =~ . 1he actual no-
load output voltage of the converteris V, . In the case of FIG.
1A,V ., ~-r 18 Intentionally set equal to V, ,. A load current
transient occurs at time T, ,, which results 1n a contempora-
neous and corresponding droop 1n the converter output volt-
age toalevel belowV -, »-r7 . As the demand for load current
reduces at time T, ,+1, a contemporaneous and correspond-
ing spike in the converter output voltage to a level above
V o naer 18 Observed.

Referring now to FIG. 1B, the eflect of the same load
current transient as shown in FIG. 1A 1s illustrated on a
converter having a targeted no-load output voltage of
V . »rcem . However, inthe case of FIG. 1B, the actual no-load
output voltage of the converter V, 5 1s intentionally set to be a
predetermined amount greater than V -, » -z. By intention-
ally setting V,, a predetermined amount greater than
V . reers the load transient at time T, ; results 1n a smaller-
magnitude droop in the converter output voltage. More par-
ticularly, the droop in output voltage in FIG. 1B 1s only
one-half the magnitude of the droop in converter output volt-
age observed in FIG. 1A. Thus, for a given load transient and
a fixed amount of converter output capacitance, a designer
can reduce by one-half the amount of droop 1n the output
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4

voltage of the converter by setting the actual no-load output
voltage of the converter to be a predetermined amount greater
than the targeted no-load output voltage. Alternatively, the
amount of converter output capacitance can be dramatically
reduced while maintaining a given amount of droop 1n the
converter output voltage in response to the same given load
transient by setting the actual no-load output voltage of the
converter to be a predetermined amount greater than the tar-
geted no-load voltage.

Referring now to FIG. 2, the operation of conventional
current-mode DC/DC converter 10 1s described. A constant-
frequency signal CLK sets SR-Latch 12 and turns on power
switch 14 once per every cycle of the constant-frequency
signal CLK. Power switch 14 remains on for a fraction of the
cycle of the CLK signal (known as the “Duty Cycle™) as
determined by the output of comparator 16. During the “oifl-
time” of power switch 14, diode 18 conducts current tlowing
through inductor 20 to load 22. In an alternate configuration,
diode 18 1s replaced by a second power switch (not shown),
which 1s controlled 1n a complementary fashion to power
switch 14. Such a configuration 1s known as Synchronous
Rectification.

As will be described 1n more detail hereinatter, the duty
cycle of DC/DC converter 10 1s modulated by a negative-
teedback voltage loop to maintain the desired output voltage
V or-across load 22. In a current-mode converter (as 1 FIG.
2), output voltage regulation 1s achieved 1n an indirect fashion
by controlling a sensed current. The current through power
switch 14 1s sensed, and therefore controlled, by current sen-
sor 24, and signal V .z, Which 1s proportional to the cur-
rent sensed by current sensor 24, 1s issued. However, 1t1s to be
understood that either the current through 1inductor 20 or the
current through diode 18 can be sensed instead.

To achieve output voltage regulation, output voltage V ,,
1s sensed and divided down by the voltage divider formed by
R, and R, to produce the voltage V .., at node 26. Error Amp
28 amplifies the difference between V . and the voltage ret-
erence V..~ at node 30 and produces the error voltage
V rnror at node 32. Thus, error amp 28 adjusts the Vo, »op0
voltage at node 30 as needed to achieve a power switch 14
duty cycle that forces V., at node 26 to be equal to V...
Subtraction circuit 35 subtracts V,zaer from Vioporop.
Because the current sensed by current sensor 24 1s subtracted
fromV .55 ,» 10 the form o1V, crayor, €rror amp 28 also adjusts
V zrror at node 32 1n accordance with Vo« to produce the
needed duty cycle. This results 1n an effective control, or
programming, of the current sensed by current sensor 24.
Depending on the gain of the signal conditioning block 36,
the V.,ror signal at node 32 can be proportional to the
intra-cycle peaks of the sensed current (known as Peak Cur-
rent Control) or the V ..~ signal may be proportional to the
average value of the sensed current (known as Average Cur-
rent Control).

To implement either Peak Current or Average Current Con-
trol, 1t 1s necessary to add frequency compensation to the
voltage teedback loop to achieve stability. Frequency com-
pensation 1s accomplished by C ., ,»and R,.C.,,,»and R,
add a high-frequency pole into the feedback loop that cancels
a zero that 1s due to the Equivalent Series Resistance (ESR) of
the output capacitor C,. Depending on the details of the
circuit values, this compensating pole 1s sometimes not
needed. The feedback resistor R ., 1s adjusted to control the
DC gain of error amplifier 28, and thereby provide the desired
amount of droop 1n the output voltage V ,, - of converter 10.
Since the voltage V,o,ro» at node 32 is proportional to
V, mner, Which represents the current sensed by current sen-
sor 24 and which 1s proportional to load current 1., a
reduction in DC gain will cause the output voltage V 5, to
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vary with the load current I, In this manner, a controlled
droop 1n the output impedance of converter 10 1s achieved.
For example, the voltage V..« may vary by 2V as the load
current I ,, -~ varies from O to 10 Amps. If the ratio of R to
R,, 1s equal to 10 (ten), the voltage V ,,, will decrease by
0.1V as the load current i1s increased from 0 to 10 Amps
(hence, “Droop”).

The fundamental problem with the method of converter 10
in achieving and controlling droop resides in the low DC gain
ol the voltage feedback loop. This low gain 1s used to provide
the drooping characteristic, but 1t also has an undesirable
side-effect. As a result of this low DC gain, any variations in
the V ,.,» signal or DC ofisets in current sensor 24 or com-
parator 16 will be reflected in a corresponding error 1n the
voltage V .+ Forexample, i the average value ol the voltage
V. .1 has tolerance of 200 mV, and the ratio of R -5 to R 1s
equal to 20, an additional error term of £10 mV on the voltage
V o Will result. The only known solution to this problem 1s
to design precise circuitry in order to achieve low-offset volt-
ages and/or a precise V, ,,,» voltage. The inclusion of such
precise circuitry adds substantially to the cost and complexity
of a DC/DC converter.

Referring now to FIG. 3, there 1s illustrated one embodi-
ment of an improved current-mode DC/DC converter 100 of
the present invention. DC/DC converter 10 includes SR latch
112 having a constant-frequency signal CLLK which sets latch
112 which, 1n turn, turns on power switch 114. Power switch
114, although shown schematically as a conventional switch,
1s a transistor-based switch having one or more power tran-
sistors configured to source current in response to an input
signal, which 1s the output of latch 112. Switch 114 remains 1n
the on state for a fraction of the period of the CLK signal,
which 1s known as the duty cycle, as determined by compara-
tor 116. The current flowing through load 122 1s sensed by
current sensor 124, which 1ssues signal V,czroz. The duty
cycle of power switch 114 1s modulated by a negative voltage
teedback loop. Voltage V., at node 126 1s input to error
amplifier 128. Summing circuit 129 sums voltages V,czaer
and V 5, This summed voltage 1s then divided by a voltage
divider formed by R1 and R2, thereby creating voltage V .., at
node 126. Thus, Vo158 a component o1V .. Error ampli-
fier 128 compares V -, with V.., thereby creating V . » » -
Comparator 116 compares V zpror With V.. . The output
of comparator 116 periodically resets latch 112 to thereby
determine the duty cycle of power switch 114. Error amplifier
128 includes, 1n 1ts negative voltage feedback path R 55,7~
and C . ,,,» Which provide for the frequency compensation
of V . The gain of error amplifier 128 i1s determined by the
ratio of R, 10 R;.

The most fundamental feature of DC/DC converter 100 1s
that current sensor 124 1s electrically connected to the output
voltage teedback loop. More particularly, V, oo 18 divided
by the voltage divider formed by R, and R, and this divided
portion forms part otV ... However, 1t 1s to be understood that
the current through inductor 120 or the current through diode
118 can be sensed and similarly connected to the output
voltage feedback loop, rather than the current through power
switch 114. V..~ 15 connected to the voltage feedback
loop without first being frequency compensated by error
amplifier 128, as in conventional DC/DC converter 10 of FIG.
2. The principle advantage of not performing frequency coms-
pensation upon signal V,.o.r-.z prior to the connection
thereol with the output voltage feedback signal 1s that the gain

of error amp 128 1s thereby permitted to be arbitrarily high at
DC (note the absence of RF), thus providing DC/DC con-
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verter 100 excellent output voltage accuracy that 1s essen-
tially immune to variations in the V,, ., . voltage and offset
voltages, etc.

To understand how DC/DC converter 100 creates the
desired drooping output voltage characteristic, first consider
the operation of DC/DC converter 100 under a no-load con-
dition with I ,,,,=0. In this case, V,.....~=0, and the output
voltage V ,, ol converter 100, under this no-load condition,
1s given by Vret (R, +R,)/R,. Note that R, and R, here are
intentionally chosen so that the no-load output voltage of
converter 100 1s a predetermined amount greater than the
desired target voltage. At full load, when 1,5, =1,/ V 7ernrcr
will equal Voznsr az4x and thus we have V 57 Vg gn(R +
R,)/R5 1=V spnse azax- Thus, as the current through load 122
increases from zero to full load current, output voltage V 5, -~
decreases, or droops, by V eyse arax YOIts.

Note especially that the same frequency compensation pro-
vided by R -5, and C ., ,» 15 applied to both the V . voltage
signal and the V.o current signal. In thus way, average
current mode control 1s implemented without the need for a
separate signal conditioning block (Gce(s) 1n FIG. 2). This 1s
another advantage of DC/DC converter 100. Average current
mode control and accurate droop are achieved using a single
amplifier. The frequency compensation 1n DC/DC converter
10 introduces a pole at very low frequency, which 1s set by the
characteristics of error amp 128, and a zero which 1s set by
R ~or»and C -, 5. For the voltage feedback loop, a high DC
gain 1s provided, which makes the output voltage of DC/DC
converter 100 essentially immune from errors in V ,,,» and
offset voltage errors. Likewise, in regards to current, the high
DC gain and averaging characteristic of the frequency com-
pensation provide excellent response to the average value of
the sensed current. Because of the current-mode control, the
two poles associated with the LC filter formed by inductor
120 and load capacitor 121 are split, with one pole moving to
a relatively high frequency and the other pole moving to a
relatively low frequency. The zero 1s placed before the cross-
over of the frequency compensation loop, which effectively
cancels the effect of the low-frequency pole associated with
the LC filter formed by inductor 120 and load capacitor 121.
The high frequency gain of error amp 128 1s determined by
the ratio R - ,,,~/R,. This ratio 1s adjusted to provide suitable
high frequency current gain (and the associated pole-splitting
of the LC filter poles). The high-frequency pole associated
with the LC filter formed by inductor 120 and load capacitor
121 1s used to compensate for the zero associated with the
ESR of load capacitor 121. In this manner, a response that 1s
essentially a single-pole response having excellent phase
margin 1s achieved.

Referring now to FIGS. 4A and 4B, two practical circuits
are 1llustrated for the summing of V ,,,-and V ;o In FIG.
4 A, error amplifier 128 1s configured as a summing amplifier
to sum voltages V ;- and V,.or. Ry has been added
between current sensor 124 and node 126. Note that, 1n the
configuration of FIG. 4A, 1t 1s necessary to divide the voltage
V.- by a factor of two to obtain the correct output voltage
V »»ror- I FIG. 4B, the sensed current signal 1s summed into
the V5 node 126 as a current. This 1s a particularly usetul
approach, because 1t allows the voltage V..~ to be used
directly, rather than being divided by two, and also allows the
magnitude of the droop to be easily adjusted by varying the
value of R,.

While this mnvention has been described as having a pre-
terred design, the present invention can be further modified
within the spirit and scope of this disclosure. This application
1s therefore intended to cover any variations, uses, or adapta-
tions of the present ivention using the general principles
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disclosed herein. Further, this application 1s intended to cover
such departures from the present disclosure as come within
the known or customary practice in the art to which this
invention pertains and which fall within the limits of the
appended claims.

What 1s claimed:

[1. A DC/DC converter having an output voltage and sourc-
ing an output current to a load, said DC/DC converter com-
prising:

an error amplifier having a reference iput and a summing,
input, said reference input being electrically connected
to a reference voltage, said summing input being elec-
trically connected to each of the output voltage and the
output current of said DC/DC converter, said summing
input configured for adding together the output voltage
and the output current, said error amplifier 1ssuing an
error signal and being configured for adjusting said error
signal dependent at least 1n part upon the output voltage
and the output current;

a comparator receiving said error signal, said comparator
having a ramp input electrically connected to a voltage
ramp signal, said comparator having a comparator out-
put signal, said comparator output signal based at least in
part upon said error input; and

a power switch having an on condition and an off condi-
tion, said power supply configured for supplying dc
current to the load when 1n said on condition, said power
switch having a control input electrically connected to
said comparator output signal, said power switch being
responsive to said comparator output signal to change
between said on condition and said off condition to
thereby adjust the output current of said DC/DC con-
verter.]

[2. The DC/DC converter of claim 1, wherein said power
switch comprises at least one power transistor configured for
supplying the output current to the load.]

[3. The DC/DC converter of claim 1, further comprising:

an 1nductor electrically connected between a first circuit
node and the load, said first circuit node being disposed
intermediate said power switch and the load, said induc-
tor carrying the output current to the load;

a diode electrically connected between said first circuit
node and ground, said diode being configured for carry-
ing return load current, said return load current flowing
from the load when said power switch 1s 1n said off
condition; and

a current sensor having a current 1input, a current output,
and a sensing output, the output current flowing into said
current input and out of said current output, said current
output being electrically connected to said first circuit
node, said current sensor being configured for sensing at
least one of said load current and said return load current
and for 1ssuing a sensor output signal representative of
the output current, said sensor output signal being elec-
trically coupled to said summing input of said error
amplifier.]

[4. The DC/DC converter of claim 3, further comprising a
voltage divider, said voltage divider having a divider input
and a divider output, said divider mput being electrically
connected to the output voltage and to said sensing output of
said current sensor, said divider output being electrically con-
nected to said summing input of said error amplifier.]

[5. The converter of claim 1, further comprising a summing
circuit including a voltage divider having a first resistor elec-
trically connected between said summing iput of said error
amplifier and the output voltage, a second resistor electrically
connected between said summing 1nput and said sensing out-
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put of said current sensor, and a third resistor electrically
connected between said summing input and ground.]

[6. The converter of claim 1 further comprising a summing
circuit, said summing circuit including a voltage divider hav-
ing an output voltage resistor electrically connected between
said summing mnput of said error amplifier and the output
voltage, a voltage to current converter for converting a voltage
signal representative of the output current to a current signal,
said voltage to current converter being electrically coupled to
said summing 1nput, and a second resistor connected between
said summing input and ground.]

[7. A method of providing droop in the output voltage of a
DC/DC converter having an output current, said method com-
prising the steps of:

sensing the output current to thereby determine an output
current signal representative of the output current;

turther sensing the output voltage to thereby determine an
output voltage signal representative of the output volt-
age;

summing said output current signal and said output voltage
signal to thereby determine a voltage feedback signal;

comparing said voltage feedback signal with a reference
voltage to thereby determine an error signal;

turther comparing said error signal to a ramp voltage signal
to thereby determine a current control signal; and

controlling the output voltage based at least in part upon
said current control signal.]

[8. The method of claim 7, wherein said sensing step com-
prises sensing the output current with a current sensor, said
current sensor issuing said output current signal.}

[9. The method of claim 7, wherein said summing step
comprises a summing circuit configured for adding together
said output current signal and said output voltage signal.}

[10. The method of claim 7, wherein said comparing step
comprises an error amplifier having a summing input, each of
said output current signal and said output voltage signal being
clectrically connected to said summing input, said error
amplifier having a reference input electrically connected to a
reference voltage supply, said error amplifier 1ssuing an error
signal representative of a difference between the sum of said
output current signal and said output voltage signal and the
reference voltage.]

[11. The method of claim 7, wherein said further compar-
ing step comprises a comparator having a first input electri-
cally connected to said error signal and a second input con-
nected to a voltage ramp signal, said comparator comparing
said error signal to said voltage ramp signal and 1ssuing said
current control signal.]

[12. The method of claim 7, wherein said controlling step
comprises electrically connecting said current control signal
to at least one power transistor, said power transistor config-
ured for adjustably sourcing the output current in response to
said current control signal.]

13. A controller for a DC/DC converter having an output
voltage and providing an output curvent to a load, the con-
troller comprising:

an errov amplifier adapted to issue an evvor signal depen-
dent at least in part upon a signal vepresentative of the
output voltage, a signal representative of the output
current and a first veference signal;

a comparator, vesponsive to the error signal from the evvor
amplifier, the comparator adapted to issue a comparator
signal, the comparator signal based at least in part upon
the evrvor signal and a second vefevence signal; and

wherein the ervov amplifier and the comparator are con-

figured to establish the output voltage of the converter
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which output voltage decreases with increasing load
current according to a predefined output impedance.

14. The controller of claim 13, wherein the second refer-
ence signal is a ramp.

15. A controller for a DC/DC converter having an output
voltage and providing an output curvent to a load, the con-
troller comprising:

at least one first node adapted to receive a signal repre-
sentative of the output curvent;

at least one second node adapted to rveceive a signal rep-
resentative of the output voltage;

an error amplifier, responsive to the signal representative
of the output current from the at least one first node and
the signal vepresentative of the output voltage from the at
least one second node, and adapted to issue an ervor
signal dependent at least in part upon the signal repre-
sentative of the output voltage, the signal representative
of the output curvent and a first veference signal;

a comparator, responsive to the ervor amplifier, the com-
parator adapted to issue a comparator output signal, the
comparator output signal based at least in part upon the
error signal and a second reference signal; and

compensation components coupled to the errov amplifier
that provide a high bandwidth frequency response.

16. The controller of claim 15, wherein the error amplifier

and the comparator are operable to establish the no-load
output voltage of the converter at a selected voltage above a
target no-load voltage of the DC/DC converter.

17. The controller of claim 15, wherein the error amplifier
and the comparator ave configured to establish the no-load
output voltage of the converter at a selected voltage above a
target no-load output voltage for the DC/DC converter.

18. The controller of claim 15, wherein the second refer-
ence signal is a ramp.

19. A controller for a DC/DC converter having an output
voltage and providing an output current to a load, the method
COmprising:

an evvor amplifier adapted to issue an ervor signal depen-

dent at least in part upon a signal vepresentative of the
output voltage, a signal representative of the output
curvent and a first veference signal; and

a comparator, responsive to the ervor signal from the error

amplifier, the comparator adapted to issue a comparator

signal, the comparator signal based at least in part upon

the ervor signal and a second veference signal; and
wherein the controller has a high DC gain.

20. The controller of claim 19, wherein the error amplifier
and the comparator arve configured to establish the no-load
output voltage of the converter at a selected voltage above a
target no-load output voltage for the DC/DC converter.

21. A circuit for controlling a DC/DC converter having an
output current and an output voltage, the circuit comprising.
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a circuit that combines a signal representative of the output
currvent, a signal vepresentative of the output voltage and
a first veference signal to thereby determine an ervor
signal;

a comparator, vesponsive to the ervor signal, that is
adapted to compare the error signal to a second refer-
ence signal to theveby determine a control signal; and

wherein the DC/DC converter has a high loop DC gain.

22. The circuit of claim 21, wherein the circuit that com-
bines positions a non-load output voltage of the DC/DC con-
verts at a selected voltage level above a target non-load
voltage for the DC/DC converter.

23. The circuit of claim 21, wherein the second rveference
signal is a vamp.

24. A method for controlling a DC/DC converter having an
output voltage and providing an output current to a load, the
method comprising:

receiving a signal representative of the output curvent;

receiving a signal representative of the output voltage;

issuing an error signal dependent at least in part upon the
signal representative of the output voltage, the signal
vepresentative of the output current and a first veference;

issuing a comparison signal, the comparison signal based
at least in part upon the errvor signal and a second
reference;

issuing a control signal based at least in part upon the
comparison signal, wherein the control signal controls
the DC/DC converter; and

wherein issuing the ervor signal comprises issuing the
error signal with a circuit with a high DC gain.

25. The method of claim 24, wherein the second reference

IS a ramp.

26. A controller for a DC/DC converter, the controller
COmprising.

at least one first node adapted to receive a signal repre-
sentative of the output current;

at least one second node adapted to receive a signal rep-
resentative of the output voltage; and

control circuitry, coupled to the at least one first and at
least one second nodes, the control circuitry configured
to establish a no-load output voltage of the converter at
a selected voltage above a target no-load voltage for the
DC/DC converter:

27. The controller of claim 26, wherein the control civcuitry

comprises.

an errov amplifier, vesponsive to the signal vepresentative
of the output current from the at least one first node and
the signal representative of the output voltage from the at
least one second node, and adapted to issue an ervor
signal dependent at least in part upon the signal repre-
sentative of the output voltage, the signal vepresentative
of the output current and a first veference signal; and

compensation components coupled to the ervov amplifier.

% o *H % x



UNITED STATES PATENT AND TRADEMARK OFFICE
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It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims,
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At Column 10, Line 10-11, replace “converts” with --converter--

At Column 10, Line 11, replace “target non-load” with --target no-load output--
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