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(57) ABSTRACT

A multi-phase DC/DC converter having an output voltage
and including a plurality of converter channels. Each con-
verter channel includes a converter channel mput and a
converter channel output. Each converter channel 1s config-
ured for generating a converter channel current and for
adjusting said converter channel current in response to a
control signal electrically connected to each converter chan-
nel 1nput. A control circuit generates an error signal repre-
sentative of a comparison of the converter output voltage to
a reference voltage. The control circuit includes a plurality
of control circuit channels, each of which correspond to a
converter channel. Each control circuit channel generates a
channel current signal representative of a corresponding
converter channel current, and generates a differential chan-
nel current signal representative of a comparison of the
channel current signal to an average current signal. The
average current signal 1s representative of an overall average
current for the converter channels. Each control circuit
channel generates a differential error signal representative of
a comparison of the error signal to the differential channel
current signal. Each control circuit channel includes a pulse
width modulator having a ramp input and a control input.
The control mnput 1s electrically connected to the differential
error signal. The pulse width modulator generates the con-
trol signal based upon the differential error signal. The
control signal 1s electrically coupled to a corresponding
converter channel input. The control circuit generates the
average current signal.

(Continued) 27 Claims, 2 Drawing Sheets
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MULTI-PHASE CONVERTER WITH
BALANCED CURRENTS

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

CROSS-REFERENCE TO RELATED
APPLICATTIONS

[This application claims the benefit of U.S. Provisional
Application No. 60/151,982, filed Sep. 1, 1999.]

Noftice: More than one reissue application has been filed
for the reissue of U.S. Pat. No. 6,278,263. The reissue
applications are reissue application Ser. No. 10/044,479 (the
patent reissue) and reissue application Ser. No. 10/375,926
(the present, continuation reissue application). Both Reissue
applications are reissues of the same U.S. Pat. No. 6,278,

203.

This reissue application claims the benefut of U.S. Provi-

sional patent application Ser. No. 60/151,982, filed Sep. 1,
1999,

FIELD OF THE INVENTION

The present invention relates to an apparatus and method
for balancing the individual channel currents in a multi-
phase DC/DC converter.

DESCRIPTION OF THE RELATED ART

There are no known prior art devices or methods that
specifically balance the channel currents of multi-phase
converters.

Personal computers have direct current (DC) power sup-
plies to regulate their operating voltage and current. Early
personal computers operated their circuits at £5 volts and
drew several amps of current. In order to speed-up
performance, operating voltages were dropped to the range
of £1.5 to 1.0 volts and currents have risen to 50 or more
amps. It 1s more economical to provide the 50 or more amps
from several power sources rather than from a single source.
This has led many power supply manufacturers to provide
multi-phase converters with two or more current channels.
While there are more component parts 1n multi-phase
systems, the parts themselves are smaller and typically less
expensive than the high-power parts which must be used in
a single-converter having similar current capabilities.

When multi-phase converters supply the same load there
1s often a voltage mismatch between the channels. If two or
more channels have even slightly different output voltages,
current will flow mostly from the channels with the highest
voltage. Some converters have the ability to sink as well as
source output current. In those converters, current may flow
from one channel to another, regardless of load current. This
can lead to excessive power dissipation. Additionally, the
load that these converters supply must be limited below the
combined full load capability of the individual channel.

Without the capability to share the load current, each
converter channel provides a current proportional to the
average phase voltage and the net converter resistance. The
average phase voltage 1s approximated by:

Ver=(Via~Vup)D=-V op(1-D)
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where:
V,» 1s the mput voltage,
V., 15 the voltage drop across the upper switch,

V; ow 18 the voltage across the lower switch, and

D 1s the duty cycle.

The net converter resistance includes the summation of
the mnductor winding resistance, any trace resistance, and the
time multiplexed resistance of the upper and lower power
switches.

In multi-phase converters, the ability to equally share the
load current depends upon the matching of parameters and
components between each of the phases or channels. Current
sharing 1s particularly sensitive to any duty cycle mismatch
between channels. Matching the duty cycle of multiple
phases 1s difficult because of i1nherent component mis-
matches that can induce timing errors. As a result, any
channel may be forced to carry significantly more than its
proportional share of the load current. For example, in a
four-phase converter with four converter channels, one
channel may carry 40% of the load current while the other
channels each carry 20%, rather than each channel carrying
the 1deal 25%. Thus, each channel must be sized to carry at
least 40% of the projected output current, or 15% more than
its proportionate share. Designing each of the four channels
for 40% of the projected output current, rather than for 25%
of the projected output current, requires the use of oversized
power output transistors and passive components, such as,
for example, inductors and resistors, in order for each
channel to sately conduct a higher proportion of load
current. Since the distribution of the load varies, each power
transistor must be larger than needed for the total load.
However, 1f the load 1s more evenly distributed smaller
transistors as well as smaller passive components can be
used to achieve the same load current capability as oversized
prior art systems. Smaller transistor and passive components
are less expensive and more efficient than larger, higher-
power components.

Therefore, what 1s needed in the art 1s a multi-phase
converter which equally shares the load current between
cach of the phases or channels.

Furthermore, what 1s needed 1n the art 1s a multi-phase
converter which uses smaller transistors and smaller passive
components to produce a given load current capability,
thereby making 1t less expensive to produce and sell.

SUMMARY OF THE INVENTION

The present 1nvention provides an apparatus and method
for balancing the channel currents 1n a multi-phase DC/DC
converter.

The invention comprises, in one form thereof, a mul-
tiphase DC/DC converter having an output voltage and
including a plurality of converter channels. Each converter
channel includes a converter channel input and a converter
channel output. Each converter channel 1s configured for
generating a converter channel current and for adjusting said
converter channel current in response to a control signal
clectrically connected to each converter channel input. A
control circuit generates an error signal representative of a
comparison of the converter output voltage to a reference
voltage. The control circuit includes a plurality of control
circuit channels, each of which correspond to a converter
channel. Each control circuit channel generates a channel
current signal representative of a corresponding converter
channel current, and generates a differential channel current
signal representative of a comparison of the channel current
signal to an average current signal. The average current
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signal 1s representative of an overall average current for the
converter channels. Each control circuit channel generates a
differential error signal representative of a comparison of the
error signal to the differential channel current signal. Each
control circuit channel includes a pulse width modulator
having a ramp 1nput and a control mput. The control 1nput
1s electrically connected to the differential error signal. The
pulse width modulator generates the control signal based
upon the differential error signal. The control signal 1s
electrically coupled to a corresponding converter channel
mput. The control circuit generates the average current
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and advantages
of this mmvention, and the manner of attaining them, will
become apparent and be better understood by reference to
the following description of one embodiment of the 1mnven-
tion 1n conjunction with the accompanying drawings,
wherein:

FIG. 1 1s a block diagram of a four-phase, four-channel
converter; and

FIG. 2 shows the control circuit for the four-channel
converter system in FIG. 1.

Corresponding reference characters indicate correspond-
ing parts throughout the several views. The exemplification
set out herein illustrates one preferred embodiment of the
invention, 1n one form, and such exemplification 1s not to be

construed as limiting the scope of the invention 1n any
manner.

DETAILED DESCRIPTION OF THE DRAWINGS

Generally, the multi-phase converter of the present inven-
fion has multiple converter channels to source the load
current. Each converter channel can be considered as an
independent converter, and 1s controlled by a pulse-width
modulated (PWM) signal. For this discussion, each con-
verter channel 1s a buck converter or synchronous-rectified
buck converter. The converters may share a common output
capacitance.

Referring now to the drawings, and particularly to FIG. 1,
there 1s shown one embodiment of a 4-channel multi-phase
converter 10 of the present mnvention. Converter 10 drives
load 12 and includes control circuit 14. Interconnected
electrically between load 12 and control circuit 14 are, for
example, four synchronous-rectified buck channels or con-
verter channels 18a, 18b, 18c, 18d. More particularly, each
converter channel 18a, 18b, 18c, 18d includes a respective
converter channel mput 22a, 22b, 22c¢, 22d. Control circuit
14 includes four control circuit outputs 14a, 14b, 14c, 14d,
cach of which are electrically connected to a respective one
of converter channel mnputs 22a, 22b, 22¢, 22d. Each con-
verter channel 18a, 18b, 18c, 18d further includes a respec-
tive converter channel output 24a, 24b, 24¢, 24d, through
which flows a respective converter channel current. Control
circuit 14 provides at each output 14a, 14b, 14c, 14d, a
separate and i1ndependent PWM signal, PWM1, PWM2,
PWMJ3, PWM4, to each converter channel mput 22a, 22b,
22¢,22d. The four PWM signals regulate the current flowing,
through each converter channel output 24a, 24b, 24c, 24d.

As will be described more particularly hereinafter, the
output currents of converter channels 18a, 18b, 18c, 18d, are

separately and mdividually fed back to control circuit 14.
The individual PWM signals PWM1, PWM2, PWMJ3,

PWM4 at each control circuit output 14a, 14b, 14¢, 14d,
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4

respectively, are modified based at least 1n part upon the
fed-back converter channel current. The modified or
adjusted individual PWM signals PWM1, PWM2, PWMJ,
PWM4 are provided to each converter channel imnput 22a,

22b, 22¢, 22d. More particularly, control circuit 14 includes
current feedback lines 28a, 28b, 28c, 28d which electrically

connect a respective one of converter channel outputs 24a,
24b, 24c, 24d to a respective one of control circuit mputs

32a, 32b, 32¢, 32d. Thus, each of current feedback lines 28a,
28b, 28c, 28d provide a current feedback path for each of the
converter channel currents flowing through converter chan-
nels 18a, 18b, 18c, and 18d, respectively. Each of feedback
lines 28a, 28b, 28c, 28d, are considered as forming a part of
four separate control circuit channels.

It 1s preferred to use a feedback method that provides a
separate feedback signal from each of converter channels
18a, 18b, 18c, 18d to each control circuit channel. The
separate feedback signals are each proportional to the con-
verter channel current being sourced by a corresponding
converter channel. The operation of each channel 18a, 18b,
18c, 18d 1s then individually and separately adjusted on the
basis of the fed-back converter channel current to balance
the converter channel currents relative to each other. Pro-
viding to each control circuit channel a feedback signal that
1s proportional to the current being sourced by a correspond-
ing converter channel eliminates issues with component
mismatch between the converter channels. Generally, and as
will be described with more particularity hereinafter, con-
verter 10 subtracts from an error amplifier’s output a signal
that 1s proportional to the converter current imbalance
existing between the converter channels to thereby correct
for any imbalance between the converter currents.

Feed back path 34 electrically connects output 36 of
converter 10 to feedback mput 32f of control circuit 14.
Control circuit 14 thus receives via feed back path 34 the
voltage being supplied to load 12.

Referring now to FIG. 2, control circuit 14 1s shown 1n
more detail. Generally, and as will be described with more
particularity hereinafter, the converter channel current of
cach converter channel 18a, 18b, 18c, 18d 1s individually
compared to the overall average converter channel current of
all the converter channels 18a, 18b, 18c, and 18d. The
current of each converter channel 18a, 18b, 18c, 18d 1s then
individually and separately adjusted to bring it closer to the
average and, therefore, making the converter channel current
in each of converter channels 18a, 18b, 18¢, 18d substan-
tially equal to each other.

Error amplifier (E/A) 42 has a first mnput 32f electrically
connected via feedback path 34 to output 36 of converter 10.
E/A 42 compares the voltage at converter output 36, or the
load voltage, to a reference voltage REF electrically con-
nected to mput 42a of error amplifier 42. The output voltage
VE/A appearing on output 42b of E/A 42 increases when the
voltage at output 36 of converter 10 1s below the reference
voltage applied to mput 42a of E/A 42. Conversely, the
output voltage VE/A appearing on output 42b of E/A 42
decreases when the voltage at output 36 of converter 10 1s
above the reference voltage applied to mput 42a of E/A 42.
The current flowing from each converter channel output 24a,
24b, 24c, 24d flows through a series resistor (not shown) in

cach of current feedback paths 28a, 28b, 28c, 28d to thereby

create Vispnse1s Visensezs Yisensess a0d Viepyoopa, Tespec-

tively. Each of Vi genr1s Visensess Visenses a0d Viseaspas
1s proportional to the individual converter channel current

flowing through converter channel outputs 24a, 24b, 24c,
24d, respectively. Each of V,spnsp1, Visensezs Visesnes» and
V,eeasras 18 €lectrically connected to control circuit 14 via
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feedback paths 28a, 28b, 28c, 28d, respectively. However, 1t
1s to be understood that the series resistor may be integrated
within control circuit 14, in which case feedback paths 28a,
28b, 28c, 28d would deliver the converter channel currents
flowing through converter channel outputs 24a, 24b, 24c,
24d, respectively, and m which case V,crnoris Viernseos
Vi, and Vi, would be created internally of
control circuit 14.

Summing circuit 44 includes mputs 44a, 44b, 44c, 44d,
cach of which are electrically connected to control circuit
inputs 32a, 32b, 32c, 32d, thereby connecting inputs 44a,
44b, 44c, 44d of summing circuit 44 10 V,crarer1s Y isensess
Vicrnsras Viseaeras fespectively. Summing circuit 44 adds
together each of Vispnse1, Visensezs Visenses, and
V eeasra, and produces a signal proportional to the sum of
Visense1s Visensezs YVisensess a4 Vigeayerg at output 44t
Output 441 of summing circuit 44 1s electrically connected
to mput 46a of scaling circuit 46. Scaling circuit 46 scales
(i.c., divides by 4) the sum of V,;czasr1> Visensess YISENSE3s
and Vepaes t0 thereby produce signal V., which 18

proportional to the average of Vi sznse1s Visensers Yisensess
and V,czrera, at output 46b.

Each control circuit channel includes a respective sub-
traction circuit 48, 50, 52, 54. Each of subtraction circuits
48, 50, 52, 54 mnclude mputs 48a and 48b, 50a and 50b, 52a
and 52b, and 54a and 54b, respectively. Input 48a of
subtraction circuit 48 1s electrically connected to input 32a
of control circuit 14, thereby connecting input 48a of sub-
traction circuit 48 t0 V,.zrerq, Input 50a of subtraction
circuit 50 1s electrically connected to input 32b of control
circuit 14, thereby connecting input 50a of subtraction
circult 48 to V,o-nor»- Input 52a of subtraction circuit 52 1s
clectrically connected to mput 32¢ of control circuit 14,
thereby connecting mput 52a of subtraction circuit 48 to
V,aors L1IKewlse, Input S4a of subtraction circuit 54 1s
clectrically connected to input 32d of control circuit 14,
thereby connecting input 54a of subtraction circuit 48 to
V, eenvsra. Each mput 48b, 50b, 52b, and 54b of subtraction
circuits 48, 50, 52, 54, respectively, 1s electrically connected

to output 46b of scaling circuit 46, thereby connecting each
input 48b, 50b, 52b, 54b to V Each of the subtraction

circuits 48, 50, 52, 54, Subi;zrgée \Y% from each of

(Zverad ge

Visense1s Visensezs Visensess a0d Vigeyge,. More
particularly, subtraction circuit 48 subtracts V... from
Visense1» subtraction circuit 8O subtracts V... from
Visensgs» Subtraction circuit 82 subtracts V... from
Vsenses» and subtraction circuit 54 subtracts V.. from

V,eeaora. 1he results of the subtraction performed by each
of subtraction amplifiers 48, 50, 52, 54 represent the differ-
ence between the current flowing through a respective one of
converter channels 18a, 18b, 18c, 18d and the average of the
converter channel currents being sourced conjunctively by
converter channels 18a, 18b, 18c, 18d (i.e., the value rep-
resented by V. ....). Outputs 48¢, S0c, 52¢, and S4¢ of
subtraction circuits 48, 50, 52, 54, respectively, are electri-
cally connected to a respective one of compensation circuits

G.

Each control circuit channel also includes a compensation
circuit G1, G2, G3, G4. Each compensation circuit G1, G2,
G3, G4 performs current loop compensation functions, such
as, for example, gain or filter functions to shape the current
feedback wave, to achieve adequate current balancing, or to
prevent current loop instability. Each compensation circuit
G1, G2, G3, G4 may 1nclude at least one pole and zero. The
output of each compensation circuit G1, G2, G3, G4 repre-
sents the difference between the current flowing through a
respective one of converter channels 18a, 18b, 18¢, 18d and
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6

the overall average of the converter channel currents being
sourced conjunctively by converter channels 18a, 18b, 18c,
18d (1.e., the value represented by V,_ ......), and is repre-
sented by signals Al,, AL,, Al;, A, , respectively. Thus,
signals Al,, Al,, Al,, Al,, represent the difference between
the overall average of the converter channel currents being
sourced conjunctively by converter channels 18a, 18b, 18c,
18d (i.e., the value represented by V,,,.,,...) and the actual
value of the current flowing within converter channels 18a,
18b, 18c, and 18d, respectively. More particularly, and for
example, Al, represents the difference between the overall
average of the converter channel currents being sourced
conjunctively by channels 18a, 18b, 18c, 18d, and the actual
value of the converter channel current flowing within con-
verter channel 18a. Likewise, and as a further example, Al,
represents the difference between the overall average of the
converter channel currents being sourced conjunctively by
converter channels 18a, 18b, 18c, 18d, and the actual value
of the current flowing within converter channel 18b. Ideally,
cach of the AL, AL,, AL;, and Al, signals will be zero, thus
indicating equal converter channel currents are flowing
through each of converter channels 18a, 18b, 18c, 18d.
Signals Al,, AL,, Al;, Al, are 1nput 1nto subtraction circuits
58, 60, 62, 64, respectively.

Each control circuit channel includes a subtraction circuit
58, 60, 62, 64. Each of subtraction circuits 58, 60, 62, 64
include respective mputs 38a and 538b, 60a and 60b, 62a and
62b, and 64a and 64b. Inputs 58a, 60a, 62a, and 64a arc
clectrically connected to G1, G2, G3, and G4, respectively,
thereby connecting each of subtraction circuits 58, 60, 62,
and 64 to signals Al,, AlL,, Al;, Al,, respectively. Each of
inputs 58b, 60b, 62b, and 64b, are clectrically connected to
output 42b of E/A 42, thereby connecting each subtraction
circuit 58, 60, 62, and 64 to VE/A. As described
hereinabove, VE/A 1ncreases when the voltage at output 36
of converter 10 1s below the reference voltage REF applied
to input 42a of E/A 42. Conversely, the output voltage VE/A
of output 42b decreases when the voltage at output 36 of
converter 10 1s above the reference voltage REF applied to
input 42a of E/A 42. Difference or subtraction circuits 38,
60, 62, and 64 compare a respective one of Al,, Al,, Al;, and
Al, to signal VE/A. Outputs 58c, 60c, 62c, and 64c of
subtraction circuits 38, 60, 62, 64, respectively, are electri-
cally connected to a respective one of PWM amplifiers 68,
70, 72, 74.

Each control circuit channel includes a PWM amplifier
68, 70, 72, 74. Each of PWM amplifiers 68, 70, 72, 74
include 1nputs 68a and 68b, 70a and 70b, 72a and 72b, and
74a and 74b, respectively. Inputs 68a, 70a, 72a, 74a are
clectrically connected to outputs 58c, 60c, 62c, 64c,

respectively, of subtraction circuits 58, 60, 62, 64, respec-
tively. Each mnput 68b, 70b, 72b, 74b 1s connected to a

reference PWM waveform. PWM amplifiers 68, 70, 72, 74
modify the reference PWM waveform dependent at least 1n
part upon mputs 68a, 70a, 72a, 74a, respectively. More
particularly, the pulse width of the reference PWM will be
individually and separately modified by each PWM ampli-
fier 68, 70, 72, 74 dependent at least 1n part upon a respective
onc of inputs 68a, 70a, 72a, 74a. The individually and
separately modified reference PWM wavelorms appear at
control circuit outputs 14a, 14b, 14¢, 14d of PWM amplifiers
68, 70, 72, 74, respectively, as signal PWM1, PWM2,
PWMJ3, and PWM4, respectively. The modification of the
reference PWM wavetform by each PWM amplifier 68, 70,
72, and 74 1s 1n such a direction as to bring the converter
channel current of each converter channel 18a, 18b, 18c, 18d
closer to the average output current, V More

dverage’
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particularly, the pulse width of each of signals PWMI,
PWM2, PWM3, PWM4, will be modified (i.e. shortened or
lengthened) in such a direction as to bring the converter
channel current of each converter channel 18a, 18b, 18c, 18d
closer to the average output current, V... Each signal
PWMI1, PWM2, PWMJ3, and PWM4 of PWM amplifiers 68,
70,72,74, respectively, 1s electrically connected to a respec-
five one of converter channel mputs 22a, 22b, 22¢, and 22d,
respectively, as described hereinabove.

In use, when converter 10 1s operating under, for example,
the condition that converter channel 18a 1s carrying a
converter channel current that 1s higher than the average of
all converter channel currents, as represented by V. ,..c,
subtraction circuit 48 will generate a positive Al, signal.
This positive Al, 1s mnput 1nto subtraction circuit 58. Sub-
traction circuit 538 subtracts the positive Al, signal from
VE/A, 1.e. the output of error amplifier 42, thereby reducing

output 38c, which is electrically connected to mput 68a of
PWM 68. In response, PWM 68 reduces the pulse width of

PWMI1 at output 14a. The reduction in pulse width of
PWMI1 reduces the converter channel current flowing
through converter channel 18a to a value closer to the
average of all converter channel currents, as represented by
V iverage: CONVersely, when converter 10 1s operating under,
for example, the condition that converter channel 18b 1is
carrying a converter channel current that 1s lower than the
average of all converter channel currents, as represented by
Vaverages @ Degative Al signal 1s generated by subtraction
circuit S0. This negativeAl, signal 1s 1input into subtraction
circuit 60. Subtraction circuit 60 subtracts the negative Al,
signal from VE/A, 1.e. the output of error amplifier 42, and
the output 60c, which 1s electrically connected to input 70a
of PWM 70, 1s increased. In response, PWM 70 1ncreases
the pulse width of PWM2 at output 14b. The increase 1n
pulse width of PWMZ2 1ncreases the current flowing through
channel 18b to a value closer to the average of all converter

channel currents, as represented by V

EIVE‘F"EIgE"

In the embodiment shown, converter 10 includes four
converter channels 18a, 18b, 18c, 18d, and control circuit 14
includes four control circuit channels, each including a
respective subtraction circuit 48, 50, 52, 54, another respec-
five subtraction circuit 58, 60, 62, 64, a respective compen-
sation circuit G1, G2, G3, G4, a respective PWM amplifier
68,70,72,74, and a respective feedback path 28a, 28b, 28c,
28d. However, 1t 1s to be understood that converter 10 can
be configured to include any number of channels with
control circuit 14 be configured with a corresponding num-
ber of control circuit channels.

In the embodiment shown, compensation circuits G1, G2,
G3, G4 cach perform current loop compensation functions,
such as, for example, gain or {filter functions to shape the
current feedback wave, or to prevent current loop instability.
However, 1t 1s to be understood that 1t 1s not always
necessary to incorporate compensation circuits into the
present mvention.

In the embodiment shown, signals Vi, coaver1s Vicracrss
Vicmaeps, and Voo, are proportional to the current in
cach of feedback loops 28a, 28b, 28c, 28d, respectively.
However, it 1s to be understood that the V, ... Signals may
be alternately configured such as being based upon or based
partly upon the current carried by the feedback loops, rather
than being strictly proportional thereto.

In the embodiment shown, circuits 48, 50, 52, 54, and
circuits 58, 60, 62, 64 arc configured as subtraction circuits.
However, 1t 1s to be understood that each of circuits 48, 50,

52, 54, and circuits 58, 60, 62, 64 could be alternatively
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configured, such as, for example, difference amplifiers, to
produce an output signal representative of the difference
between signals 1nput 1nto the circuits.

While this imvention has been described as having a
preferred design, the present invention can be further modi-
fied within the spirit and scope of this disclosure. This
application 1s therefore intended to cover any variations,
uses, or adaptations of the present invention using the
general principles disclosed herein. Further, this application
1s intended to cover such departures from the present dis-
closure 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 multi-phase DC/DC converter having an output
voltage, said converter comprising:

a plurality of converter channels, each of said plurality of
converter channels including a converter channel input
and a converter channel output, each of said plurality of
converter channels being configured for generating a
converter channel current and for adjusting said con-
verter channel current 1n response to a control signal
clectrically connected to each said converter channel
Input;

a control circuit, comprising:

means for generating an error signal, said error signal
being representative of a comparison of said output
voltage to a reference voltage;

a plurality of control circuit channels, each of said plu-
rality of control circuit channels corresponding to one
of said plurality of converter channels, each of said
plurality of control circuit channels comprising:
means for generating a channel current signal, said
channel current signal being representative of a
corresponding converter channel current;

means for generating a differential channel current
signal, said differential channel current signal being,
representative of a comparison of said channel cur-
rent signal to an average current signal, said average
current signal being representative of an overall
average current for said plurality of converter chan-
nels;

means for generating a differential error signal, said
differential error signal being representative of a
comparison of said error signal to said differential
channel current signal; and

a pulse width modulator having a ramp input and a
control 1nput, said control input being electrically
connected to said differential error signal, said pulse
width modulator configured for generating said con-
trol signal, said control signal being based at least 1n
part upon said differential error signal, said control
signal being electrically coupled to a corresponding
said converter channel input; and

means for generating said average current signal.

2. The multi-phase DC/DC converter of claim 1, wherein
cach of said plurality of control circuit channels further
includes a respective compensation circuit.

3. The multi-phase DC/DC converter of claim 2, wherein
cach said compensation circuit comprises a frequency com-
pensation circuit having at least one pole and zero, said
frequency compensation circuit being configured for at least
one of optimizing and stabilizing said differential channel
current signal.

4. The multi-phase DC/DC converter of claim 1, wherein
saild means for generating a differential channel current
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signal comprises a first subtracting circuit configured for
subtracting said channel current signal from said average
current signal.

5. The multi-phase DC/DC converter of claim 1, wherein
said means for generating an error signal comprises an error
amplifier having a first input and a second input, said first
input being electrically connected to said first mput, said
seccond 1nput being electrically connected to a reference
voltage.

6. The multi-phase DC/DC converter of claim 1, wherein
said means for generating a differential error signal com-
prises a second subtracting circuit configured for subtracting,
said error signal from said differential channel current
signal.

7. The multi-phase DC/DC converter of claim 1, wherein
cach of said plurality of control circuit channels includes a
control circuit channel input, said means for generating a
channel current signal comprises a current feedback path,
said current feedback path electrically coupling said control
circuit channel 1nput to a corresponding said converter
channel output.

8. The multi-phase DC/DC converter of claim 1, wherein
said means for generating said average current signal com-
prises a scaling circuit and a summing circuit electrically
connected to said scaling circuit, said summing circuit
configured for adding together each respective said channel
current signal and for generating a sum signal representative
thereol, said scaling circuit configured for scaling said sum
signal and for generating said average current signal.

[9. A method of balancing a plurality of channel currents,
cach of said plurality of channel currents flowing 1n a
corresponding one of a plurality of channels in a multi-phase
DC/DC converter, said DC/DC converter having an output
voltage, said method comprising the steps of: sensing each
of said plurality of channel currents to thereby determine a
plurality of channel current signals;

averaging together said plurality of channel current sig-
nals to thereby determine an average channel current
signal;

comparing cach of said plurality of channel current sig-
nals to said average channel current signal to thereby
determine a respective differential channel current sig-
nal for each of said plurality of channels;

further comparing said output voltage to a reference
voltage to thereby determine an error signal;

furthermore comparing each said differential channel cur-
rent signal to said error signal to thereby determine a
respective differential error signal for each of said
plurality of channels; and

adjusting each of said plurality of channel currents based
at least 1n part upon a corresponding said differential
error signal to thereby make each of said plurality of
channel currents substantially equal to each other.]}

[10. The method of claim 9, comprising the further step of
stabilizing and optimizing said differential channel current
signal.]

[11. The method of claim 10, wherein said stabilizing and
optimizing step comprises filtering each said differential
channel current signal with a frequency compensation
circuit, said frequency compensation circuit having at least
one pole and zero.]

[12. The method of claim 9, wherein said averaging step
COMpPrises:

adding with a summing circuit each of said plurality of
channel current signals to thereby produce a summing
signal; and
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scaling said summing signal with a scaling circuit to
thereby produce said average channel current signal.}

[13. The method of claim 9, wherein said comparing step
comprises subtracting with a subtracting circuit said average
channel current signal from each of said plurality of chan-

nel.]

[14. The method of claim 9, wherein said further com-
paring step comprises subtracting with a subtracting circuit
said reference voltage from said output voltage of said
converter. ]

[15. The method of claim 9, wherein said furthermore
comparing step comprises subtracting with a subtracting
circuit said error signal from each said differential channel
current signal.]

[16. The method of claim 9, wherein said adjusting step
comprises electrically coupling a respective one of each said
differential error signal to an input of a corresponding pulse
width modulator, each said pulse width modulator config-
ured for i1ssuing a control signal, each said control signal
based at least 1n part upon a corresponding said differential
error signal, each said control signal being electrically
coupled to a corresponding one of said plurality of channels,
cach of said plurality of channels being configured for
adjusting a corresponding one of said plurality of channel
currents based at least 1n part upon said control signal to
thereby make each of said plurality of channel currents
substantially equal to each other.]

17. A multi-phase DC/DC converter, comprising:
a converter output;

a plurality of converter channels, each of said plurality of
converter channels having a respective converter chan-
nel mput and a respective converter channel output,
cach said converter channel output being electrically
connected to said converter output, each of said plu-
rality of converter channels being configured for sourc-
ing a respective channel current, each of said plurality
of converter channels being configured to adjust a
corresponding said channel current 1n response to a
control signal electrically connected to a corresponding
said converter channel mnput; and

a control circuit, comprising:

a summing circuit having a plurality of summing circuit
inputs and a summing circuit output;

a plurality of current feedback paths, each of said
plurality of current feedback paths electrically con-
necting a respective said converter channel output to
a corresponding one of said plurality of summing
circuit inputs;

a scaling circuit having a scaling input and a scaling
output, said scaling 1nput being electrically con-
nected to said sing circuit output;

a plurality of first subtraction circuits each having a first
input, a second iput and a first subtraction circuit
output, each said second input being electrically
connected to said scaling output, each said first input
being electrically connected to a corresponding one
of said plurality of current feedback paths;

an error amplifier having a reference input, an error
input, and an error output, said reference input being
clectrically connected to a reference voltage;

a voltage feedback path connecting said converter
output to said error mput of said error amplifier;

a plurality of second subtraction circuits each having a
first 1nput, a second mnput and a second subtraction
circuit output, each said first input being electrically
connected to said error output, each said second
input being electrically connected to a corresponding,
said first subtraction circuit output; and
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a plurality of pulse width modulators each having a
ramp 1nput, a control mput, and a pulse width
modulator output, each said control i1nput being
clectrically connected to a corresponding said sec-
ond subftraction circuit output, each said ramp 1nput
being connected to a ramp voltage source, each said
pulse width modulator output being electrically con-
nected to a corresponding said converter channel
input.

18. The DC/DC converter of claim 17, further comprising
a plurality of frequency compensation circuits each having
an mput and an output, each said mput being electrically
connected to a corresponding said first subtraction circuit
output, each said output being electrically connected to a
corresponding said second input of one of said plurality of
said second subtraction circuits.

19. A control circuit for a multi-phase DC/DC converter
having an output voltage, the control circuit comprising:

an averaging circull, responsive to a plurality of channel
current signals representative of channel currents for a
plurality of channels, that averages the values of the
plurality of channel current signals to produce one or
more signals representative of the average channel
current;

an error amplifier, responsive to the output voltage and a
reference signal, the error amplifier providing a com-
mon error signal; and

a plurality of pulse width modulator circuits, each respon-
sive to the common error signal, the one or more
signals representative of the average channel current,
one of the plurality of channel current signals, and a
second reference signal to produce a plurality of pulse
width modulated signals to control the plurality of
channels of the multi-phase DC/DC converter.

20. The control circuit of claim 19, wherein the averaging

circuit further comprises:

a summing circuit to add the plurality of channel current
signals to produce a sum; and

a scaling circuit to produce the one or more signals
representative of the average channel current from the
SUm.

21. The control circuit of claim 19, further comprising:

a signal combiner circuit responsive to at least the one or
more signals representative of the average channel
current from the averaging circuit and producing an
output signal; and

wherein the pulse width modulator circuit has at least a
first tnput responsive to the output signal of the signal
combiner circuit.

22. The control circuit of claim 21, wherein each pulse
width modulator circuit has a second input responsive (o the
second reference signal.

23. The conirol circuit of claim 19, further comprises:

a first difference circuit producing an output signal;

a second difference circuit coupled to recerve an output of
the averaging circuit and an associated channel cur-
rent signal, the second difference circuit is adapted to
output a signal that is equal to the associated channel
current signal minus the one or more signals represen-
tative of the average channel current, and ouiput of the
second difference circuit is coupled to an input of the
first difference circuit; and

wherein the pulse width modulator circuit has a first input
responsive to the output signal of the first difference
circull.
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24. The control circuit of claim 23, wherein the first
difference circuit further recetves an output from the error
amplifier and the output of the second difference circuit.

25. A multi-phase DC/DC converter having an ouiput
voltage comprising.:

a plurality of converter channels to supply a plurality of

channel currents, each converter channel having a
control input and an output; and

a control circuit coupled to the conirol input of each
converter channel to provide each converter channel
with an associated pulse width modulated signal to
regulate the channel curreni flowing through each
converter channel, the control circuit is further coupled
lo receive channel current signals representative of the
plurality of channel currents, the control circuit

COMPYISINgG,

a scaling circuit, responsive to the plurality of channel
current signals, that produces one or more scaled
values based on the plurality of channel current
signals,

an error amplifier, responsive to the output voltage and
a first reference signal, the error amplifier providing
a common error signal, and

a plurality of pulse width modulator circuits, each
pulse width modulator circuit responsive to the com-
mon error signal, the one or more scaled values, one
of the plurality of channel current signals, and a
second reference signal to produce a plurality of
pulse width modulated signals to control the plural-
ity of channels of the multi-phase DC/DC converter.

20. The DC/DC converter of claim 25, wherein the scaling
CLrCULl COmMprises.

a summing circuit to sum up the plurality of channel
current signals; and

a scaler, responsive to an output signal from the summing
circuit, that produces the one or more scaled values.

27. The DC/DC converter of claim 25, wherein the scaling

circuit comprises an averaging circuil that prodices one or

more signals representative of the average channel current

signal.
28. The DC/DC converter of claim 25, further compris-

Ing:

a signal combiner responsive to the one or more scaled
values of the scaling circuit and producing an ouitput
signal; and

wherein the pulse width modulator circuit has a first input
responsive to the output signal of the signal combiner
cLycult.

29. The DC/DC converter of claim 28, wherein each pulse

width modulator circuit has a second input responsive (o the
second reference signal.

30. A multi-phase DC/DC converter having an oulput
voltage, the converter comprising:

a plurality of converter channels, each converter channel
having a control input to recetve a control signal and
an output, wherein each converter channel is adapted
fo output a converter channel current based at least on
the control signal received at the control input of the
converter channel; and

a control circuit comprising,

an error amplifier to output a common error signal, the
error amplifier coupled to a first reference signal and
the output voltage, a summing circuilt coupled to
receive channel current signals representative of the
converter channel currents, the summing circuit out-
putting a cumulative current signal representative of
the summation of the channel current signals,
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a scaling circuit coupled to the summing circuit and
producing one or more scaled signals based on the
cumulative current signal, and

a pulse width modulator for each converter channel,
each pulse width modulator responsive to a combi-
nation of the one or more scaled signals, an asso-
ctated channel current signal, a second reference
signal, and the common error signal.

31. The multi-phase DC/DC converter of claim 30,
wherein each pulse width modulator has a first and second
input, the first input of each pulse width modulator coupled
to a combination of three of the one or more scaled signals,
an associated channel current signal, a second reference
signal and the error signal and the second input of each
pulse width modulator coupled to the remaining one of the
signals.

32. The DC/DC converter of claim 31, wherein the scaling
circuit divides the cumulative current signal by the number
of converter channels to produce the one or more scaled
signals.

33. The DC/DC converter of claim 31, wherein the scaling
ctrcuit multiplies the cumulative current signal by a fraction
to prodiuce the one or more scaled signals.

34. A control circuit for a multi-phase DC/DC converter
having an output voltage, the control circuit comprising:

a scaling circuit, responsive to a plurality of channel
current signals representative of channel currents for a
plurality of channels, that scales the values of the
plurality of channel current signals to produce one or
more scaled signals;
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an error amplifier, responsive to the output voltage and a

reference signal, the error amplifier providing a com-
mon error signal; and

a plurality of pulse width modulator circuits, each respon-
sive to the common error signal, the one or more scaled
signals, one of the plurality of channel current signals,
and a second reference signal to produce a plurality of
pulse width modulated signals to conitrol the plurality
of channels of the multi-phase DC/DC converter.

35. A control circuit for a multi-phase DC/DC converter

having an output voltage, the control circuit comprising:

a scaling circuil, responsive to a plurality of channel
current signals representative of channel currents for a
plurality of channels, that scales the values of the

plurality of channel current signals to produce one or
more scaled signals;

an error amplifier, responsive to the output voltage and a
reference signal, the error amplifier providing a com-
mon error signal; and

a plurality of pulse width modulator circuits, each respon-
sive to the common ervor signal, the one or more scaled
signals, and one of the plurality of channel current
signals to produce a plurality of pulse width modulated

signals to control the plurality of channels of the
mulii-phase DC/DC converter:
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