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(57) ABSTRACT 

Methods and circuitry for combining the outputs of mul

tiphase power converters which greatly improves the tran

sient response of the power conversion system are presented 

in a variety of embodiments. Transformers may be used to 

accomplish the combining function, and with properly 
phased and connected windings it is possible to achieve a 
great reduction in output ripple current and a simultaneous 
reduction in transistor ripple current, which give the 
designer freedom to reduce the value of the system output 
inductor, improving transient response. 
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MULTIPLE POWER CONVERTER SYSTEM 
USING COMBINING TRANSFORMERS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

2 
and still operate at lower voltage, the circuit may have to be 
redesigned to a smaller physical size. For the past few years, 
these steps may have been considered the general course of 
microprocessor design. Microprocessor designers, seeking 

5 the maximum speed for their products, may expend consid
erable effort evaluating any number of considerations, 
including: 

This application is a continuation-in-part application of 
U.S. patent application Ser. No. 09/584,412 filed May 31, 
2000 entitled "System For Controlling The Delivery Of 
Power To DC Computer Components which claims the 
benefit of Provisional Applications Number 60/142,102 filed 10 

on Jul. 2, 1999 and Application Ser. No. 60/144,342, filed on 
Jul. 16, 1999, the contents of each being hereby incorporated 

higher speed chips and potential chip value; 

higher speed chips and potential heat dissipation; 

potential limitations to the removal of heat; 

lower voltages and the potential reduction of heat gener
ated at a given speed; and 

by reference. 

BACKGROUND OF THE INVENTION 

The present invention generally relates to the area of 
powering low voltage, high current electronics. In particular, 
the invention may be applicable in the field of computing, 
and much of the following description is presented in that 
context. It should be understood, however, that the invention 

smaller devices and potential speed at a given voltage. 
15 There may be many more important trade-off considerations 

for the designers in evaluating microprocessor design. 
The evaluation of microprocessor considerations may 

have lead to the production of designs that operate at lower 
and lower voltages. Early designs may have operated at 

20 higher voltages, such as five volts, which have been subse
quently reduced to current designs operating at lower 
voltages, such as 2.0 volts. Further reductions may occur, 
and future designs might be operated at 1.8, 1.5, 1.3, 1.0, and 

is in no way limited to the field of computing, and may be 
applicable to a wide variety of circumstances wherein a 
variety of power absorbing loads may abruptly change their 
power absorbing characteristics (that is to say, their imped-

25 
ance may undergo a rapid change). The invention may also 

even below one volt, perhaps as low as 0.4 volts. 
Meanwhile, advances in heat removal may permit pro-

cessors to run at higher and higher heat dissipation levels. 
be applicable if such loads are separated physically such that 
the voltage which may be dropped across the dynamic 
impedance of the power carrying conductors is a significant 
fraction of the voltage delivered to such loads. It may also 
be increasingly applicable to applications wherein design 
tradeoffs are forcing a steady decrease in operating voltages. 
Such situations may arise in telecommunications, radar 
systems, vehicle power systems and the like, as well as in 
computing systems. 

The architecture of computing systems has undergone 
tremendous changes in the recent past, due principally to the 
advance of microcomputers from the original four-bit chips 
running at hundreds of kilohertz to the most modem 32 and 
64 bit microprocessors running at hundreds of megahertz. 
As the chip designers push to higher and higher speeds, 
problems may arise which relate to thermal issues. That is, 
as the speed of a circuit is increased, the internal logic 
switches each may discharge its surrounding capacitance 
that much faster. Since the energy stored in that capacitance 
may be considered fixed (at a given voltage), as the speed is 
increased, that energy, which may be dissipated in the 
switches, may be dumped into the switch that many more 
times per second. Since energy per second may be defined 
as power, the power lost in the switches therefore increases 
directly with frequency. 

On the other hand, the energy stored in a capacitance may 
increase as the square of the voltage, so a capacitor charged 
to two volts may store only 44% of the energy that may be 
stored in that same capacitor charged to three volts. For this 
reason, a microcomputer designed to operate at two volts 
will, when run at the same speed, dissipate much less power 
than the same microprocessor operating at three volts. There 
may be a tendency, therefore, to lower the operating voltage 
of microprocessors. 

Other considerations may cause the microprocessor to 
exhibit a lower maximum speed if operated at a lower 
voltage as compared to a higher operating voltage. That is, 
if a circuit is operating at full speed, and the voltage on that 
circuit is simply reduced, the circuit may not operate 
properly, and the speed of the circuit (the "clock speed") 
may have to be reduced. To maintain full speed capability 

Early chips may have dissipated perhaps a watt; current 
designs may operate at the 50 watt level, and heat removal 
designs in the near future may be able to dissipate as much 

30 as 150 watts of power generated by the processor. Since the 
power dissipated may be considered proportional to the 
square of the operating voltage, even as the ability to remove 
heat is improved, lower operating voltages may still be 
desirable. 

35 All of this might be viewed in the context of higher speed 
chips having a higher monetary value. Therefore, designers 
may be driven to increase the speed, potentially driving the 
size of the chips smaller, the voltages lower, and the power 
up. As may be generally known, as the voltage drops the 

40 current increases for a given power, power being defined as 
voltage times current. If at the same time improvements in 
heat removal permit higher powers, the current may increase 
still further. This may mean that the current rises very 
rapidly. Early chips may have drawn small fractions of an 

45 ampere of supply current to operate, whereas current designs 
may use up to 50 amperes, and future designs may use as 
much as 150 amperes or more. 

As the speed of the processors increase, the dynamics of 
their power supply requirements may also increase. A pro-

50 cessor may be drawing very little current because it is idling, 
and then an event may occur (such as the arrival of a piece 
of key data from a memory element or a signal from an 
outside event) which may cause the processor to suddenly 
start rapid computation. This may produce an abrupt change 

55 in the current drawn by the processor, which may potentially 
have serious electrical consequences. 

As may be generally known, inductance is the measure of 
energy storage in magnetic fields. Current-carrying conduc
tors have associated with the current a magnetic field, which 

60 represents energy storage. As it may be generally known, the 
energy stored in a magnetic field is half the volume integral 
of the square of the magnetic field. Since the field may be 
considered linearly related to the current in the conductor, it 
may be shown that the energy stored by a current-carrying 

65 conductor is proportional to half the square of the current, 
and the constant of proportionality may be called the "induc
tance" of the conductor. The energy stored in the system may 
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be supplied by the source of electrical current, and for a 
given power source there may be a limit to the rate at which 
energy can be supplied, which means that the stored energy 
must be built up over time. Therefore, the presence of an 
energy storage mechanism may slow down a circuit, as the 
energy may be produced and metered into the magnetic field 
at some rate before the current can build up. 

The available voltage, the inductance, and the rate of 
change of current in a conductor may be related by the 
following equation, well known to those skilled in the art: 

v~L*ar;at, 

where Lis the inductance of the conductor, and al!at is the 
rate of change of current in the conductor. 

This equation may be read to provide that the voltage 
required to produce a given current in a load on a power 
system increases as the time scale is reduced, and also 
increases as the inductance of any connection to that load is 
increased. In a corresponding fashion, as the speed of 
microprocessors may be increased, the time scale may be 
reduced, and as the voltage may be reduced, the equation 
may be read to require the inductance to be dropped pro
portionally. 

Often, in powering semiconductor devices, a designer 
may not need to consider the inductance of the connections 
to the device, but with modem high speed circuits these 
considerations may force the attention to be brought to 
lowering the inductance of the connections. Microproces
sors may currently operate at about two volts, and may 
tolerate a voltage transient on their supply lines of about 7%, 
or 140 millivolts. These same microprocessors may require 
that their supply current change at a rate of nearly one 
ampere per nanosecond, or 109 amperes/second. The above 
equation may be read to indicate that an inductance of 140 
picohenries (1.4*10-10H) may drop a voltage of 140 milli
volts. To put this number in perspective, the inductance of a 
wire one inch in length in free space may be approximately 
20,000 picohenries. While the inductance of a connection 
may be reduced by paralleling redundant connections, to 
create a connection with an inductance of 140 picohenries 
with conductors about a centimeter long might require 
nearly 100 parallel conductors. 

4 
Such a system may generally be considered to convert 
incoming power from the utility line to the voltages and 
currents required by the electronic circuitry. In low power 
business and consumer electronics, such as desktop personal 

5 computers, the incoming power is generally supplied as an 
alternating voltage, generally 115 volts in the United States, 
and 220 volts in much of the rest of the world. The frequency 
of alternation may be either 50 or 60 Hertz, depending upon 
location. Such utility power is generally converted to low 

10 
voltage steady (direct) current, or de, and may be regulated 
to a few percent in order to be useful as power for the 
electronic circuits. A device which may perform such con
version is generally called a "power supply". While it may 
possible to create a low voltage regulated de power source 
using simple transformers, rectifiers, and linear regulators, 

15 such units may generally be heavy, bulky and inefficient. In 
these applications it may be desirable to reduce weight and 
size, and these approaches may be unsuitable for this reason 
alone. In addition, the inefficiency of linear regulators may 
also be unacceptable. Efficiency may be defined as the ratio 

20 of output power to input power, and a low efficiency might 
imply that heat is being developed in the unit which could 
be transferred to the environment to keep the unit cool. 
Generally, the lower the efficiency the more heat to be 
transferred, therefore a possible reason for finding an alter-

25 nate approach. 
For these reasons, virtually all modern electronics cir

cuitry is powered by switchmode conversion systems. These 
systems typically operate as follows. The incoming utility 
power is first converted to unregulated direct current by a 

30 rectifier. The rectified de is then converted to a higher 
frequency, typically hundreds of kilohertz, by electronic 
switches. This higher frequency power is then transformed 
by a suitable transformer to the appropriate voltage level; 
this transformer also provides isolation from the utility 

35 power, required for safety reasons. The resulting isolated 
higher frequency power is then rectified again, and filtered 
into steady direct current for use by the electronics. Regu
lation of the output voltage is usually accomplished by 
control of the conduction period of the electronic switches. 

40 The resulting power conversion unit is smaller and lighter in 
weight than earlier approaches because the size and weight 
of the transformer and output filter are reduced proportion
ally to the increase in frequency over the basic utility power The foregoing discussion might provide the source of low 

voltage physically close to the microprocessor, which in turn 
might provide the source of low voltage to be physically 45 

small. While it may be suggested that capacitors might be 
used to supply energy during the delay interval required for 
the current in the conductors to rise, the inductance of the 
connections to the capacitors may be considered limiting to 
this approach. The designer may be faced with placing the 
source of power very close to the processor to provide 
adequate stability to the processor's power source under 
rapid changes in current draw. This requirement may 
become increasingly prevalent as the voltages drop and the 
currents increase, because the former may reduce the allow
able transient size and the latter may increase the potential 
rate of change of current. Both factors may reduce the 
permissible inductance of the connection. 

frequency. All of this is well known in the prior art. 
In a complex electronic system, various voltages may be 

required. For example, in a computer system the peripherals 
(such as disk drives) may require +12 volts, some logic 
circuits may require +5 volts, input/output circuits may 
additionally require -5 volts, memory interface and general 

50 logic may require 3.3 volts, and the central microprocessor 
may require 2.0 volts. The central power source (the device 
that is connected directly to the utility power) standards may 
require delivery of delivers + 12, 3.3 and ±5 volts, and any 
required lower voltages may be derived from a +5 or +12 

55 volt supply line by additional circuitry, generally known as 
voltage regulation modules, or VRMs, generally placed near 
to the circuits that require the lower voltage. These addi
tional circuits may again convert the higher voltage supply 
to high frequency ac power, modifying the voltage through The foregoing remarks may not be limited in computers 

to the actual central microprocessor. Other elements of a 
modern computer, such as memory management circuits, 
graphic display devices, high speed input output circuitry 
and other such ancillary circuitry may have been increased 
in speed nearly as rapidly as the central processing element, 
wherein the same considerations would apply. 

All modern electronics circuitry, including computers, 
may be powered by switch-mode power conversion systems. 

60 control of the period of the ac power, and again re-rectifying 
to the lower voltage de. The VRM may take many forms, but 
a commonly used circuit approach may be the so-called 
"buck converter", which may "chop" the input voltage to a 
square wave with an average voltage equal to the required 

65 output voltage, and then may filter the square waveform to 
remove the alternating component, leaving the desired low 
voltage de. 
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The present invention utilizes a plurality of simple power 
converters, combined with coupled inductors, so arranged 
that the group of converters act together to produce a 
combined output which exhibits low voltage, high current, 

There may be several problems with this standard 
approach, but one of particular relevance here may relate to 
the speed of response of the regulation system. A rapid 
change in the load impedance may cause a disturbance in the 
output voltage unless corrected, possibly by some control 
loop. This disturbance may be caused by the response of the 
filtering system used to remove the alternating component 
from the square wave output. The speed with which the 
control loop can respond may depend upon the characteris
tics of that filtering system and also upon the frequency of 
operation of the converter (the "switching frequency"). 

5 and fast regulation response. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts one embodiment of a buck converter in 
accordance with principles known in the prior art, together 

10 with its waveforms. 
One may increase this speed of response by storing less 

energy in the filtering system. Such a filtering system may 
comprise a simple series connection of an inductor and a 
capacitor. Storing less energy may require reducing the 
value of the inductance and capacitance, but may be limited 15 

in the ability to reduce these values by potential necessity to 
adequately remove the ac component (called "ripple") gen
erally at the output of the filter. The ripple may be reduced 
for a given value of inductance and capacitance by increas
ing the switching frequency, but this again may be limited by 20 

the ability of the electronic switches used in creating the 
square waveform from the de input. Such switches may have 
a limited operating frequency, and may exhibit losses 
(known as "switching losses") which may increase with the 
operating frequency. 

What is needed, then, is a VRM power conversion 
approach which may operate at a relatively low frequency to 
permit efficient operation of the electronic switches, which 
may have a low output ripple, which may store less energy 

25 

in the output filter for a given frequency, and which may be 30 
at least as low in cost as prior art technology. Accordingly, 
substantial attempts such as those previously described by 
those skilled in the art may not have fully addressed the 
considerations raised. The present invention may be consid
ered to address many of the previously mention consider- 35 
ations and may be considered in some aspects a develop
ment away from that which was previously known in the art. 

FIG. 2 depicts a particular embodiment of a four phase 
buck converter in accordance with principles known in the 
prior art. 

FIG. 3 depicts the waveforms for the four phase buck 
converter circuit embodiment of FIG. 2. 

FIG. 4 depicts one embodiment of a power converter 
using two buck converters combined with a combining 
transformer in accordance with the present invention 
together with its waveforms. 

FIG. 5 depicts a four phase power converter embodiment 
in accordance with the present invention. 

FIG. 6 depicts waveforms for the power converter circuit 
embodiment of FIG. 5. 

FIG. 7 is an embodiment of the invention depicting a four 
phase converter using four transformers in a parallel output 
configuration in accordance with the present invention. 

FIG. 8 depicts the waveforms for the parallel output four 
phase converter embodiment shown in FIG. 7. 

FIG. 9 is an embodiment of the invention depicting a four 
phase converter in a parallel output configuration using three 
transformers in accordance with the present invention. 

FIG. 10 is an embodiment of the invention depicting a 
four phase converter using four transformers in a series 
output configuration in accordance with the present inven
tion. 

SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 
provide a means of converting medium voltage de power to 
a low voltage de power at high current, permitting operation 
at higher efficiency than can be achieved using prior art 
techniques. 

FIG. 11 is an embodiment of the invention depicting a 
four phase converter in a series output configuration in 

40 accordance with the present invention which utilizes three 
transformers. 

It is another object of the present invention to maintain 
that efficiency over a wide range of load conditions. 

It is yet another object of the invention to provide a source 
of low voltage de power at high currents which can sustain 
its voltage across a varying load even in the presence of high 
rates of change of current draw. 

It is also an object of the preset invention to provide closer 
control of the output voltage of the power converter, even for 
extremely short time periods. That is to say, it is an object 
to provide a power source with better transient response to 
changes in load. 

It is a further object of the invention to provide a power 
conversion system which stores less energy than that 
required by the prior art. 

FIG. 12 is an embodiment of the invention depicting a 
three phase converter in a mixed combiner circuit in accor-

45 dance with the present invention which utilizes 1:1 trans
formers. 

FIG. 13 is an embodiment of the invention depicting a 
three phase converter in a mixed combiner circuit in accor
dance with the present invention which utilizes 1:3 trans-

50 formers. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

As can be easily understood, the basic concepts of the 
55 present invention may be embodied in a variety of ways. 

These concepts involve both processes or methods as well as 
devices to accomplish such. In addition, while some specific 
circuitry is disclosed, it should be understood that these not 

It is additionally an object of the present invention to 
provide a power conversion system which can be produced 60 

at lower cost than alternative approaches with similar char-

only accomplish certain methods but also can be varied in a 
number of ways. As can be seen from the drawings, the basic 
concepts of the present invention may be embodied in many 

acteristics. 
Accordingly, the present invention is directed to a system 

of power conversion for performing a conversion from 
medium voltage de to low voltage, high current de at the 65 

point of power consumption with high efficiency and fast 
response. 

different ways. Importantly, as to all of the foregoing, all of 
these facets should be understood to be encompassed by this 
disclosure. 

In the production of a low regulated de voltage from a 
higher voltage source, the so-called "buck" converter may 
be commonly used. This converter, illustrated in FIG. 1, may 
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be considered a simple circuit with generally four basic 
components: two electronic switches, one inductor, and one 
capacitor. If the output voltage is large compared with the 
voltage drop across a diode, the lower electronic switch may 
be replaced by a diode. 

The circuit in FIG. 1 works as follows. Switches 2 may be 
periodically and alternately actuated so that part of the 
period the voltage at node 3 may be equal to zero and part 
of the period the voltage may be equal to supply voltage 1. 
Thus the voltage at node 3 may be a pulsed waveform, as 
shown in the lower portion of FIG. 1, with an average value 
generally less than input voltage 1. During the time the 
upper switch is on, the current may increase in inductor 4 
and during the time the lower switch is on the current in 
inductor 4 may decrease. The output voltage 7 across load 
resistance 5 may be equal to the average value of the pulsed 
waveform at node 3 (and, therefore, may be less than input 
voltage 1) and may be de with a superimposed ripple as 
shown in the lower part of FIG. 1. Regulation or adjustment 
of the output 7 is obtained by varying the percentage of the 
time the upper switch is closed relative to the lower switch. 

As mentioned above, the direction of microprocessor and 
specialized semiconductor integrated circuits may be such 
that the powering voltages and transient response time may 
be decreasing rapidly while the current is increasing. A 
principal problem with transient response may center around 
inductor 4. To achieve a fast transient response, inductance 
4 may be made as small as possible. Neglecting issues such 
as regulation loop response and delay, the buck converter 
may have a maximum capability to increase its output 
current which is equal to the input voltage 1 minus the 
output voltage 7, divided by the value of inductor 4. The 
converter's ability to decrease the output current may be the 
output voltage 7 divided by the value of inductor 4, gener
ally different and a smaller number. It may be desirable, 
therefore, to decrease the value of inductor 4 to the mini
mum possible level. 

The ability of the designer to decrease the value of 
inductor 4 may be limited by two principal factors: the ripple 
voltage 9 on the output of the converter and the ripple 
current 8 in the inductor 4. An important factor in the design 
of inductor 4 may be the ratio of ripple current 8 to the 
average value of output current flowing in load resistance 5, 
as it affects the core material and its size and cost. Further, 
a large ripple current 8 may increase the losses in switches 
2, which may require that they be sized larger and cost more. 
Perhaps even more important, the presence of large ripple 
currents may cause voltage drops across parasitic induc
tances in the wiring and packaging of the various 
components, and layout may become increasingly difficult 
or impossible. In practice, the value of inductor 4 may be 
reduced until the efficiency of the converter is as low as is 
permissible, and the value of capacitor 6 may be made as 
large as possible to lower output ripple 9 to acceptable 
values and to reduce the voltage over- or under-shoot during 
transient conditions. It should be mentioned that again there 
may be limits on the designer to increasing the value of 
capacitor 6, related to the technology of capacitors, and an 
increase in value may correlate to an increase in cost. 

Of course, the design of a power supply for a complex 
electronic system such as a computer workstation may 
involve many more factors and tradeoffs than indicated in 
this discussion. 

In an attempt to improve the transient response and lower 
the output ripple, designers have constructed systems of N 
buck converters wired in parallel, as shown in FIG. 2 for the 

8 
case of four converters. Switch pairs 10, 11, 12, 13 may be 
driven simultaneously, or in a phase sequence by delaying 
each pair's switching action by a fraction of a switching 
period. FIG. 3 shows possible waveforms for the latter case. 

5 Generally this "multiphase" approach may be used because 
the magnitude of the output ripple 20 may thereby be 
reduced for the same value of capacitor 6 when compared to 
paralleled buck converters driven simultaneously. This mul
tiphase drive may also lower the input ripple (the ac current 
drawn from power supply 1), which may be an advantage; 

10 
the drive circuits, not shown in FIG. 2, may become more 
complex, but may not be too expensive as these may be 
considered low level circuits which can be incorporated into 
a single integrated circuit. 

As has been already mentioned, the transient response of 
15 a buck converter may be determined by the input voltage 1, 

the output voltage 7 and the value of series inductor 19 in 
FIG. 2. If the N converters are driven simultaneously (i.e., 
not in multiphase), each of the inductors 19 may be made 
larger by a factor of the number of converters in the system 

20 (four in FIG. 2), as the total response of the output may be 
the sum of the individual converters. In this case the ripple 
current 21 may be N times smaller and the de current N 
times smaller, leaving the ratio unchanged from the single 
converter case. The individual converter's ability to produce 

25 a change in the output 7 may be smaller by a factor of N, but 
the system of converters may be able to change the output 
at the same rate as the single converter case. Since each 
converter may handle 1/N of the current and have 1/N of the 
current ripple, each converter may be made smaller by a 

30 factor of N. The output ripple frequency, however, is the 
fundamental frequency and there may be no improvement 
over the single converter case-that is, the value of capacitor 
6 may not be reduced. The apparent gain in dividing the 
single buck converter into a system of smaller ones is the 

35 easing of the handling of parasitic reactance of the wiring 
and packaging of the various components, at the expense of 
increasing the number of components by N. 

If, on the other hand, the converter system is driven in a 
multiphase manner, as shown in the waveforms of FIG. 3, 

40 each buck converter may be governed by its own ability to 
modify the output current in its turn. At the moment of 
switching each converter can change the output by a factor 
1/N ('14 in this case), but within a total period all N converters 
will be actuated and therefore again the system of converters 

45 may be able to change the output at the same rate as the 
single converter case of FIG. 1. 

The ripple current 21 in inductors 19 may be determined 
by the difference between the input voltage 1 and output 
voltage 7 divided by the inductance, and may be the same as 

50 the simultaneous drive case just mentioned: the ripple cur
rent being N times smaller and the de current in the inductor 
19 also N times smaller, and the ratio of ripple current 21 to 
output current 18 for each converter unchanged from the 
single converter case of FIG. 1. There may be a reduction in 

55 output ripple by a factor of N, because the size of the current 
impulses absorbed by capacitor 6 may be reduced by a factor 
of N ( 4 in this case) and the frequency of these impulses 
increased by the same factor. This may permit a reduction in 
the size of capacitor 6 in some cases. Also, there may be a 

60 reduction in the pulsed current drawn by the system of 
converters from input source 1 for the same reason. These 
reductions in peak input and output ripple current may 
permit some ease in layout of the circuit and some tolerance 
to the reactance of the wiring and the packaged electronic 

65 components comprising the system. 
Nevertheless, assuming that the designer has optimized 

the value of inductors 19 in the same way for the multi phase 
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Note from the foregoing that, if V out= V;n/2 and the factor 
h=O, the ripple current is zero. Graphically, this occurs 
because the square waves at nodes 27 and 28 add together 
in this case to form a waveform which may be "pure de"; 

system of FIG. 2 as in the single buck converter-that is, to 
choose a reasonable maximum value for the ratio of the 
ripple current 21 to the de current 18 and for the root-mean
square current losses in switch pairs 10, 11, 12 and 13, there 
may be no improvement in transient response. 5 that is, a waveform without any variations or "gaps". In this 

case the inductor could, in principle, be reduced to very 
nearly zero. From this it may be seen that, if one has the 
freedom to choose the input voltage to be exactly twice the 

Thus, whether the multiple buck conversion systems of 
the prior art are driven simultaneously or in multiphase, 
there may be no improvement in transient response, and the 
advantages of such systems may be marginal and related to 
some ease of layout in return for significantly higher cost. 10 

The present invention in particular embodiments uses 
combining transformers to overcome the limitations of the 
prior art converter systems. To understand how particular 
embodiments of the invention are accomplished, it may be 
best to start with an embodiment of but two converters as 15 

shown in FIG. 4. In FIG. 4 it may be seen that switches 22 
and 24 comprise a first switching stage 33 and switches 23 
and 25 comprise a second switching stage 34. These two 
stages are driven in "multiphase", as will be seen in the 
waveforms of FIG. 4. The outputs of these two stages may 20 

be combined in combining transformer 26 before being 
presented to an output filter comprised of inductor 31 and 
capacitor 6. 

The waveforms in FIG. 4 are shown for an output voltage 
7 equal to one-fourth of the input voltage 1. In this case, 25 

switches 22 and 24 and switches 23 and 25 each may 
produce a waveform with a 25% duty factor; that is, the 
period of conduction of switches 22 and 23 may be one-third 
of the periods of conduction of switches 24 and 25. Thus the 
average value of the voltage at nodes 27 and 28 may be 30 

one-fourth of the input voltage. Since there can be no steady 
state de voltage across the windings of transformer 26, the 
average de voltage at node 30 may also be one-fourth of the 
input voltage. The alternating component of the voltage at 
node 30 may be half the algebraic sum of the voltages at 35 

nodes 27 and 28: 

and, as shown in FIG. 4, may therefore be a square wave of 
twice the switching frequency of the individual switching 40 
stages and half the amplitude. The ripple current 35 in filter 
inductor 31 may be reduced therefore by a factor of, 

required output voltage, one can obtain very fast transient 
response in such a circuit. Of course, the designer should 
allow for variations in both the input and output voltage, but 
by working close to the point where h=O, the transient 
response may be greatly improved. As will be seen, systems 
with N converters have in general (N-1) "magic ratios", 
where improvement may be possible in transient response 
by reduction of the value of the filter inductor without 
increase in output ripple, inductor complexity, or switch 
losses. Even if the system of the present invention is 
operated at input/output ratios different from these special 
points, however, a substantial reduction in the value of the 
filter inductance and a concomitant increase in transient 
response. 

FIG. 5 shows a four-converter embodiment of the present 
invention. Here switch pairs 36, 37, 38 and 39 may be driven 
in a multiphase manner as shown in the waveforms of FIG. 
6. Outputs 40, 41, may be combined with combining trans
former 44, outputs 42 and 43 may be combined with 
combining transformer 45, and the resulting signals 47 and 
48 may be combined in combining transformer 46 to form 
a single output which is connected to an output filter 
comprised of inductor 50 and capacitor 6. Mathematically, 
this single output is the algebraic mean of the voltages at 
nodes 40, 41, 42 and 43: 

l n=42 

v49 = 4~ (Vn) 
n=40 

The waveforms of FIG. 6 are drawn for an output voltage 
7 equal to one-eighth of the input voltage 1. In this case, 
switch pairs 36, 37, 38 and 39 may each produce a waveform 
with a 12.5% duty factor; that is, the period of conduction of 
the upper switch of each pair is one-seventh of the period of 
conduction of the lower switch of each pair. As previously 

which, for the case of FIG. 4 (V;n=4Vout), reduces to 
one-third of the magnitude of the ripple current 5 in the buck 
converter of FIG. 1, for the same value of inductance, input 
voltage and output voltage. Thus, to maintain the same ratio 
of ripple current 35 to average output current 32 in inductor 
31 of FIG. 4 as compared to inductor 4 in FIG. 1, one could 
reduce the value of inductor 31 by a factor of three. 

45 mentioned, the pairs may be driven in multiphase as shown 
in FIG. 6. Thus the average value of the voltage at each of 
the nodes 40, 41, 42 and 43 is one-eighth of the input 
voltage. Since there may be no steady state de voltage across 
the windings of transformer 44, the average de voltage at 

Further, the average current 26 in switching transistor 22 
during its conduction period may be half of the average 
output current by the action of transformer 26, and the ac 
component of current 26 may also be half of the ac com
ponent 35 of current 32 in inductor 31. Of course, as there 
are four switches in FIG. 4 as compared to two switches in 
FIG. 1, the total losses in the totality of switches in the two 
figures may be the same if the inductor is reduced by the 
above factor of three. 

50 node 47 is also one-eighth of the input voltage. The alter
nating component of the voltage at node 47 may be half the 
algebraic sum of the voltages at nodes 40 and 41, and, as 
shown in FIG. 6 may be a square wave of twice the 
switching frequency of the individual switching stages 36 

55 and 37, having half the amplitude of voltages 40 or 41. 
Similarly, there may be no steady state de voltage across the 
windings of transformer 45, and so the average de voltage at 
node 48 is also one-eighth of the input voltage, and the 
alternating component of the voltage at node 48 is half the 

60 algebraic sum of the voltages at nodes 42 and 43. Therefore, 
as shown in FIG. 6, the voltage at node 48 may also be a 
square wave of twice the switching frequency of the indi
vidual switching stages 38 and 39 and having half the 

This reduction in the value of output inductor 31 may 
produce an improved transient response by the same factor 65 

of three over that of the simple buck converter of FIG. 1 or 
the multiple buck converter system of FIG. 2. 

amplitude of the voltage at nodes 42 and 43. 
The voltage at nodes 47 and 48 may be further combined 

in combining transformer 46 to form a signal at node 49, 
which by the same reasoning as above may be a square wave 
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with an average value of one-eighth of the input voltage at 
a frequency four times that of the individual switching 
stages 36, 37, 38, and 39, and so having a peak amplitude of 
one-fourth of the input voltage. 

The ripple current 53 in filter inductor 50 may be reduced 5 
from that of ripple current 5 for the buck converter of FIG. 
1, therefore, by a factor of: 

12 

where N is the number of individual switch pairs and M is 
an integer taking on the discrete values 1,2,3, ... (N-1). 
When NVin-MVout is near to zero, a great reduction in the 
value of the filter inductor may be possible with a concomi-

which, for the case of FIG. 5 (V;n=8Vout) reduces to one
seventh, for the same value of inductance, input voltage and 
output voltage in the two cases. Thus, to maintain the same 
ratio of ripple current 53 to average output current 52 in 
inductor 50 of FIG. 5 as compared to inductor 4 in FIG. 1, 
one could reduce the value of inductor 50 by a factor of 
seven. 

10 tant improvement in transient response of the converter. This 
may occur once for the system of FIG. 4, three times for the 
system of FIG. 5, and in general (N-1) times for a system 
of N converters. FIG. 7 shows a different configuration of 
combining transformers and switch pairs, resulting in yet 

Further, the average current 51 in switching transistors 36 
during their conduction period may be one-fourth of the 
average output current, by the action of transformers 44, 45 
and 46, and the ac component of current 51 may also be one 
quarter of the ac component 53 of current 52 in inductor 50. 

15 
another embodiment of the present invention. Here the 
nodes 55, 56, 57, and 58 from four switch pairs may be 
connected as shown in the figure to create an output voltage 
through combiner transformers 59, 60, 61, and 62, each of 
which may have a turns ratio of 1:1 (that is, the number of 
turns on the primary and secondary winding are the same). 

20 

Of course, as there are eight switches in the embodiment of 25 

FIG. 5 as compared to two switches in the embodiment of 
FIG. 1, the total losses in the totality of switches in the two 
figures may be the same if the inductor is reduced by the 
above factor of seven. 

This reduction in the value of output inductor 50 may 30 

produce an improved transient response by this same factor 
of seven over that of the buck converter of FIG. 1 or the 
multiple buck converter system of FIG. 2. 

FIG. 6 shows waveforms for the case of the output voltage 
equal to one-eighth of the input voltage. If the ratio of input 35 

to output voltage is lowered to four, each of the individual 
switch pairs 36, 37, 38, and 39 may be switching at a 25% 
duty factor, and the waveforms at nodes 47 and 48 may be 
at a 50% duty factor. This means that the waveform at node 
49 may be a steady de voltage equal to one-fourth of the 40 

input voltage 1, as the waveforms at nodes 47 and 48 may 
exactly interleave with no gaps. In this case the inductor 
could, in principle, be reduced to very nearly zero. In 
analogy to the case of the circuit shown in the embodiment 
of FIG. 4 operated at a ratio of V;nNout=2, if one has the 45 

freedom to choose the input voltage to be four times the 
output voltage, for the circuit in FIG. 5 one can obtain very 
fast transient response. As before, the designer should allow 
for variations in both the input and output voltage, but by 
working close to a point where h=O, he or she may greatly 50 

improve the transient response. 
If the ratio of input to output voltage of the circuit in FIG. 

5 is further reduced (raising the output voltage for a given 
input) below 25%, the voltage at node 49 may switch 
between one-fourth and one-half of the input voltage, at a 55 

duty factor which may depend upon the duty factor of the 
individual switch pairs 36,37,38, and 39. When the duty 
factor of individual switch pairs 36,37, 38, and 39 reaches 
50%, the voltage at node 49 may again be a steady de 
voltage, in this case one-half of the input voltage 1. Again 60 

the output inductor 50 may be reduced in value to nearly 
zero. This effect may repeat again at a duty factor of 
individual switch pairs 36,37,38, and 39 of 75%, where the 
voltage at node 49 becomes three-quarters of the input 
voltage 1. Thus the equation for the ripple reduction from 65 

that of ripple current 5 for the simple buck converter of FIG. 
1 becomes, in general, 

Because of this 1:1 turns ratio, the voltages across the two 
windings of transformer 59 may be the same, which is to 
say: 

where v67 is the voltage at node 67, v66 is the voltage at 
node 66, and so on. Similarly for transformer 60: 

And for transformer 61: 

And finally for transformer 62: 

Adding these equations together yields the single equation: 

Or 

Assuming the switch pairs connected to nodes 55, 56, 57, 
and 58 are driven in multiphase as in the case of the 
embodiment shown in FIG. 5, the resulting waveforms are 
shown in FIG. 8, which upon inspection are the same as 
those of FIG. 6. Therefore all of the comments regarding the 
embodiment of FIG. 5 may apply as well to the embodiment 
of FIG. 7. Thus the embodiment of FIG. 7 may permit the 
reduction of the value of inductor 68 in the same manner and 
to the same extent as does the embodiment of FIG. 5. 

It may be observed that, while FIG. 7 shows a certain 
pleasing symmetry, there may be more free variables than 
are required in the equations for the circuit. That is, V 63 , V 64 

and V 65 are all free to be established at any ac voltage so 
long as the average of that voltage is the same as the other 
nodes connected to the combining transformers. Therefore 
one might simply connect one of the switch pairs directly to 
one of these nodes and the output voltage directly to another, 
and doing so eliminates one of the transformers. This 
configuration is shown in FIG. 9. 

The concept of the embodiment of FIG. 9 resulting in the 
same performance as the embodiment of FIG. 7 may be seen 
by writing the equations of the transformer nodes in the 
same way as before. For transformer 59 in FIG. 9: 
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where as before V67 is the voltage at node 67, V58 is the 
voltage at node 58, and so on. Similarly for transformer 60: 

And for transformer 61: 

Again adding these three equations yields the result: 

This may be the same as for the four transformer case and 
so the remarks made for the embodiment of FIGS. 5 and 7 
may be as well applied to the embodiment of FIG. 9. 

Yet another embodiment, using transformers with a 1:4 
ratio may be seen in FIG. 10. Here the secondaries of 
transformers 73, 74, 75 and 76 may be connected in series 
to form an output voltage to be applied to the output filter. 
As before one may write an equation for each of the 
transformers to find the circuit operation. Alternatively, for 
this configuration one may note that the output of the 
combining transformers at node 81 may be simply the sum 
of the outputs of the secondary voltages added to the voltage 
at the common node 77. That is, mathematically, 

l n=72 

Vs1 = 4~ Vn, 
n=69 

which is the same result as for the other embodiments in 
FIGS. 5, 7, and 9, and so the circuit performance for this 
embodiment using 1:4 transformers may be the same as the 
embodiments using 1:1 transformers. In analogy with the 
case of FIG. 7, one of the transformers may be eliminated if 
it is noted that the voltage at node 77 is undefined (i.e., could 

14 

5 where N is the number of individual switch pairs and M is 
an integer taking on the discrete values 1,2,3, ... (N-1). This 
reduction in ripple current permits the designer to reduce the 
value of the output inductor by the same amount, to return 
the ripple current back to its original value. Further to this 

10 principle, when (NVin-Wout) is near zero, a great reduction 
in the value of the filter inductor is possible with a con
comitant large improvement in transient response of the 
converter. This will occur in general (N-1) times for a 
system of N converters as the ratio of output to input voltage 

15 is varied. 
It should be noted that the above descriptions and the 

waveforms in FIGS. 4, 6 and 8 assume that the source 
impedance of the combined waveform at the point of 
application to the output filter inductor (node 30 in FIG. 4, 

20 node 49 in FIG. 5, node 67 in FIGS. 7 and 9, and node 81 
in FIGS. 10 and 11) is low compared to the impedance of the 
output filter and load placed on the converter. That is to say, 
the on resistance from drain to source (Ras(on)) of the 
switching devices as reflected to those nodes should be low 

25 compared to load resistance 5, and the leakage inductance of 
the combining transformers must be small compared to the 
output inductance. In general, the former inequality will be 
approximately valid because otherwise too large a fraction 
of the input power will be lost in the switching devices. It 

30 may be, however, that it is inconvenient, difficult, or costly 
to implement the combining transformers such that their 
individual leakage inductances are small compared to the 
desired value of output filter inductance. In this case the 
inductance of the output filter inductor (31 in FIG. 4, 52 in 

35 FIG. 5, 68 in FIGS. 7 and 9, and 82 in FIGS. 10 and 11) may 
be reduced by the effective value of the leakage inductance 
at the combining node (node 30 in FIG. 4, node 49 in FIG. 
5, node 67 in FIGS. 7 and 9, and node 81 in FIGS. 10 and 
11). If this is done, the waveforms of the voltage at the 

40 combining node will not be as shown in the figure, because 
of the possible distorting effect of the combining transform
ers' leakage inductance, but circuit operation and the current 
in inductor 31 in FIG. 4, 52 in FIG. 5, 68 in FIGS. 7 and 9, 
or 82 in FIGS. 10 and 11 will be the same as that of the 

be any ac voltage with a de component equal to the output 
voltage), and might as well be made equal to one of the 
switched nodes. This is shown in FIG. 11, where the output 45 

voltage may be seen to be, as before, the sum of the 
secondary voltages added to the voltage at the common 
mode, which in this case is V 72 : 

circuit with ideal transformers and the appropriate value of 
output inductance. In this way compensation may be made 
of the non-ideal nature of the combining transformers. 

It should be pointed out, however, that the coupling 
coefficient of the combining transformers should be 

which again reduces to 

l n=72 

Vs1 = 4 ~ Vn-
n=69 

Thus the equations of performance and the waveform of the 
voltage applied to the output inductor 82 in FIG. 11 may be 
the same as that for the other embodiments of four phase 
power converters according to the present invention, namely 
FIGS. 5, 7, 9 and 10. 

In general, one may combine N switch pairs with N-1 
transformers, and it will be seen by extension that a reduc
tion in the ripple current in the output inductor may be 
achieved by a factor of: 

50 adequate; that is, that the leakage inductance is much smaller 
than the magnetizing inductance, and that the cancellation of 
the flux in the transformer cores is adequate to prevent 
saturation of the magnetic material, in order that the circuit 

55 

operate properly. 
Also, while the discussion above is directed to a system 

of buck converters, the invention applies as well to any 
collection of power conversion stages. 

The foregoing discussion and the claims which follow 
describe the preferred embodiments of the invention. Par-

60 ticularly with respect to the claims it should be understood 
that changes may be made without departing from their 
essence. In this regard it is intended that such changes would 
still fall within the scope of the present invention. It is 
simply not practical to describe and claim all possible 

65 revisions which may be accomplished to the present inven
tion. To the extent such revisions utilize the essence of the 
invention each would naturally fall within the breadth of 
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protection accomplished by this patent. This is particularly 
true for the present invention since its basic concepts and 
understandings are fundamental in nature and can be applied 
in a variety of ways to a variety of fields. 

In general, this invention can be embodied in a variety of 
5 

ways. In addition, each of the various elements of the 
invention and claims may also be achieved in a variety of 
manners. This disclosure should be understood to encom
pass each such variation, be it a variation of an embodiment 10 

of any apparatus embodiment, a method or process 
embodiment, or even merely a variation of any element of 
these. Particularly, it should be understood that as the 
disclosure relates to elements of the invention, the words for 
each element may be expressed by equivalent apparatus 15 

terms or method terms-even if only the function or result 
is the same. Such equivalent, broader, or even more generic 
terms should be considered to be encompassed in the 
description of each element or action. Such terms can be 
substituted where desired to make explicit the implicitly 20 

broad coverage to which this invention is entitled. As but 
one example, it should be understood that all action may be 
expressed as a means for taking that action or as an element 
which causes that action. Similarly, each physical element 

25 
disclosed should be understood to encompass a disclosure of 
the action which that physical element facilitates. Regarding 
this last aspect, the disclosure of a "switch" should be 
understood to encompass disclosure of the act of 
"switching"-whether explicitly discussed or not-and, 30 

conversely, were there only disclosure of the act of 
"switching", such a disclosure should be understood to 
encompass disclosure of a "switch." Such changes and 
alternative terms are to be understood to be explicitly 
included in the description. 35 

Any acts of law, statutes, regulations, or rules mentioned 
in this application for patent; or patents, publications, or 
other references mentioned in this application for patent are 
hereby incorporated by reference. In addition, as to each 

40 
term used it should be understood that unless its utilization 
in this application is inconsistent with such interpretation, 
common dictionary definitions should be understood as 
incorporated for each term and all definitions, alternative 
terms, and synonyms such as contained in the Random 45 
House Webster's Unabridged Dictionary, second edition are 
hereby incorporated by reference. All references listed in 
any information disclosure filed with and/or for the appli
cation are hereby incorporated by reference, however, as to 
each of the above, to the extent that such information or 50 

statements incorporated by reference might be considered 
inconsistent with the patenting of this/these invention(s) 
such statements are expressly not to be considered as made 
by the applicant(s). Further, the disclosure should be under
stood to include support for each feature, component, and 55 

step shown as separate and independent inventions as well 
as the various combinations and permutations of each. 

In addition, unless the context requires otherwise, it 
should be understood that the term "comprise" or variations 

60 
such as "comprises" or "comprising", are intended to imply 
the inclusion of a stated element or step or group of elements 
or steps but not the exclusion of any other element or step 
or group of elements or steps. Such terms should be inter
preted in their most expansive form so as to afford the 65 

applicant the broadest coverage legally permissible in coun
tries such as Australia and the like. 

16 
We claim: 
1. A method of powering electronic circuitry comprising 

the steps of: 

a. providing an input voltage; 

b. switching said input voltage with at least two electronic 
switches operating at a frequency, each of said elec
tronic switches having an on time, during which a 
voltage across said electronic switch is substantially 
zero, an off time, during which a current through said 
electronic switch is substantially zero, and a transition 
time between said on time and said off time which is 
substantially less than said on time and said off time; 

c. producing switched waveforms from said at least two 
electronic switches; 

d. combining said switched waveforms in a network to 
produce a voltage waveform which is at substantially 
all times the algebraic mean of said switched wave
forms; and 

e. applying said voltage waveform to a filter to produce an 
output voltage which is substantially without time 
variation. 

2. A method of powering electronic circuitry comprising 
the steps of: 

a. providing an input voltage; 

b. switching said input voltage with at least two power 
conversion stages each comprising at least two elec
tronic switches operating at a frequency, each of said 
electronic switches having an on time, during which a 
voltage across said electronic switch is substantially 
zero, an off time, during which a current through said 
electronic switch is substantially zero, and transition 
time between said on time and said off time which is 
substantially less than said on time and said off time, 

c. producing switched waveforms from said at least two 
electronic switches; 

d. combining said switched waveforms in a network to 
produce a combined current output, such that electrical 
current flowing through said power conversion stages is 
at all times equalized; and 

e. applying said combined current output to a filter to 
produce an output voltage which is substantially with
out time variation. 

3. A multiphase power converter comprising: 

a. at least two power conversion stages each comprising: 
at least two electronic switches operating at a 

frequency, each of said electronic switches having an 
on time, during which a voltage across said elec
tronic switch is substantially zero, an off time, during 
which a current through said electronic switch is 
substantially zero, and a transition time between said 
on time and said off time which is substantially less 
than said on time and said off time, said at least two 
electronic switches producing switched waveforms; 

b. a network of combining elements which combine said 
switched waveforms into a combined voltage wave
form which at substantially all times comprises the 
algebraic average mean of said switched waveforms; 
and 

c. an output filter which converts said combined wave
form into an output voltage which is substantially 
without time variation. 
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4. A multiphase power converter comprising: 

a. at least two power conversion stages each comprising: 
at least two electronic switches operating at a 

frequency, each of said electronic switches having an 
on time, during which a voltage across said elec- 5 

tronic switch is substantially zero, an off time, during 
which the current through said electronic switch is 
substantially zero, and transition time between said 
on time and said off time which is substantially less 
than said on time and said off time, said at least two 10 

electronic switches producing switched waveforms; 

b. a network of combining elements which combine said 
switched waveforms such that electrical current flow-
ing through said at least two power conversion stages 
is at all times equalized; and 15 
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6. A multi phase power converter as described in claims 3 

or 4 wherein said network of combining elements are 
transformers. 

7. A multiphase power converter as described in claims 3 
or 4 wherein said output filter comprises a series combina
tion of an inductor and a capacitor. 

8. A multi phase power converter as described in claims 7 
wherein the ratio of a ripple voltage across said inductor to 
an input voltage is smaller by a factor equal to the number 
of said at least two power conversion stages. 

9. A multiphase power converter as described in claims 3 
or 4 wherein a ripple current in each of said power conver
sion stages alternates with a period less than the sum of said 
on time and said off time. 

c. an output filter which converts said combined wave
form into an output voltage which is substantially 
without time variation. 

5. A multi phase power converter as described in claims 3 
or 4 wherein said at least two power conversion stages are 
buck converters. 

10. A multiphase power converter as described in claims 
3 or 4 wherein a ripple current in each of said power 
conversion stages has an amplitude smaller than a ripple 

20 
current in said output filter. 

* * * * * 


