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(57) ABSTRACT 
Techniques for performing DC to DC power conversion in 
Switch-mode converter circuits include combinations of 
dynamic Switch shedding, phase shedding, symmetric phase 
circuit topologies, and asymmetric phase circuit topologies. 
In at least one embodiment of the invention, a method of 
operating a power converter circuit includes operating a first 
phase Switch circuit portion using a first number of Switch 
devices when the power converter circuit is configured in a 
first mode of operation. The first number is greater than Zero. 
The method includes operating the first phase switch circuit 
portion using the first number of switch devices when the 
power converter circuit is configured in a second mode of 
operation. The method includes operating a second phase 
Switch circuit portion using a second number of Switch 
devices when the power converter circuit is configured in the 
second mode of operation. The second number is greater 
than the first number. 
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ASYMMETRIC TOPOLOGY TO BOOST 
LOW LOAD EFFICIENCY IN MULT-PHASE 
SWITCH-MODE POWER CONVERSION 

5 
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; a claim printed with strikethrough 
indicates that the claim was canceled, disclaimed, or held 10 
invalid by a prior post-patent action or proceeding. 

BACKGROUND 

1. Field of the Invention 15 
This application relates to power converter circuits and 

more particularly to DC to DC power converter circuits. 
2. Description of the Related Art 
DC to DC power converter circuits, which are particularly 

useful in low-power electronic devices, convert a source of 20 
direct current from a first voltage level to a second Voltage 
level (FIG. 1). A typical switch-mode (i.e., switched, 
Switched-mode, Switch-mode, Switching-mode, etc.) DC to 
DC power converter converts the first voltage level to the 
second Voltage level by temporarily storing energy in a 25 
magnetic component (e.g., an inductor or transformer) or a 
capacitor circuit (e.g., Switched capacitor circuit) and then 
releasing the energy, at a different voltage, from the mag 
netic component to a load. In general, actual Switch-mode 
DC to DC power supply designs have less than 100%. 30 
conversion efficiency and provide an output Voltage that has 
an error Voltage characterized by a ripple voltage variation 
having a periodic amplitude variation from a target constant 
voltage level. 

35 

SUMMARY 

Techniques for performing DC to DC power conversion 
in a Switch-mode converter circuit include combinations of 
dynamic Switch shedding, phase shedding, symmetric phase 40 
circuit topologies, and asymmetric phase circuit topologies. 
In at least one embodiment of the invention, a method of 
operating a power converter circuit includes operating a first 
phase Switch circuit portion using a first number of Switch 
devices when the power converter circuit is configured in a 
first mode of operation. The first number is greater than Zero. 
The method includes operating the first phase switch circuit 
portion using the first number of switch devices when the 
power converter circuit is configured in a second mode of 
operation. The method includes operating a second phase 50 
Switch circuit portion using a second number of Switch 
devices when the power converter circuit is configured in the 
second mode of operation. The second number is greater 
than the first number. 

In at least one embodiment of the invention, a method of 55 
operating a power converter circuit includes selectively 
disabling at least one switch device of a plurality of Switch 
devices in a corresponding phase circuit of a plurality of 
phase circuits, at least partially based on a signal indicative 
of a load coupled to the power converter circuit. At least one 60 
Switch device of the corresponding phase circuit is selec 
tively disabled while at least one other switch device of the 
corresponding phase circuit is selectively enabled. 

In at least one embodiment of the invention, an apparatus 
includes a power converter circuit portion. The power con- 65 
verter circuit portion includes a first phase switch circuit 
portion configured to operate using a first number of Switch 

45 

2 
devices when the power converter circuit is configured in a 
first mode of operation. The first number is greater than Zero. 
The first phase Switch circuit portion is configured to operate 
using the first number of switch devices when the power 
converter circuit is configured in a second mode of opera 
tion. The power converter circuit portion includes at least a 
second phase Switch circuit portion configured to operate 
using a second number of Switch devices when the power 
converter circuit is configured in the second mode of opera 
tion. The second number is greater than the first number. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention may be better understood, and its 
numerous objects, features, and advantages made apparent 
to those skilled in the art by referencing the accompanying 
drawings. 

FIG. 1 is a block diagram of a power converter circuit. 
FIG. 2 illustrates a system including an exemplary power 

converter circuit. 
FIG. 3 illustrates efficiency as a function of current for a 

power converter circuit consistent with FIG. 2. 
FIG. 4 illustrates a system including an exemplary power 

converter circuit consistent with at least one embodiment of 
the invention. 

FIG. 5 illustrates exemplary configurations of the exem 
plary power converter circuit of FIG. 4, consistent with at 
least one embodiment of the invention. 

FIG. 6 illustrates a system including an exemplary power 
converter circuit consistent with at least one embodiment of 
the invention. 

FIG. 7 illustrates exemplary configurations of the exem 
plary power converter circuit of FIG. 6, consistent with at 
least one embodiment of the invention. 

FIG. 8 illustrates exemplary information and control 
flows associated with the exemplary power converter circuit 
of FIG. 6, consistent with at least one embodiment of the 
invention. 
The use of the same reference symbols in different draw 

ings indicates similar or identical items. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

A typical switch-mode DC to DC power converter (here 
inafter, “switch-mode converter') controls the output volt 
age by adjusting a duty cycle of a pulse-width modulated 
(i.e., PWM) signal. The PWM signal periodically opens and 
closes one or more Switches to build up charge in an 
inductor. The average output voltage is a function of the duty 
cycle of the PWM signal, the period of the PWM signal, and 
the input Voltage. One technique for increasing the efficiency 
(e.g., power out/power in) of a Switch-mode converter 
design includes multiple Switch-mode converters (i.e., mul 
tiple phase circuits) coupled in parallel to deliver power to 
a load, which may be a microprocessor or other Suitable 
load. Referring to FIG. 2, multiple phase circuits (e.g., phase 
circuits 202, 204, 206, and 208) are coupled in parallel to 
provide an output current (e.g., IOUT) that is the sum of the 
individual output currents (e.g., I1, I2, I3, and I4) of corre 
sponding phase circuits. An individual phase circuit typi 
cally includes a Switch circuit portion coupled to a passive 
circuit portion, e.g., a capacitor and/or an inductor. A con 
troller (e.g., control circuit 201) selectively enables only one 
of those phase circuits at a time. 
The resulting Switch-mode converter has improved ripple 

characteristics (e.g., reduced output ripple Voltage ampli 
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tude) as compared to a Switch-mode converter without 
multiple phase circuits, but has low output current efficiency. 
A phase shedding technique improves the efficiency by 
disabling as many phase circuits as possible in response to 
a feedback signal indicative of low output current. At high 
output current, all of the phase circuits are used and con 
duction loss is a Substantial factor in efficiency degradation. 
However, although at low output current the frequency of 
the ripple Voltage decreases, use of fewer phase circuits 
increases the amplitude of the output ripple Voltage and 
switch loss substantially degrades efficiency (FIG. 3). 

Referring to FIGS. 4 and 5, in at least one embodiment of 
a Switch-mode converter circuit, asymmetric phase circuits 
are used, i.e., individual phase circuits have different num 
bers of selectively enabled switch pairs. As referred to 
herein, a selectively enabled switch circuit or switch pair 
generates a periodic Voltage signal that has a duty cycle 
between 0% and 100%. Using different phase circuit topolo 
gies, a Switch-mode converter may be configured to have a 
first topology (e.g., the topology of mode M1, having one 
enabled switch pair) that has a particular efficiency at low 
output current and configured to have a second topology 
(e.g., one of the topologies of mode M2, having three, five, 
or seven enabled switch pairs) for a particular efficiency at 
high output currents. For example, Switch-mode converter 
400 includes phase circuit 402, which has a one-up, one 
down topology (i.e., one high-side Switch and one low-side 
Switch) for operating at low output current. Phase circuits 
404, 406, and 408 each have a two-up, two-down topology 
that operates more efficiently at high output currents than the 
one-up, one-down topology. Phase shedding techniques vary 
the number of enabled phase circuits (i.e., the number of 
phase circuits that contribute to the output voltage) in 
response to a feedback signal indicative of changes in the 
output current, load, or proxy therefor. For example, the 
number of enabled phase circuits may be reduced from four, 
to three, to two, to one, as the output current decreases, 
thereby reducing a number of enabled switch pairs from 
seven to five to one. Phase circuit 402, which remains 
enabled at low output current, includes only one Switch pair, 
as compared to the other additional phase circuits, Which are 
enabled at higher output currents and which include two 
switch pairs. Note that in other embodiments, different 
numbers, types, and configurations of Switches may be used. 

Referring to FIGS. 6 and 7, in at least one embodiment of 
a switch-mode converter circuit, controller 609 implements 
a dynamic Switch-shedding technique. individual Switch 
pairs of an individual phase circuit may be selectively 
enabled or disabled in response to a feedback signal indica 
tive of variations in the output current. For example, rather 
than disabling an entire phase circuit as current decreases, 
individual phase circuits remain enabled, but with fewer 
switch pairs contributing to the output of the switch-mode 
converter circuit. Phase circuits 601, 603, 605, and 607 each 
include two Switch pairs (e.g., corresponding ones of Switch 
pairs 602, 604, 606, 608, 610, 612, 614, and 616). As the 
output current decreases, prior to phase shedding, controller 
609 effectively downsizes at least one of individual phase 
circuits 601, 603, 605, and 607 from a first topology with a 
first number of enabled Switches to a second topology 
having a fewer number of enabled switches. 

For example, when configured in a first mode in which all 
of the phase circuits are enabled and all of the switch pairs 
of each phase circuit are enabled (e.g., mode M4, having 
eight enabled Switch pairs), as output current decreases, 
controller 609 selectively disables at least one individual 
Switch pair to configure the Switch-mode converter circuit in 
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4 
a mode having all phase circuits active, but less than all 
Switches of at least one phase circuit enabled, and at least 
two phase circuits having different numbers of enabled 
Switch pairs (e.g., mode M3, having four enabled phase 
circuits and seven enabled Switch pairs). If output current 
continues to decrease, controller 609 disables additional 
Switch pairs (e.g., mode M3 having four enabled phase 
circuits and six enabled switch pairs, then only five enabled 
switch pairs). Note that all states of mode M3 are asym 
metric, i.e., all enabled phase circuits do not include the 
same numbers of enabled Switch pairs, as compared to 
modes M1, M2, and M4, which are symmetric, i.e., all 
enabled phase circuits include the same numbers of enabled 
Switch pairs. 

If output current continues to decrease, controller 609 
disables at least one additional Switch pair to configure the 
Switch-mode converter circuit in a mode having all phase 
circuits active and all phase circuits having the same number 
of active switch pairs, but less than the total number of 
Switch pairs included in the individual phase circuits (e.g., 
mode M2, having four enabled phase circuits and four 
enabled Switch pairs, one pair enabled in each phase circuit). 
If output current continues to decrease, controller 609 may 
shed phase circuits to enter a mode with less than all phase 
circuits enabled and less than all available switch pairs 
enabled in each enabled phase circuit (e.g., mode M1, 
having three enabled phase circuits with a total of three 
enabled switch pairs, then two enabled phase circuits with a 
total of two enabled switch pairs, and then one enabled 
phase circuit with one enabled switch pair). Note that 
controller 609 sheds switch pairs prior to shedding phase 
circuits. In other embodiments of a switch-mode converter 
circuit, different numbers of switches and/or switch pairs are 
included in the Switch-mode converter circuit and different 
combinations of switches may be enabled in other combi 
nations of modes. 

Referring to FIG. 8, an exemplary control sequence 
implemented by a controller in a switch-mode converter 
circuit varies the number of enabled switches and enabled 
phase circuits of a Switch-mode converter circuit consistent 
with FIGS. 6 and 7, based on a feedback signal indicative of 
an output current, load, or a proxy therefor. At high output 
current, the Switch-mode converter circuit is configured in 
mode M4, as described above. If the output current falls 
below a predetermined current value (804), e.g., I, then 
control circuit 609 sheds at least one switch pair and 
configures the switch-mode converter circuit in mode M3; 
otherwise, the Switch-mode converter circuit remains in 
mode M4. 

In mode M3 (806), controller 609 uses a switch shedding 
technique to adjust the number of enabled switches based on 
the feedback signal indicative of output current, load or a 
proxy therefor. Note that all phase circuits are enabled in 
mode M3, but all states have asymmetric topologies. While 
in mode M3, if the output current falls below a second 
predetermined current value as indicated by the feedback 
signal (808), e.g., I, then control circuit 609 uses switch 
shedding to configure the Switch-mode converter circuit in 
mode M2 (812), which has a symmetric topology. While in 
mode M3, if the output current is not below the second 
predetermined current value (808) and is greater than the 
first predetermined current level (810), then controller 609 
configures the switch-mode converter circuit in mode M4 by 
enabling additional switches. Otherwise, the switch-mode 
converter circuit remains in mode M3. 

While in mode M2 (812), all phase circuits are enabled. 
In mode M2, controller 609 uses phase shedding if the 
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output current falls below a third predetermined current 
value, thereby transitioning to mode M1. While in mode M2, 
if the output current is not less than the third predetermined 
current value (814), and does not exceed the second prede 
termined current value (816), then the switch-mode con 
verter circuit remains in mode M2. However, while in mode 
M2, if the output current is not less than the third predeter 
mined current value (814), exceeds the second predeter 
mined current value (816), and does not exceed the first 
predetermined current value (810), then controller 609 con 
figures the switch-mode converter circuit in mode M3. 
While in mode M2, if the output current is not less than the 
third predetermined current value (814), exceeds the second 
predetermined current value (816), and exceeds the first 
predetermined current value (810), then controller 609 con 
figures the switch-mode converter circuit in mode M4. 

In mode M1, less than all phase circuits are enabled and 
control circuit 609 adjusts the number of enabled phase 
circuits based on the feedback signal indicative of the output 
current, load, or a proxy therefor. While in mode M1, if the 
output current exceeds the third predetermined current value 
(820) and does not exceed the second predetermined current 
value (816), additional phase circuits are enabled and con 
troller 609 configures the switch-mode converter circuit in 
mode M2. While in mode M1, if the output current exceeds 
the third predetermined current value (820) and exceeds the 
second predetermined current value (816), but does not 
exceed the first predetermined current value (810), control 
ler 609 enables additional phase circuits and additional 
Switches to configure the Switch-mode converter circuit in 
mode M3. While in mode M1, if the output current exceeds 
the third predetermined current value (820), exceeds the 
second predetermined current value (816), and exceeds the 
first predetermined current value (810), controller 609 
enables additional phase circuits and additional Switches, 
thereby configuring the switch-mode converter circuit for 
high output current in mode M4. 

While circuits and physical structures are generally pre 
Sumed, it is well recognized that in modern semiconductor 
design and fabrication, physical structures and circuits may 
be embodied in computer-readable descriptive form suitable 
for use in Subsequent design, test or fabrication stages. 
Structures and functionality presented as discrete compo 
nents in the exemplary configurations may be implemented 
as a combined structure or component. The invention is 
contemplated to include circuits, systems of circuits, related 
methods, and computer-readable medium encodings of Such 
circuits, systems, and methods, all as described herein, and 
as defined in the appended claims. As used herein, a com 
puter-readable medium includes at least disk, tape, or other 
magnetic, optical, semiconductor (e.g., flash memory cards, 
ROM), or electronic medium. 
The description of the invention set forth herein is illus 

trative, and is not intended to limit the scope of the invention 
as set forth in the following claims. Variations and modifi 
cations of the embodiments disclosed herein may be made 
based on the description set forth herein, without departing 
from the scope and spirit of the invention as set forth in the 
following claims. 

What is claimed is: 
1. A method of operating a power converter circuit 

comprising: 
operating a first phase switch circuit portion using a first 
number of switch devices when the power converter 
circuit is configured in a first mode of operation, the 
first number being greater than Zero: 
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6 
operating the a first phase Switch circuit portion using 

the a first number of switch devices when the power 
converter circuit is configured in a second first mode 
of operation, the first number being greater than zero; 
and 

operating a second phase Switch circuit portion using a 
second number of switch devices when the power 
converter circuit is configured in the second first 
mode of operation, the second number being greater 
than the first number, and 

operating the second phase switch circuit portion with the 
first number of Switch devices when the power con 
verter circuit is configured in a second mode of opera 
tion. 

2. The method, as recited in claim 1, further comprising: 
operating the second phase Switch circuit portion with the 

first number of switch devices when the power con 
verter circuit is configured in the first mode of opera 
tion. 

3. The method, as recited in claim 1, further comprising: 
selecting the first second mode of operation as a next 
mode of operation when the power converter circuit is 
in the second first mode of operation and in response 
to a reduction in output power. 

4. The method, as recited in claim 1, further comprising: 
operating the firs: phase switch circuit with a third number 

of devices when the power converter circuit is config 
ured in a third mode of operation, the third number 
being greater than the first number; and 

operating the second phase switch circuit portion with the 
third number of Switch devices in the third mode of 
operation. 

5. The method, as recited in claim 4, further comprising: 
selecting the first second mode of operation as a next 
mode of operation in response to a reduction in output 
power and when the power converter circuit is config 
ured in the second mode of operation or the third mode 
of operation. 

6. The method, as recited in claim 1, wherein when the 
power converter circuit is configured in the first second 
mode of operation, the second phase Switch circuit is con 
figured to be inoperable. 

7. The method, as recited in claim 1, wherein the first 
mode is a low power mode and the second mode is a higher 
power mode. 

8. The method, as recited in claim 1, wherein efficiency of 
the first phase switch circuit is greater than efficiency of the 
second phase Switch circuit for a low output current mode 
and the efficiency of the second phase switch circuit is 
greater than the efficiency of the first phase switch circuit for 
a high output current mode. 

9. The method, as recited in claim 1, further comprising: 
selecting a mode of operation at least partially based on a 

feedback signal, the mode of operation being selected 
from a plurality of modes of operation including at least 
the first and second modes mode of operation. 

10. The method, as recited in claim 1, further compris 
ing. A method of operating a power converter circuit 
Comprising: 

operating a first phase switch circuit portion using a first 
number of switch devices when the power converter 
circuit is configured in a first mode of operation, the 
first number being greater than zero, 

operating a second phase switch circuit portion using a 
second number of Switch devices when the power 
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converter circuit is configured in the first mode of 
operation, the second number being greater than the 
first number, and 

reducing a total number of active switch pairs in the 
power converter circuit prior to reducing the a num- 5 
ber of active phase switch circuit portions in response 
to an increasing reduction in output power. 

11. The method, as recited in claim 1, further comprising: 
allocating current to individual phase switch circuit por 

tions at least partially based on a selected mode of 10 
operation of the power converter circuit. 

12. A method of operating a multi-phase switched power 
converter circuit comprising: 

selectively disabling at least one switch device of a 
plurality of Switch devices in a corresponding phase 
circuit of a plurality of phase circuits, at least partially 
based on a signal indicative of a load coupled to the 
power converter circuit, 

wherein the at least one switch device of the correspond 
ing phase circuit is selectively disabled while at least 
one other switch device of the corresponding phase 
circuit is selectively enabled, and 

reducing a total number of active switch pairs in the 
power converter circuit prior to reducing a number of is 
active phase switch circuit portions in response to an 
increasing reduction in output power. 

13. The method, as recited in claim 12, wherein the 
selectively enabled switch devices form an asymmetric 
power converter circuit including at least one phase switch so 
circuit portion having a different number of enabled switch 
devices than at least one other phase switch circuit portion 
of the plurality of phase switch circuit portions. 

14. The method, as recited in claim 12, wherein the 
power converter circuit is configured to reduce a total is 
number of active switch pairs in the power converter circuit 
prior to reducing the number of active phase switch circuit 
portions in response to an increasing reduction in output 
power 

15. The method, as recited in claim 12, further compris- a 
1ng: 

distributing current provided by the power converter 
circuit to individual phase switch circuit portions 
according to a number of devices selectively disabled 
in individual phase switch circuit portions. 45 

16. An apparatus comprising: 
a power converter circuit portion comprising: 

a first phase switch circuit portion configured to operate 
using a first number of switch devices when the 
power converter circuit is configured in a first mode so 
of operation, the first number being greater than Zero 
and configured to operate using the first number of 
switch devices when the power converter circuit is 
configured in a second mode of operation; and 

at least a second phase switch circuit portion configured 
to operate using a second number of switch devices 
when the power converter circuit is configured in the 
second mode of operation, the second number being 
greater than the first number, 

wherein the second phase switch circuit portion is 
configured to operate using the first number of switch 
devices when the power converter circuit is config 
ured in the first mode of operation. 

17. The apparatus, as recited in claim 16, wherein the 
Second phase switch circuit portion is configured to operate 
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using the first number of switch devices when the power 
converter circuit is configured in the first mode of opera 
tion. 

18. The apparatus, as recited in claim 16. An apparatus 
comprising: 

a power converter circuit portion comprising: 
a first phase switch circuit portion configured to oper 

ate using a first number of switch devices when the 
power converter circuit is configured in a first mode 
of operation, the first number being greater than zero 
and configured to operate using the first number of 
switch devices when the power converter circuit is 
configured in a second mode of operation, and 

at least a second phase switch circuit portion config 
ured to operate using a second number of switch 
devices when the power converter circuit is config 
ured in the second mode of operation, the second 
number being greater than the first number; 

wherein the first phase switch circuit is configured to 
operate with a third number of devices when the power 
converter circuit portion is configured in a third mode 
of operation, the third number being greater than the 
first number, and 

wherein the second phase Switch circuit portion is con 
figured to operate with the third number of switch 
devices when the power converter circuit is configured 
in the third mode of operation. 

19. The apparatus, as recited in claim 16, wherein the 
Second phase switch circuit portion is configured to be 
inoperable when the power converter circuit is configured in 
the first mode of operation. 

20. The apparatus, as recited in claim 16, wherein the first 
mode of operation is a low power mode and the second 
mode of operation is a higher power mode. 

21. The apparatus, as recited in claim 16, wherein effi 
ciency of the first phase Switch circuit is greater than 
efficiency of the second phase switch circuit portion for a 
low output current and the efficiency of the second phase 
switch circuit portion is greater than the efficiency of the first 
phase switch circuit portion for a high output current. 

22. The apparatus, as recited in claim 16, further com 
prising: 

a controller circuit portion configured to select a mode of 
operation at least partially based on a feedback signal, 
the mode of operation being selected from a plurality of 
modes of operation including at least the first and 
second modes of operation; and 

a node coupled to a first phase circuit comprising the first 
phase switch circuit and coupled to a second phase 
circuit comprising the second phase switch circuit 
portion, the node being configured to deliver power to 
a load. 

23. The apparatus, as recited in claim 22, wherein the 
controller circuit is configured to select a the mode of 
operation with a reduced total number of active switch pairs 
in the power converter circuit prior to selecting a the mode 
of operation with a reduced number of active phase switch 
circuit portions in response to an increasing reduction in 
output power. 

24. The method, as recited in claim I, further comprising: 
operating the first phase switch circuit portion using the 

first number of switch devices when the power con 
verter circuit is configured in the second mode of 
operation, the first number being greater than zero. 
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