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STEP-UP DC/DC VOLTAGE CONVERTER
WITH IMPROVED TRANSIENT CURRENT CAPABILITY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation-in-part of Application No. 11/890,818 and
Application No. 11/890,956, each of which was filed on August 8, 2007, and is

incorporated herein by reference in its entirety.
BACKGROUND OF THE INVENTION

This invention pertains to the design, operation and performance of switching
power supplies for use in DC/DC conversion and voltage regulation, and to the
semiconductor components used in such converters. Specifically, this invention focuses
on step-up DC/DC conversion, i.e. where the output voltage exceeds the input voltage,
and especially on DC/DC conversion wherein the output voltage is significantly greater
than the minimum input voltage. |

Voltage regulation is commonly required to prevent variation in the supply
voltage powering various microelectronic components such as digital ICs, semiconductor
memories, display modules, hard disk drives, radio frequency (RF) circuitry,
microprocessors, digital signal processors and analog ICs, especially in battery powered
applications such as cell phones, notebook computers and consumer products.

. Since the battery or other DC input voltage of a product often must be stepped-up
to a higher DC voltage, or stepped-down to a lower DC voltage, such regulators are
referred to as DC-to-DC converters. Step-down converters are used whenever the battery
voltage is greater than the desired load voltage. Step-down converters rhay comprise
inductive switching fegu]ators, capacitive charge pumps, and linear regulators.
Conversely, step-up converters, commonly referred to boost converters, are needed
whenever the battery voltage is lower than the desired load voltage. Step-up converters
may comprise inductive switching regulators or capacitive charge pumps.

Prior art inductive switching regulators, capacitive charge-pump cohverteré, and
linear regulators, however, all suffer from certain limitations in capability and
performance.

Inductive Boost Switching Converters
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Of the aforementioned voltage regulatoré, inductive switching converters can
achieve superior performaﬁce over the widest range of currents, input voltages and output
voltages. There are two major types of inductive switching converters — those utilizing
s'ingle-winding inductors, typically referred to as non-isolated converters, and those using
transformers and multiple winding inductors, typicaliy referred to as isolated converters.
Of these, single-winding, non-isolated inductive switching converters are typically used
in portable products where siie, efficiency, and battery life are paramount.

Non-isolated inductive switching converters are capable of operating at high
efficiency over a wide range of input and output voltages and load currents, particularly
when dedicated to only stepping up or stepping down an input to a higher or lower
voltage respectively. Non—isolaied step-down converters are commonly referred to as
Buck converters. Non-isolated step-up converters are frequently referred to as boost
converters. Non-isolated inductive switching regulators are described in Application No.
11/890,818, entitled “High-Efficiency DC/DC Voltage Converter Including Down
Inductive Switching Pre-Regulator and Capacitive Switching Post-Converter” by RK.
Williams, incorporated herein by reference. |

Inductive switching regulators suffer from a variety or fundamental limitations.
Both Buck and boost converters, for example, exhibit difficulties with extremely narrow
pulse widths. Narrow pulses naturally occur at high conversion ratios, i.e. when the
output voltage is dramatically different than the input voltage. Narrow pulses also occur
when the output and input voltages are similar.

For example, in a boost converter, narrow pulse widths occur whenever the
desired output voitage is significantly greater the input voltage. This narrow pulse
limitation makes it difficult and inefficient to step an input voltage up by a high ratio —
for example, by a factor of four or more. This occurs because, in fixed frequency
operation, a boost converter delivers an output voltage according to the relation:

1
Vour = S Vian

where Vpyq is the input and D is the duty factor of the MOSFET conducting during
magnetizing of the inductor, i.e. during magnetic energy stofage. For Vout>>Vpan, then

the expression (1-D) must be small, so that D — 100%. As D increases, the low side
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MOSFET is on for an increasing portion of the period, and less time is available to
transfer its energy to the output capacitor. Transferring more energy in a shorter duration
requires increasingly higher currents, and-efficiency suffers.

Because the low side MOSFET r/nust turn off and then turn back on very quickly,

extremely high duty cycles in‘a boost converter create a narrow off pulse problem, and

- degrade efficiency for high step up conversion ratios. Ideally, the converter should

operate closer to a 50% duty cycle, so a more equal amount of time is made available for
both magnetizing the inductor, and then transferring the eriergy stored in the inductor to
the output capacitor.

Narrow pulse widths can also occur when the regulator’s input and output
voltages are similar, i.e. when the output-to-input voltage transfer ratio approaches unity.
This condition manifests itself not as current spikes, but as a phenomenon called
“dropout” where regulation is dggraded.

Dropout in Prior Art Converters

Regardless of whether the converter is a step-up or step-down converter, prior art
converters suffer from a problem referred to as dropout. Specifically, whenever the input
voltage and the output voltagé approach one another within the range of several hundred
millivolts, i.e. Vou = Vin £ 200 mV, the regulating ability of the converter suffers. Loss of
regulating ability may be manifested in several ways, either by a one-time or repeated
glitch or discontinuity in the output voltage, by an increased ripple in the 6utput voltage,
or by a complete loss of regulation within some narrow voltage band. In these situations,
the converter “drops out” of régulation.

In a boost converter near dropout, as D — 0%, the duty factor must jump from
Dpin to 0% whenever the time duration becomes too short to achieve closed loop control.
At a zero duty factor, no energy is being transferred from the input terminal of the
converter into the inductor, so-control and therefore regulation, are momentarily lost.
Similarly, a Buck converter momentarily loses regulation as its switching duty factor

jumps from Dpax to 100%, and it completely loses regulation while D = 100%, since the

- input terminal is essentially resistively connected to the output terminal. So both Buck

and boost configured inductive switching regulators suffer dropout near unity conversion

ratios.



10

15

20

25

30

WO 2010/014232 PCT/US2009/004396

Another type of step-down converter, the linear regulator also suffers dropout and
loss of regulation whenever the AV across the linear reguiator’s input and output
terminals becomes too small. In essence, dropout occurs in a linear regulator because the
loop gain of the amplifier performing regulation drops precipitously as its transistor pass
element changes from behaving as a current source into behaving as a variable resistor. If
the pass element is a bipolar transistor, the loss of gain occurs at small values of Vg as
the device transitions from its active operating region into saturation. In many bipolar
linear regulators, this dropout condition occurs at more than 400 mV.

In so-called “low dropout” linear regulators or “LDOs”, a MOSFET capable of
operating as a current source at a lower AV is substituted for the bipolar pass element, but
the linear regulator still drops out at a AV of 200 to 300 mV as the power MOSFET pass
element transitions from its saturation, i.e. constant current, region into its linear, i.e.
resistive, region of operation. So while linear regulators are not switching and are not
limited by the narrow pulse problem, they still suffer from dropout effects and a
corresponding loss of regulation. Moreover, by itself, the linear regulator is only capable
of stép down operation.

Compared to their non-isolated counterparts, isolated converters such as the
flyback and forward converter are able to operate at high efficiencies near unity
conversion without the need switching modes or suffering dropout, but their use of
physically-large tapped inductors, coupled inductors, and transformers precludes their
application in most portable products. | '

Charge Pump Converters

An alternative to a switched-inductor converter is a charge pump, a voltage
conversion circuit using only switches and capacitors to perform voltage translation
through repeated charge redistribution, i.e. the continuous charging and discharging of a
capacitor network driven by a clock or oscillator. While a large variety of prior-art charge
pumps exist, utilizing any number of flying capacitors and MOSFET switching networks,
this type of converter can be pre-configured to either step-up or step-down a voltage but
cannot be pre-configured to do both step—up and step-down conversion.

The two most common topologies of step-up charge pumps are the charge pump

doubler and the 1.5X fractional charge pump. The charge pump doubler 1 of Fig. 1A, for
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example, comprises a battéry or voltage source 2 of voltage Vpay, a flying capacitor 3,
MOSFETs 4, 5, 6 and 7, and output capacitor 8. The operation of doubler 1 involves
successively and repeatedly charging flying capacitor 3 in current path @ and then
transferring charge from the flying capacitor to output capacitor 8 in current path @.
Charging of flying capacitor 3 occurs by turning on MOSFETs 4 and 5 while MOSFETs
6 and 7 remain off, so that after some time Vg, = Vyay, as illustrated in the equivalent
circuit 10 shown in Fig. 1B. As illustrated, voltage source 11 represents battery 2.

Transferring charge from capacitor 3 to output capacitor 8 occurs by turning on
MOSFETs 6 and 7 while turning off MOSFETs 4 and 5. The equivalent circuit 15, shown
in Fig. 1C, illustrates that during the charging of output capacitor 8, flying capacitor 3
electrically sits atop‘ battery 11 so that there voltages add. Since Vqy = Vpa then capacitor
8 charges to'a voltage approximately double that of Vg, 1.€. the output voltage Vour
approaches 2Vy,. For this reason, charge pump 1 is often referred to as a doubler.
Provided battery 11 has minimal internal series resistance (not shown schematically),
charge transfer current @ can be substantial, allowing the doubler charge pump 1 to react
quickly to changing load conditions and maintain the output voltage while delivering
added current to an electrical load.

In some applications producing an output double the input voltage may be
excessively high for the electrical load being powered. In such an event, the efficiency of-
charge pump 1 can be very low. One way to improve overall charge pump efficiency is to
employ a fractional charge pump 20 as shown in Fig. 2A. -

As illustrated, 1.5X charge pump 20 comprises a battery or voltage source 21 of
voltage Vpay, two flying capacitors 22 and 23, MOSFETs 24, 25, and 26 for charging the
flying capacitors 22 and 23, MOSFETs 27, 28, 29 and 30 for transferring charge to the
output terminal, and output capacitor 31. Fractional operation involves successively and
repeatedly charging flying capacitors 22 and 23 in series through current path @ and then
transferring charge from the flying capacitor connected in parallel to output capacitor 31
through current path @. Specifically, charging of flying capacitors 22 and 23 occurs by
turning on MOSFETs 24, 25 and 26 while MOSFETS 27, 28, 29 and 30 remain off.
Because capacitors 22 and 23 are series connected, each of flying capacitors 22 and 23

charges to one-half the input voltage, i.e., Vay = Vpa/2. The charging condition is
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illustrated by equivalent circuit 10 shown in Fig. 2B, where voit’age source 36 represents
battery 21 without any significant internal series resistance.

Transferring charge from capacitors 22 and 23 to output capﬁcitor 31 occurs by
turning on MOSFETs 27, 28, 29 aﬁd 30 while turning off MOSFETs 24, 25, and 26. The
equivalenf circuit 40, shown in Fig. 2C, illustrates that during the charging of output
capacitor 31, flying capacitors 22 and 23 are connected in parallel, with the parallel
combination sitting electrically atop battery 36 so that there voltages add. Since Vay =
Viy2 = Voan /2, capacitor 31 charges to a voltage .approximately one and a half times that
of Vyay, i.€. output voltage Vour approaéhes 1.5Vpa. For this reason, charge purhp 40 is
often referred to as a fractional step-up charge pump. Provided battery 36 has minimal
internal series resistance (not shown schematically), charge transfer current ® can be
substantial, allowing the fractional charge pump 40 to react quickly to changing load
conditions and maintain the output voltage while delivering added current to an electrical
load.

The advantage of the charge pumps shown in Figs. 1A and 2A is that at specific
voltage conversion ratios, the charge pump can exhibit conversion efficiencies
approaching 100%. The high efficiency occurs because very little.current flows in each
charging and discharging cyéle.

One disadvantage of a charge pump is that it can only efficiently operate at
specific conversion ratios. If the output voltage is other than a select multiple of the input
voltage, the converter exhibits a low efficiency. If for any reason, e.g. loading of the
output, Vo deviates from the target voltage of 2Vpay in a doubler or 1.5V in a
fractional charge pump, then the efficiency of the converter drops.

Since the efficiency of the charge pump converter drops whenever the output-to-
input voltage conversion ratio deviates frém these specific voltage conv.ersion ratios, it is
not capable of generating a predetermined output voltage without significantly sacrificing
efficiency.

Charge pumps therefore operate efficiently only when their output voltage is
some fixed fractional multiple of their input voltage. If a charge pump’s output voltage
changes in proportion to its input voltage, it cannot be considered as a voltage regulator. |

Adapting a charge pump to produce a fixed output voltage as the input voltage varies, e.g..
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by forcing the output of the charge pump to a lower voltage by partially charging the
flying capacitors, invériably sacrifices efficiency. For that reason, charge pumps do not
make efficient voltage regulators.

Limitations of Prior-Art Up-Down Converters

In conclusion, prior art DC-to-DC converters and voltage regulators suffer from a

number of limitations as summarized in the following table.

Feature Buck Linear Reg Boost Charge Pump
o Down Down Up Up or Down,
Stgp Up/Down Only Only Only Predetermined
Efficiency - Superior Depends on Good Depends on
: voltage ratio voltage ratio
_ Regulatlon, ' Exéellent Excellent Excellent None
Nominal Oper ) _
Operation at Loses Loses Loses Low
Vin = Vou . Regulation Regulation Regulation Efficiency
Operation at . . Limited by I, Limited by
Vin << Voue No operation | No operation & pulse width efficiency

- Of the available prior art converters, Buck converters and linear regulators can -
only offer step down conversion. Furthermore, they lose regulation, i.e. suffer dropout,
whenever the input and output voltages are similar. For large differences in input and
output voltages, linear regulators also suffer from poor efficiencies.

The boost converter is able to s-tep-up an input voltage but with a number of
limitations. | |

In addition to suffering dropout when Vip = Vout and the duty factor approaches -
100% due to the narrow pulse problem, the inductive boost converter is also limited
whenever the duty factor approaches zero. At such a condition, a boost converter’s ability
to step up an input voltage by a large multiple is limited from extremely narrow pulses of
high currents, degrading efficiency and limiting its ability to regulate against transients.

Charge pumps, also capable of step-up conversion, can offer good efficiency at
higher conversion ratios, e.g. at 2X or 3X the input, but only. at exact predetermined
voltage multiples. They are not practical for general voltage regulafion. Any deviation

from a predetermined multiple results in significant loss of efficiency.
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In short, all present day non-isolated converters are limited in performance
whenever their output and input voltages differ greatly. Except for charge pumps, which
do not provide an efficient means of regulation, the prior-art DC-to-DC converters may
also become unstable or lose regulation when Vin = Vo, i.€. approaching unity conversion
ratios. .

The choices for step-up conversion are even more limited since only boost
converters or charge pumps provide non-isolated step up conversion in a small space.
Boost converters, however, suffer from high MOSFET currents and low efficiency at
high conversion ratios. Charge pumps cannot provide regulation without sacrificing
efficiency. |

What is needed is a step-up converter and voltage regulator that is efficient over a
wide-range of input and output voltages and capable of high conversion ratios without
operating at extremes in duty cycle, thefeby avoiding the aforementioned narrow pulse
problems. Ideally such a converter should also be-able to minimize problems associated
with dropout approaching unity voltage transfer conversion ratios. Moreover, the

converter should be able to supply high transient current while sustaining tight regulation.

BRIEF SUMMARY OF THE INVENTION

In a DC/DC voltage converter according to the invention, an output terminal of a
pre-regulator comprising an inductive switching voltage converter is connected to an
input terminal of a post-converter comprising.a charge pump. The pre-regulator may
comprise either a step-down (Buck) or step-up (boost) converter. The post-converter
may comprise either an integral or fractional charge pump. The input terminal of the pre-
regulator is the input terminal -of the DC/DC voltage converter; the output terminal of the
post-converter is the output terminal of the DC/DC voltage converter.

In accordance with the invention, the p.ost-converter has a second input terminal
which is coupled to the input terminal of the DC/DC converter. The second input
terminal of the post-converter is céupled through a switch to a terminal of a capacitor
within the charge pump. In 6peration, the switch is repeatedly opened and closed such
that the terminal of the capacitor is sequentially connected to and disconnected from the
input terminal of the DC/DC voltage converter. This is in contrast to the structure

described in Application Nos. 11/890,818 and 11/890,956, wherein the terminal of the

-8-
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capacitor in the charge pump is coupled through a switch to the output terminal of the
pre-regulator.

As a result, as the terminal of the capacitor in the charge pump is repeatedly
connected to the input terminal of the DC/DC voltage converter, the voltage across the
capacitor is added to the input DC voltage rather than the intermediate voltage produced
by the pre-regulator. The prc:-r'egulator and post-converter may be driven by a common
clock pulse generator, and the charge transfer from the capacitor in the charge pump to
the output capacitor may occur either in phase or out of phase with the magnetizing of the
inductor in the pre-regulator.

A DC/DC converter of this invention is able to supply relatively large transient
currents in response to the demands of the load because the transient current capability of

the converter is not affected by the series resistance of the pre-regulator.
BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

Fig. 1A is a circuit diagram of a charge pump doubler.

Figs. 1B and 1C are equivalent circuit diagrams of the charge pump doubler
during the charging and charge transfer phases, respectively.

Fig. 2A is a circuit diagram of a fractional 1.5X charge pump.

Figs. 2B and 2C are equivalent circuit diagrams of the fractional 1.5X charge
purhp during the charging and charge transfer phases, respectively.

Fig. 3A is a circuit diagram of an LCXU converter with a 2X post-converter.

Figs. 3B and 3C are equivalent circuit diagrams of the LCXU converter of Fig.
3A during the charging and charge transfer phases, respectively.

Fig. 4A is a circuit diagram of an LCXU converter with a 1.5X post-converter.

Figs. 4B and 4C are equivalent circuit diagrams of the LCXU converter of Fig.
4A during the charging and charge transfer phases, respectively.

Fig. SA is a circuit diagram of an LCXU converter with a 2X post-converter

“according to the invention.

Figs. 5B and 5C are equivalent circuit diagrams of the LCXU converter of Fig.
SA during the charging and charge transfer phases, respectively.
Figs. 6A and 6B are equivalent circuit diagrams of an LCDU converter with a 2X

post-converter during the charging and charge transfer phases, respectively.

-9-
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Fig. 6C is a circuit diagram of the LCDU converter with 2X post-converter.

Figs. 7A and 7B are equivalent circuit diagrams of an LCUU converter with a 2X
post-converter during the charging and charge transfer phases, respéctively.

Fig. 7C is a circuit diagram of the LCUU converter with 2X post-converter.

Fig. 8A is a circuit diagram of an LCXU converter with a 1.5X post-converter
according to the invention.

Figs. 8B and 8C are equivalent circuit diagrams of the LCXU converter of Fig.
8A during the charging and charge transfer phases, respectively. '

Figs. 9A and 9B are equivalent circuit diagrams of an LCDU converter with a
1.5X post-converter during -the charging and charge transfer phases, respectively.

Fig. 9C is a circuit diagram of the LCDU converter with 1.5X post-converter.

Figs. 10A and 10B are e'quivalent circuit diagrams of an LCUU converter with a
1.5X post-converter during the charging and charge transfer phases, respectively. |

Fig. 10C is-a circuit diagram of the LCUU converter with 1.5X post-converter.
DETAILED DESCRIPTION OF THE INVENTION

A neW family of high-efficiency DC-to-DC converters and switching regulators is
disclosed in Applications Nos. 11/890,818, 11/890,941, 11/890,956, and 11/890,994, all
of which were filed on August 8, 2007, and all of which are incorporated herein by
reference. These converters feature the capability of dynamic up-down conversion and
large voltage conversion ratios without the complication of mode switching, instability,
over a wide range of operating condiiions. '

 The converters disclosed therein combine an inductive energy storage element,
denoted by L, with one or more continuously-switched capacitive storage elements,
denoted by C. In one embodiment, referred to herein as a class of LCXU converter, a
two-stage voltage converter comprises an inductive switching pre-regulator followed by a
capacitive voltage post-converter. The inductive pre-regulator may either step-up or step-
down the input voltage. The capacitive post-converter steps up the voltage at its input
terminal, which is the output voltage of the pre-regulator.

In a preferred embodiment, the entire two-stage converter uses synchronized

switching of the inductor and the capacitors, and employs closed loop feedback from the

-10 -
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post-converter’s output terminal to modulate the pulse width of the inductive pre-
regulator.

‘One implementation, the so called LCUU topology combines a step-up inductive
pre-regulator with a step-up post-converter. The LCUU topology provides step-up
voltage conversion with high conversion ratios at reasonable duty factors, i.e. where Vi,
<< Vout, avoiding the aforementioned narrow pulse problem of prior-art switching
regulators. In similar fashion, a LCDU topology combines a step-down inductive pre-
regulator with a step-up post-converter.

| Other LCXX and a related class of CLXX converters are described in the

aforementioned patent disclosures. This disclosure, however, relates specifically to a

variant of the LCXU class of converters, comprising a step-up or step-down inductive
pre-regulator followed by a step-up capacitive post converter.

LCXU Converter Operation

In the family of LCXU convertérs disclosed in Application Nos. 1 1/890,81 8 and
11/890,956, the general tdpology can be represented by converter 50 shown in Fig, 3A°
comprising a battery or power source 51, a switching voltage pre-regulator 5S0A with

inductor 53, and an intermediate reservoir capacitor 54 charged to an intermediate

‘voltage V. Depending on the connections of inductor 53, pre-regulator 50A may

comprise either a step-up or a step-down converter

The output-voltage Vy of converter 50A powers a charge pump 50B, using a
doubler topology comprising a single flying capacitor 55, a network of power MOSFETs
56, 57, 58 and 59 and an output capacitor 60. Output capacitor 60 is connected in parallel
with a load 61. The control circuit for MOSFETs 56, 57, 58 and 59 (not shown) charges
capacitor 55 by turning on MOSFETs 56 and 57 while MOSFETs 57 and 58 remain off,
and then transfers the charge from capacitor 55 to capacitor 60 by turning on MOSFETs
58 and 59 while MOSFETSs 56 and 57 are turned off.

The operating principle of converter 50 can be illustrated by representing the
charging of flying capacitor 55 to a voltage V, as equivalent circuit 65 in Fig. 3B where
dependent voltage source 66 represents the output voltage V, of pre-regulator S0A at
charged capacitor 54. During charging, a transient current @ flows until capacitor 55

reaches its final voltage V.

-11-
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During the charge transfer cycle, shown by equivalent circuit 70 in Fig. 3C, the
charged flying capacitor 55, charged to the voltage V,, is electrically “stacked atop:

dependent voltage source 66 (the output voltage of .pre-regulator 50A), which is also

charged to a voltage V,. Since the negative terminal of capacitor 55 is connected to the

positive terminal of voltage source 66, the voltages add. Capacitor 60 is then charged to a.
voltage 2V,, twice the output of pre-regulator SOA. Since the output voltage of post-
converter 50B is double the intermediate voltage V,, the post converter 50B acts as a
doubler.

A transient current @ flows to the transfer charge to capacitor 60 and to provide
any current needed by the electrical load 61 connected in parallel to capacitor 60. The
series impedance of this loop affecting current @ includes any parasitic resistance
included within controlled voitage source 66. In other words the transient current
capability of converter 50 is affected by the design of pre-regulator 50A and the
capacitance and type of capacitor 54. |

Alternatively, the post-converter may comprise a fractional charge pump circuit,
as shown in converter 80 of Fig. 4A, comprising a battery or power source 81, a
switching voltage pre-regulator 80A with inductor 83, and an intermediate reservoir
capacitor 84 charged to anintermediate voltage V,. Depending on the connections of
inductor 83, pre-regulator 80A may comprise either a step-up or a step-down converter.

The output voltage V, of pre-regulator 80A powers a charge pump 80B here
shown using a fractional or 1.5X topology comprising two flying capacitors 85 and 86, a
network of power MOSFETs 87, 88, 89, 90, 91, 92 and 93 and an output capacitor 94. A
load 97 is connected in-parallel with output capacitor 94. The control circuit for '

MOSFETs 87, 88, 89, 90, 91, 92 and 93 (not shown) charges capacitors 85 and 86 by

turning on MOSFETs 87, 88 and 89 while MOSFETs 90, 91, 92 and 93 remain off and
switches the MOSFETs 87, 88, 89, 90, 91, 92 and 93 to transfer charge to capaqitor 94,

Charge transfer occurs by turning on MOSFETs 90, 91, 92 and 93 while MOSFETs 87,
88, and 89 are biased off.

" The operating principle of fractional converter 80 can be illustrated by
representing the charging of flying capacitors 85 and 86, each to a voltage V,/2 as shown

in the equivalent circuit 95 of Fig. 4B, where dependent voltage source 96 represents the
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output of pre-regulator 80A and charged capacitor 84. During charging, a transient

current @ flows until each of capacitors 85 and 86 reaches a voltage equal to V,/2,

assuming that capacitances 85 and 86 are equal in magnitude.

During the charge transfer cycle, shown by equivalent circuit 98 in Fig. 4C,

charged flying capacitors 85 and 86 are connected in parallel and their parallel

.. combination is electrically stacked atop dependent voltage source 96 (the output voltage

.of pre-regulator 80A. Since the negative terminals of capacitors 85 and 86 are connected

to the positive terminal of voltage source 96, the voltages add. Capacitor 94 is then

charged to a voltage of (Vy + 0.5V,) or 1.5V, one and a half times the oﬁtput voltage of

pre-regulator S0A. Since the outpht voltage is fifty percent more than the intermediate

voltage Vy, the post converter 80B acts as a fractional step-up stage.

A transient current @ flows to transfer charge to capacitor 94 and to provide any

current needed by an electrical load 97 connected in parallel to capacitor 94. The series

impedance of this loop affecting current @ includes any parasitic resistance included

within controlled voltage source 96. In other words the transient current capability of

circuit 80 is affected by the design of pre-regulator 80A and the capacitance and type of

capacitors 85 and 86.

The inductive pre-regulators SOA and 80A in LCXU converters 50 and 80 may

comprise any type of DC-to-DC switching converter but preferably comprise either a

Buck converter-or a boost converter. In the case of a Buck converter, the magnitude of

the intermediate voltage V, is less than the magnitude of the input voltage Vpay and the

pre-regulator 50A or 80A steps down the supply voltage. Converters 50 and 80 are then

examples of previously disclosed LCDU converters, where the first stage steps down the

input voltage Vypay and the second stage steps up the intermediate voltage V.

Depending on its operating conditions, using feedback control such a circuit can

dynamically adjust to changing conditions to maintain an output voltage less than, equal

to, or greater than the input voltage. In response to feedback, the pre-regulator’s Vy

output voltage can be controlled using fixed frequency pulse width modulation, i.e.

PWM, or variable frequency techniques.

In fixed frequency operation, the Buck converter’s output voltage is given by

v, =DV,
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where D is the duty factor of the main switching MOSFET in the Buck converter. The
post converter'has a transfer function of circuits 50 and 80 have a voltage transfer
function given by |
_ Vour-=n Vy

where n > 1, i.e., n = 2 in the case of doubler post-converter S0B or n = 1.5 in the case of
frqctional post-converter 80B. ComBining these terms, the overall LCDU transfer
function is given by

Vour =nV,=nDV,,, |

Given the values of n as either 1.5 or 2, and D ranging from 5% to 95% then the
voltage conversion ratio Vour/Vian of this converter family can be less than unity for
step-down operation, greater than unity for step-up operation, or operating at or near
unity when Vout =Vpar, The LCDU converter can cover this wide range without changing
operating modes, even at the unity voltage conversion condition, offering great benefit
over conventionai prior-art Buck-boost converters which. suffer from instability and poor
performance dﬁring mode transitions. '

Alternatively, the inductive pre-regulators SOA and 80A in LCXU converters 50
and 80 comprise a boost converter. In such a case, the Magnitude of the intermediate
voltage Vy is greater than the magnitude of the input voltage Vean and the pre-regulator
50A or 80A steps up the supply voltage. Converters 50 and 80 are then examples of
previously disclosed LCUU converters, where the first stage steps up the input voltage
Vpan and thé second stage steps-up the intermediate voltage V, even more.

Depending on its operating conditions, using feedback control the LCUU circuit
can dynamically adjust to changing conditions to maintain an output voltage from input
voltage less than, equal to, or greater than its input. In response to feedback, the pre-
regulator’s Vy output voltage can be controlled using fixed frequency pulse width
modulation, i.e. PWM, or variable frequency techniques.

- In fixed frequency operation, the boost converter’s output voltage is then givén by

1
Vy = E)— Vhall
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where D is the duty factor of the main switching MOSFET in the boost converter, not the
synchronous rectifier. MOSFET. As mentioned previously, the post converter 50B or 80B
has a transfer function given by ' '

Vour =nV,

where n > 1, i.e., n = 2 in the case of doubler post-converter 50B or n = 1.5 in the case of
fractional post-converter 80B. Combining these terms, the overall LCUU transfer
function is then given by

n

Vour =nV, =

—V,
¥ 1-D

hatt

Given the values of n as either 1.5 or 2, and D ranging from 5% to 95% then the

voltage conversion ratio Vout/Vean of this LCUU converter family is always greater than

.unity, meaning it can only step up the input voltage.

The advantage of the LCUU converter is it can achieve large step-up conversion
ratios even at a 50% duty factor. For example if n = 2, i.e. using a doubler post-converter,
then ata 50% duty factor, the voltage conversion ratio Vour/Viare = 4, exhibiting an
output voltage quadruple its input. In a conventional prior-art boost converter, a 4X
conversion ratio requires operating at a 75% duty factor. At a 75% duty factor, the
doubler-type LCUU converter can deliver an output eight times that of the prior art boost.

One major advantage of operation near 50% duty factor is that the frequency of
the converter can be increased and the size of the inductor in the pre-regulator can be
decreased without limiting the duty factor range in order to avoid the narrow pulse
problem described previously. Another advantage is that near a 50% duty factor, the
MOSFET currents do not require high peak currents because more time is available to
transfer energy from the battery into the inductor and from the inductor into the outpﬁt
capacitor. So the LCUU converter offers a number of advantages compared to prior art
boost converters.

Improved LCXU Switching Converters

In the LCXU converter family, energy transfer from the post-converter to the
output capacitor involves the series combination of the pre-regulator and one or more
flying capacitors. For example, referring to the doubler-type LCXU converter 50 shown

in Fig. 3A, during charging of the output capacitor 60, converter 50 behaves as shown in
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circuit 70 (Fig. 3C), with flying capacitor 55 in series with voltage source 66, an

idealized element representing pre-regulator S0A. Current @ flows during the charging of

| output capacitor 60 and also to supply current to any load attached in ﬁarallel to capacitor

60. During alternate cycles when flying capacitor 55 is being charged; output capacitor
60 must supply any current required by the load.

Ideally, current @ is supplied by a voltage source in series with a capacitor, and
as such should be able to supply high transient currents on demand with no warning. In
reality however, voltage source 66 is a Buck or boost converter or some other DC/DC
converter circuit with intrinsic limitations in current, especially if capacitor 54 is. small.
These components add series resistance to the idealized equivalent circuit 70, and limit
the ability of converter 50 to react to changes in the load’s current demand. As a result of
this equivalent series parasitic resistance, transient voltage regulation can suffer. This
poor response adversely impacts the step load response capability of converter 50 and can
only be avoided by increasing the magnitude of capacitor 54 or 60. |

In an LCXU converter of this invention, the series resistance of the converter
during charge transfer is made independent of series resistahce within the pre-regulator
circuit and transient load current capability is improved commensurately. This new
topology has a unique feature that during discharge the current no longer flows through
the pre-regulator. Transient voltage regulation is therefore improved using this technique.

One embodiment of this invention is shown Fig. SA, wherein a converter 100
comprises a battery or power source 101, a switching voltage converter 102 with inductor
103, and an intermediate reservoir capacitor 104 charged to a voltage V. Depending on
the connections of inductor 103, pre-regulator 100A may comprise either a step-up or a
step-down converter. ' |

The voltage V, at the output of pre-regulator 100A powers a portion of a post-
converter charge pump 100B, which in this embodiment uses a doubler topology
comprising a single flying capacitor 105, a network of power MOSFETs 106, 107, 108
and 109 and an output capacitor 110. The control circuit for MOSFETs 106, 107, 108 and
109 (not shown) charges capacitor 105 by turning on MOSFETs 106 and 107 while
MOSFETs 108 and 109 remain off, and then transfers the charge from capacitor 105 to
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capacitdr 110 by turning on MOSFETSs 108 and 109 while MOSFETs 106 and 107 are
biased off.
In contrast to converter 50 shown in Fig. 3A, converter 100 includes a MOSFET

108, with one terminal connected to the negative terminal of the flying capacitor 105, and

a second terminal connected to the positive terminal of battery 101. This topological

change has a significant change in the operation of converter 100 in that, during charge
transfer, thé'negative terminal of the flying capacitor 105is connected, via MOSFET 108,
to the battery voltage Vpaq rather than to Vy, the output voltage of DC/DC pre-regulator
100A.

Converter 100 is thus topologically distinct from converter 50, wherein MOSFET

58 is connected to the intermediate voltage V. In converter 100, the corresponding

‘MOSFET 108 is instead tied directly to the voltage input Vyay, not to intermediate voltage

V. The operating principle of converter 100 can be illustrated by representing the .
charging of flying capacitor 105 -to a voltage V, as in the equivalent circuit 115 of Fig.
5B where dependent voltage source 116 represents the output of pre-regulator 100A and
charged capacitor 104. During charging, a transient current @ flows until capacitor 105
reaches its final voltage V, in a manner identical to the charging of capacitor 54 in
converter 50. |

During the charge transfer cycle, as shown in the equivalent circuit 118 of Fig.
5C, the charged flying capécitor 105 is electrically stacked atop the input voltage source
Vpay, NOt atop dependent voltage source 116 (which represents the output of pre-regulator
100A and charged capacitor 104). Since the negative terminal of flying capacitof 105 is
connected to the positive terminal of vqltage source 101, the voltages add. Capacitor 110
is then charged to a voltage (Vpan + Vy).'This voltage is not equal to twice the
intermediate voltage V, at the output of pre-regulétor 100A, but it is cléarly greater than
Vian.

As shown in Fig. 5C, the transient current @ flows during the charge transfer
phase to capacitor 110 and to provide any current needed by an electrical load connected
in parallel to capaéitor 110. The series impedance of this loop affecting current @
includes any parasitic resistance included within the battery or other voltage source 101.

Dependent voltage source 116 is therefore not involved during the charge transfer from
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the flying capacitor 105 to the output capacitor 110. The transient current capability of
converter 100 is improved because it does not depend on the design of pre-regulator
100A or on capacitor 104. '

Thus, in accordance with the invention, during the charging phase, the pre-
regulator 100A is used to charge the flying capacitor 105 to an interrhediate voltage V,
and then, during the charge transfer phase, the intermediate voltage V, is added to the
voltage Vpay Of the battery or other voltage source 101 to determine the output voltage of
the DC/DC converter 100. The value of the intermediate voltage Vy depends on the
construction and operation of pre-regulator 100A. The current during charge transfer,
however, does not depend on conduction through the pre-regulator 100A.

High-transient-capable LCXU converter 100 méy be implemented as a LCDU
converter, wherein pre-regulator 100A is a Buck or step-down pre-regulator, or
alternatively as a LCUU converter, wherein pre-reéulator 100A is a boost or step-up pre-
regulator.

Embodiment of High-Transient-Capable LCDU Converter

If the disclosed LCXU converter is adapted for fixed frequency down-up

operation, the pre-regulator stage exhibits a transfer characteristic Vy = DVpan.

Accordingly, as shown in the equivalent circuit 120 of Fig. 6A, during the chérging
phase, the LCDU converfer uses a dependent voltage source 121 to charge flying
capacitor 122 to a voltage V, with a transient current ©. During the charge transfer
phase, as shown in the equivalent circuit 125 of Fig. 6B, charged flying capacitor 122 is
electrically stacked atop the voltage Vypay of the input voltage source 127. As aresult, a
current ® flows to charge output capacitor 126 to its final value Voyr. Since voltage
source 127 and flying capacitor 122 are series connected, the voltage Vouyr is sum of Vpay
and Vy:

Vour =V,

batt

+V, =V + DV, =V, (1+ D)

batt
The 'equivalem output-to-input voltage transfer ratio of the embodiment of the

LCDU converter disclosed herein is then given by

V()UT - (1 + D)

hant
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The previously disclosed 2X-type LCDU converter 50 has a voltage transfer ratio
of Vour/Vean = 2D, which means that converter 50 can operate either below or above a
unity transfer ratio. In contrast, the LCDU version of converter 100 always operates |
above a unity transfer ratio. Specifically, as D varies from zero to 100%, the transfer ratio
of the LCDU version of converter 100 varies from 1X to 2X. So even though the
converter involves both step down and step up stages, the magnitude of the doubler type
post-converter is greater than the step-down range of the pre-regulator and the net result -
is step-up only operation. . N

If variable frequency.'control is employed, the duty factor D is replaced by tﬁe
quantity ton/(tonttorr), Where to, is time period during which a switch allowing a
magnetizing current to flow into inductor 103 is turned on and foff is the time period
during which the switch is turned off. This allows either the magnetizing time of
inductor 103 and the duration allowed for current recirculation, i.e. when the current
inductor current declines, to be adjusted dynamically on a cycle by cycle basis.

An embodiment of a high-transient-capable LCDU converter 140 is shown in Fig.
6C. Converter 140 includes a pre-regulator 140A ct_)mprising a low-side N-channel.
MOSFET 142 and a high side MOSFET 141 connected in series between the input
voltage Vpay and grouhd, an inductor 144, and an optional capacitor 145. (Note: As used
herein, “ground” refers to circuit ground which may be any voltage different from Vian.)
A post-converter 140B comprises flying capacitor 146, MOSFETs 147, 148, 149 and
150, and output capacitor 151. High-side MOSFET 141 may be P-channel or N-channel
with appropriate changes in the gate drive circuitry and the polarity of the gate drive
signal Vg;.

The MOSFET gate drive and timing is achieved using pulse width modulation
controllerVISZ with clock or ramp generator 155, and break-before-make (BBM) circuits
153 and 154. Pulse width modulation is achieved in response to a control voltage Vg
using negative feedback from the output voltage Vour of converter 140. Level shifter 156
adjusts thé magnitude of Vg to the appropriate voltage to force Voyr to some targeted
value. PWM controller 152 may alternatively operate using variable frequency control. N

The operation of BBM circuit 153 insures that MOSFETs 141 and 142 are driven
out of phase to avoid shoot-through conduction. Specifically, MOSFET 141 conducts to
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magnetize inductor 144, i.e. increase its current, while otherwise diode 143 and
synchronous rectifier MOSFET 142 provide a current recirculation path whenever
MOSFET 141 is off. .

Similarly, BBM circuit 154 insures that MOSFETs 147 and 148 conduct in phase
and-are driven out of phase with MOSFETs 149 and 150. Specifically, MOSFETs 147
and 148 both conduct to charge flying capacitor 146, and otherwise MOSFETSs 149 and
150 conduct to transfer charge from ﬂyihg capacitor 146 to output capacitor 151. In a
preferred embodiment, BBM circuits 153 and 154 are driven in phase by a signal from a
common clock generator 155. | .

In one embodiment, inductor 144 is magnetized while flying capacitor 146 is
charged, requiring MOSFETs 141, 147 and 148 be driven in phase to conduct
simultaneously. In another embodiment, inductor 144 is magnetized while the c‘harge on
ﬂyihg capacitor 146 is transferred to output capacitor 151, requiring MOSFET 141 to be
driven in phase, i.e. conduct simultaneously, with MOSFETs 149 and 150, and out of
phase with MOSFETs 147 and 148. The size of optional capacitor 145 must be adjusted
commensurate with the gate timing and the operating current range of the converter 140.

In monolithic implementations, capacitance 145 represents in part the capacitance
that is naturally associated with the formation of the wells, i.e. the P-N junctions, used to
form and integrate MOSFETs 147 through 150.

Embodiment of High-Transient-Capable LCUU Convérter

If the disclosed LCXU converter is adapted for fixed frequency step-up (or more
accurately up-up) operation, the pre-regulator stage exhibits a transfer characteristic Vy =
Viar/(1-D). Accordingly, as shown in the equivalent circuit 170 of Fig. 7A, during the
chérging phase, the LCUU converter uses dependent voltage source 171 to charge flying
capacitor 172 to a voltage V, with a transient current @. During the charge transfer
phase, as shown in the equivalent circuit 175 of Fig. 7B, charged flying capacitor 172 is
electrically stacked atop the voltage Vpay of the input voltage source 173, whereby a
current @ flows to charge output capacitor 174 to its final value Voyr. Since flying
capacitor 172 and voltage source 173 are series connected, the voltage Vour is sum of

Vipan and Vy:
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1 1 2-D
VOUT = Vbau + Vy = Vball + 5 Vball = Vban (1 + S) = Vban (I-—D)

The equivalent output-to-input voltage transfer ratio of the embodiment of the

LCUU converter disclosed herein is then given by

VOUT:(H 1 )=2—D
Z 1-D) 1-D

batt

The previously disclosed 2X-type LCUU converter 50 has a voltage transfer ratio
of Vout/Vpan = 2/(1-D). In contrast, the LCUU versiQn of converter 100 always operates
above a unity transfer ratio but at a voltage less than double the value of the intermediate
voltage V. Specifically, as D varies from zero to 75%, the transfer ratio varies of the
LCUU verstion of converter 100 varies from ‘2X to 6X. Over the same range, the
previously disclosed 2X-type LCUU converter 50 would exhibit a range of 2X to 8X.

So even though the converter involves only step-ﬁp stages, the transfer ratio range
of the doubler type post-converter 50 shown in Fig. 3Ais greater than the transfer ratio
range of the LCUU version of the high transient capable converter 100 shown in Fig. SA.
Nonetheless, the LCUU version of converter 100 still provides an extremely broad range
of transfer ratios. Duty factors above 75% are also possible, but the currents needed to
achieve the corresponding transfer ratios can be quite high.

If variable frequency control is employed, the duty factor D is replaced by the
quantity ton/(tonttorr), allowing either the magnetizing time of inductor 103 and the
duration allowed for current recirculation, i.e. when the current inductor current declines,
to be adjusted dynamically on a cycle by cycle basis.

An embodiment of the high-transient-.capable LCUU converter 180 is shown in
Fig. 7C. Converter 180 includes a pre-regulator 186A comprising low-side N-channel
MOSFET 181, floating synchronous rectifier MOSFET 183 with corresponding intrinsic
P-N diode 184, inductor 182 and optional capacitor 195 and a post-converter 180B
comprising flying capacitor 185, MOSFETs 186, 187 and 188, and output capacitor 189.
Synchronous rectifier MOSFET 184 may be P-channel or N-channel with appropriate
changes in the gate drive circuitry and the polarity of the gate drive signal Vg,. MOSFET

184 serves a dual purpose in converter 180, both as a synchronous rectifier to the pre-
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regulator 180A and as one of the MOSFETs used to control the time when flying
capacitor 185 is charged.

MOSFET gate drive and timing is achieved using pulse width modulation
controller 190 with clock or ramp generator 193, and break-before-make (BBM) circuits
191 and 192. Pulse width modulation is achieved in response to a control voltage Vg
using negative feedback from the output voltage Vour of converter 180. Level shifter 194
adjusts the magnitude of Vpp to the appropriate voltage to force Voyr to some targeted
value. PWM controller 190 may altemati\-/ely operate using variable frequency control.

Operation of BBM circuit 1191 insures that MOSFETs 181 and 184 are driven
out of phase to avoid shoot-through conduction and shorting out of capacitor 195.
Specifically, MOSFET 181 conducts to magnetize inductor 182, i.e. increase its current,
while otherwise diode 184 and synchronous rectifier MOSFET 183 prbvide a current path
to charge capacitor 195 whenever MOSFET 181 is off.

Similarly, BBM circuit 154 insures that MOSEET 186 conducts in phase and is
driven out of phase with MOSFETS 187 and 188. Specifically, MOSFET 186 conducts to
charge flying capacitor 185 from capacitor 195. Otherwise, both MOSFETs 187 and 188

are biased to conduct simultaneously to transfer charge from flying capacitor 185 to

~ output capacitor 189. In a preferred embodiment, BBM circuits 191 and 1192 are driven

in phase by a signal from a common clock generator 193.

In a preferred embodiment, inductor 182 is magnetized while flying capacitor 185
transfers its charge to output capacitor 189, requiring that MOSFETs 181, 187 and 188 be
driven in phase to conduct simultaneously. In the opposite phase, MOSFETs 183 and 186
are biased to conduct simultaneously, thereby charging flying capacitor 185 to a voltage
V.

Since MOSFET 183 is used as both a synchronous rectifier and for charging the
flying capacitor 185, no stable intermediate voltage V, exists in converter 180 as
illustrated in circuit 100. Instead the voltage V', acts like V,, but only during the time that
MOSFET 181 is off and MOSFETs 183 and 186 are on. The size of optional capacitor
195 can be adjusted commensurate with the gate timing and the operating current range

of the converter 180, but capacitor 195 may represent only the parasitic capacitance
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associated with the formation of the wells, i.e. the P-N junctions, used to form and
integrate MOSFETs 183, 186, 187 and 188.

Fractional LCXU Swiiching Converters with High-Transient Capability

As discussed previously, in a fractional LCXU convérter energy transfer from the
converter to the output capacitor involves the series combination of the pre-regulator and
one or more flying capacitors. For exafnple, referring back to Fig. 4A, during charging of
the output capacitor 94, fractional-type LCXU converter 80 behaves in a manner shown
in equivalent circuit 95 (Fig.4B), with flying capacitors 85 and 86 in series with voltage
source 96, an idealized element representing pre-regulator 80A. As shown in Fig. 4C, A
during the charging of output capacitor 94, current @ flows from the parallel combination
of flying capacitors 85 and 86 stacked atop voltage source 96 to supply current to any
load connected in parallel with output capacitor 94. During the charging phase, when
ﬂyiﬁg capacitors 85 and 86 are being charged, output capacitor 94 must supply any
current required by the load. |

Ideally, current @ is supplied by a voltage source in series with a capacitor, and
as such should be able to supply high transient currents on demand with no warning. In
reality however, voltage source 96 is a Buck or boost converter 6r some other DC/DC
converter circuit with intrinsic limitations in current, especially if capécitor 84 is small.
These components add series resistance into idealized equivalent circuit 98, and limit the
ability of converter 80 to react to changes in the cufrent demands of the load. As a result
of this series parasitic resistance, transient voltage regulation can suffer. This poor
response adversely impacts the converter’s step load response capability and can only be
avoided in LCXU converter 80 by increasing the magnitude of capacitors 84 or 94.

In a fractional LCXU converter of the invention, the series resistance of the
converter during charge transfer is made independent of series resistance within the pre-
regulator circuit, and the transient load current capability is improved commensurately.
This new topology has a .unique feature that during discharge the current-no longer flows
through the pre-regulator. Transient voltage regulation is therefore improved using this
technique.

One example of this improvement is shown Fig. 8A wherein converter 300

.comprises a battery or power source 301, a switching pre-regulator 300A with inductor
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303, and an intermediate reservoir capacitor 304 chérged to a voltage Vy. Depending on
the connections of inductor 303, pre-regulator 300A may comprise either a step-up ora
step-down converter. _

The output voltage V, of converter 300A powers a portion of a post-converter
300B, which includes a chargé pump using a fractional topology comprising two flying
capacitors 305 and 306, a network of power MOSFETs 307 through 313 and an output
capacitor 314. The control circuit for MOSFETSs 307 through 313 (not shown) charges
flying capacitors 305 and 306 by turriing on MOSFETs 307, 308, and 309 while

MOSFETs 310, 311, 312 and 313 remain off, and then transfers the charge on flying

capacitors 305 and 306 to capacitor 314 by turning on MOSFETs 310, 311, 312 and 313
while MOSFETs 307, 308 and 309 are biased off.

_In contrast to converter 80, shown in Fig. 4A, in converter 300 the negative
terminals of the flying capacitors 305 and 306 ére connected through MOSFETs 310 and
311, respectively to the positive terminal of battery 301. This topologicalrchange creates
a significant change in the operation of converter 300. During charge transfer, MQSFETS
310 and 311 are connected to the battery voltage Vpa and not to Vy, the output of pre-
regulator 300A.

Circuit 300 is topologically distinct from converter 80 where MOSFETs 90 and
91 are connected to the voltage V. In converter 300, MOSFETs 90 and 91 are replaced
by MOSFETs 310 and 311, which are tied to the input voltage Vba_u, rather than the
intermediate voltage V. The operating principle of converter 300 can be illustrated by
representing the charging of series-connected flying capacitors 305 and 306 to a voltage
V,, as shown in equivalent circuit 320 of Fig. 8B, where dependent voltage source 321
represents the output of pre-regulator 300A and charged capacitor 304. During the
charging of flying capacitors 305 and 306, a transient current @ flows until each of
capacitors 305 and 306 reaches the voltage V,/2 in a manner identical to the charging of
flying capacitors 85 and 86 in converter 80. |

During the charge transfer cycle, shown in the equivalent circuit 325 of Fig. 8C,
the charged flying capacitors 305 and 306 are electrically conﬁected in parallel with their
parallel combination stacked atop the input voltage source Vyqy, rather than atop

dependent voltage source 321. Since the negative terminals of flying capacitors 305 and
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306 are connected to the positive terminal of voltage source 301, the voltages add.
Capacitor 314 is then charged to a voltage (Vpan + Vy/2). This voltage is not equal to 1.5
times the output of pre-regulator 300A, but it is clearly greater than Vyay. .

Transient current @ flows during the charge transfer phase to capacitor 314 to
provide any current needed by an electrical load connected in parallel to capacitor 314.
The series impedance of this loop affecting curre‘nt @® includes any parasitic resistance
included within the battery or independent volfage source 301. Dependent voltage source
321 is not involved duripg the charge transfer from the flying capacitors 305 and 306 to
the output capacitor 314. The transient current capability of circuit 326 is improved
because it does not depend on the design of pre-regulator 300A or on capacitor 304.

Thus, in accordance with the invention, during the charging phase, the pre-
regulator 300A is used to charge each of the flying capacitors to a voltage V,/2 and then,
during the charge transfer phase, the voltage V,/2 is added to the voltage Vi of the
battery or other voltage source 301 to determine the output voltage of DC/DC converter
300. The value'of the voltage Vy depends on the construction and operation of pre-
regulator 300A. The current during charge transfer, however, does not depend on
conduction through the pre-regulator 300A.

High-transient-capable fractional LCXU converter 300 may be impleménted asa
LCDU converter, wherein pre-regulator 300A is a a Buck or step-down pré-regulator, or
alternatively as a LCUU converter, wherein pre-regulator 300A is a a boost or step-up
pre-regulator.

Embodiment of High-Transient-Capable Fractional LCDU Converter

“If the disclosed LCXU converter is adapted for fixed frequency down-up
operation, the pre-regulator stage exhibits a transfer characteristic Vy = DVpaq.
Accordingly, as shown in the equivalent circuft 350 of Fig. 9A, during the charging
phase, the LCDU converter uses a dependeht voltage source 351 to charge each of flying
capacitors 352 and 353 to a voltage V/2 with transient current @. During the charge
transfer phase 355, as shown in the equivalent circuit 355 of Fig. 9B, charged flying
capacitors 352 and 353 are connected in parallel and this parallel combination is
electrically stacked atop the voltage Vpay of the input voltage source 356. As aresult, a

current @ flows to charge output capacitor 357 to its final value VOQT. Since voltage
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source 356 and the parallel combination of flying capacitors 352 and 353 are series

connected, the voltage Vouyr is sum of Vs and V,/2:
v, D
VOUT = Vbau + —2_ = Vbau + O'SDVhau = thn 1 +—2_

The equivalent output-to-input voltage_transfer ratio of the embodiment of the
fractional LCDU converter disclosed herein is then given by

@z(uﬂ):(mo.w)
V. 2

batt

The previously disclosed 1.5X-type LCDU converter 80 has a voltage transfer
ratio of Vour/Vear = 1.5D, which means that converter 80 can operate either below or
above a unity transfer ratio. In contrast, the LCDU version of converter 300 always

operates above a unity transfer ratio. Specifically, as D varies from zero to 100%, the

transfer ratio varies of the LCDU version of converter 300 varies from 1X to 1.5X. So

even though the converter involves both step down and step up stages, the magnitude of
the 1.5 type post-converter is greater than the step-down range of the pre-regulator and
the net result is step-up only operation. '

. If variable frequency control is employed, the duty factor D is replaced by the
quantity ton/(tonttosr), allowing either the magnetizing time of inductor 303 and the
duration allowed for current recirculation, i.e. when the current inductor cufrent declines,
to be adjusted dynamically on a cycle by cycle basis.

An embodiment of a high-transient-capable fractional LCDU converter 370 is
shown in Fig. 9C. Converter 370 includes a pre-regulator 370A comprising low-side N-
channel MOSFET 372, high side MOSFET 371, inductor 374, and optional capacitor
375. A post-converter 370B comprises flying capacitors 376 and 377, MOSFETs 378,
379, 380, 381, 382, 383 and 384, and output capacitor 385. High-side MOSFET 371 may
be P-channel or N-channel with appropriate changes in the gate drive circuitry and the
polarity of the gate drive signal Vg;.

The MOSFET gate drive and timing is achieved using pulse width modulation
controller 386 with clock or ramp generator 389, and break-before-make (BBM) circuits
387 and 388. Pulse width modulation is achieved in response to a control voltage Vg

using negative feedback from the.output voltage Vour of converter 370. Level shifter 390
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adjusts the magnitude of Vg to the appropriate voltage to force Vouyr to some targeted
value. PWM controller 386 may alternatively operate using variable frequency control.

The operation of BBM circuit 387 insures that MOSFETs 371 and 372 are driven
out of phase to avoid shoot-through conduction. Specifically, MOSFET 371 conducts to
magnetize inductof 374, i.e. increase its current, while otherwise diode 373 and
synchronous rectifier MOSFET 372 provide a current recirculation path whenever
MOSFET 371 is off.

' Similarly, BBM circuit 388 insures that MOSFETs 378, 379, and 380 conduct in
phase and are driven out of phase with MOSFETs 381, 382, 383, and 384. Specifically,
MOSFETs 378, 379 and 380 simultaneously conduct to charge flying capacitors 376 and
377, and otherwise MOSFETs 381, 382, 383, and 384 conduct to transfer charge from
flying capacitors 376 and 377 to output capacitor 385. In a preferred embodiment, BBM
circuits 387 and 388 are driven in phase by a signal from a common clock generator 389.

In one embodiment, inductor 374 is magnetfzed while flying capacitors 376 and |
377 are charged, requiring MOSFETs 371, 378, 379 and 380 to be driven in phase to
conduct simultaneously. In another embodiment, inductor 374 is magnétized while the
charge on flying capacitors 376 and 377 is transferred to output capacitor 385, requiring
MOSFET 371 to be driven in phase, i.e. conduct simultaneously, with MOSFETs 381
through 384, and out of phase with MOSFETs 378 through 380. The size of optional
capacitor 375 must be adjusted commensurate with the gate timing and the operating
current range of the converter 370.

In monolithic implementations, capacitance 375 represents in part the capacitance
that is naturally associated with the formation of the wells, i.e. the P-N junctions, used to
form and integrate MOSFETSs 378 through 384.

Embodiment of High-Transient-Capable Fi ractional LCUU Converter

If the disclosed LCXU converter is adapted fdr fixed frequency step-up (or more
accurétely up-up operation), the pre-regulator stage exhibits a transfer characteristic V, =
Vpan/(1-D). Accordingly, as shown in the equivalent circuit 400 of Fig. 10A, during the
charging phase, the LCUU converter uses dependent voltage source 401 to charge each of
flying capacitors 402 and 403 to a voltage V,/2 or Vpa/2(1-D) with a transient current @.

During the charge transfer phase, as shown in the equivalent circuit 405 of Fig. 10B,
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charged flying capacitors 402 and 403 are connected in parallel and the parallel
combination is electrically stacked atop the voltage Vi of the input voltage source 406,
whereby a current @ flows to charge output‘capacitor 407 to its final value Vour. Since
the parallel combination of flying capacitors 402 and 403 and the voltage source 406 are

series-connected, the voltage Vour is sum of Vi and Vy.

1-D

1 0.5 1.5-D
Vour =V V., =Viur + = Vour =Voar| 1 + ——= | =Viou| ———
ouT halll y batt 2(1—D) b IA h ( 1 D) b ( )
The equivalent output-to-input voltage transfer ratio of the embodiment of the
LCUU converter disclosed herein is then given by '

Vour _(1, 05 )_L5-D
v, (1-p)) 1-D

batt

The previously disclosed I.SX-type LCUU converter 80 has a voltage transfer
ratio of Vout/Vipan = 1.5/( l-D); In contrast, the LCUU version of converter 300 always
operates above unity conversion but at a voltage less than 1.5X the value Qf Vy.
Specifically, as D varies from zero to 75%, the transfer ratio varies of the LCUU version |
of converter 300 varies from 1.5X to 4X. Over the same range the previously disclosed
1.5X-type LCUU converter 80 would exhibit a range of 1.5X to 6X.

So even though the converter involves both only step-up stages, the transfer ratio
range of the fractional type post-converter 80 shown in Fig. 4A is greater than the step-up
range of the LCUU version of the high transient capable converter 300 shown in Fig. 8A.
Nonetheless, the LCUU version of converter 300 still provides an extremely broad range
of transfer ratios. Duty factors above 75% are also possible but then the currents needed
to achieve the corresponding transfer ratios can be quite high.

If variable frequency control.is employed, the duty factor D is replaced by the
quantity ton/(ton*+tofr), allowing either the magnetizing time of inductor 303 and the
duration allowed for current recirculation, i.e. when the current inductor current declines;
to be adjusted dynamically on a cycle by cycle basis. _

An embodiment of the high-transient-capable fractional LCUU converter 420 is
shown in Fig. 10C. Converter 420 includes a pre-regulator 420A comprising low-side N-
channel MOSFET 421, floating synchronous rectifier MOSFET 423 with corresponding

intrinsic P-N diode 424, inductor 422 and optional capacitor 445 and a post-converter
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420B comprising flying capacitors 425 and 426, MOSFETs 425 through 432, and output
capacitor 433. Synchronous rectifier MOSFET 423 may be P-channel or N-channel with
appropriate changes in the gate drive circuitfy and the polarity of the gate drive signal
Vaz. MOSFET 423 serves a dual purpose i;l converter 420, both as a synchronous
rectifier to the pre-regulator 420A and as one of the MOSFETs used to control the time
when flying capacitors 425 and 426 are charged.

MOSFET gate drive and timing is achieved using pulse width modulation
controller 434 with clock or ramp generator 437, and break-before-make (BBM) circuits
435 and 436. Pulse width modulation is achieved in response to a control voltage Vg
using negative feedback from the output voltage Vour of converter 420. Level shifter 438
adjusts the magnitude of Vg to the appropriate voltage to force Vour to some targeted
value. PWM controller 434 may alternatively operate using variable frequency control.

Operation of BBM circuit 435 insures that MOSFETs 421 and 423 are driven out
of phase to avoid shoot-through conduction and shorting out of capacitors 425 and 426.
Specifically, MOSFET 421 conducts to magnetize inductor 422, i.e. increase its current,
while otherwise diode 424 and synchronous rectifier MOSFET 423 provide a current path
to charge capacitors 425 and 426 whenever MOSFET 421 is off.

Similarly, BBM circuit 436 insures that MOSFET 423 conducts in phase with
MOSFET’s 427 and 428 ahd is driven out of phasé with MOSFETs 429,'430, 431
and432. .Speciﬁcally, MOSFETs 423, 427 and 428 conduct to charge flying capacitors
425 and 426 from capacitor 445. Otherwise, MOSFETs 429 through 432 are biased to
conduct simultaneously to transfer charge from flying capacitors 425 and 426 to output
capacitor 453. In a preferred embodiment, BBM circuits 435 and 436 are driven in phase
by a signal from a common clock generator 437.

" Ina preferred embodiment, inductor 422 is magnétized while flying capacitors
425 and 426 transfer their charge to output capacitor 453, requiring that MOSFETs 429,
430, 431 and 432 be driven in phase to conduct simultaneously. In the opposite phase,
MOSFETs 423, 427 and 428 are biased to conduct simultaneously, thereby charging each
of flying capacitors 425 and 426 to a voltage V',/2.

Since MOSFET 423 is used as both a synchronous rectifier and for charging the

flying capacitors 425 and 426, no stable intermediate voltage Vy exists in converter 420
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as illustrated in circuit 300. Instead the voltage V'y.acts like Vy but only during the time
that MOSFET 421 is off and MOSFETs 423, 427 and 428 are on. The size of optional
capacitor 445 can be adjusted commensurate with the gate timing and-the operating
current range of the converter 420, but capacitor 445 may represent only the parasiﬁc
capacitance associated with the formation of the wells, i.e. the P-N junctions, used to
form and integrate MOSFETSs 424 through 433.

The embodiments described above are illustrative and not limiting. Many
additional and alternative embodiments will be obvious to persons of skill in the art from

the above description.
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- CLAIMS

I claim: ’

1. A DC/DC voltage converter comprising:

a pre-regulator comprising an inductive switching voltage converter, the
pre-regulator having an input terminal and an output terminal; and

a post-converter comprising a charge pump, the post-converter having a
first input terminal coupled to an output terminal of the pre-regulator and a second
input terminal coupled to the input terminal of the pr‘e-regulator.

2. The DC/DC voltage converter of Claim 1 wherein the charge pump
comprises a capacitor, the first input terminal of the post-converter being coupled to a
first terfninal of the capacitor through a first switch, the second input terminal of the post-
converter being coupled to a second terminal of the capacitor through a second switch.

3. The DC/DC voltage converter of Claim 2 wherein the first terminal of the
capacitor is coupled through a third switch to an output terminal of the converter, and the
secdnd terminal of the capacitor is coupled through a fourth switch to ground.

4, The DC/DC voltage converter of Claim 3 wherein each of the first,
second, third and fourth switches comprises a MOSFET.

. 'S. The DC/DC voltage converter of Claim 1 wherein the charge pump
comprises at least two capacitors, the first input terminal of the post-converter being
coupled to a first terminal of a first cépacitor through a first switch, the second input
terminal of the post-converter being coupled to a second terminal of the first capacitor
through a second switch, the second terminal of the first capacitor beihg coupled to a first
terminal of the second capacitor through a third switch, the second input terminal of the
post-converter being coupled to a second terminal of the second capacitor through a
fourth switch.

6. The DC/DC voltage converter of Claim 5 wherein the first terminal of the
first capacitor is coupled through a fifth switch to an output terminal of the converter, and
the second terminal of the second capacitor is coupled through a sixth switch to ground.

7. The DC/DC voltage converter of Claim 6 wherein the first terminal of the
second capacitor is coupled through a seventh switch to the output terminal of the

converter.
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8. The DC/DC voltage converter of Claim 7 wherein each of the first,
second, third, fourth, fifth, sixth and seventh switches comprises a MOSFET.
9. The DC/DC voltage converter of Claim 1 wherein the pre-regulator is
adapted to step-up a voltage at the input terminal of the pre-regulator.
10. The DC/DC voltage converter of Claim 9 wherein the post-converter is
adapted to double a voltage at an input terminal of the post-converter.
11. The DC/DC voltage converter of Claim 9 wherein the post-converter is
adapted to multiply a voltage at an input terminal of the post-converter by a factor of 1.5.
12. The DC/DC voltage converter of Claim 1 wherein the pre-regulator is
adapted to step-down a voltage at the input terminal of the pre-regulétor.
13. The DC/DC voltage converter of Claim 12 wherein the post-converter is
adapted to double a voltage at an input terminal of the post-converter.
14.  The DC/DC voltage converter of Claim 12 wherein the post-converter is
adapted to multiply a voltage at an input terminal of the post-converter by a factor of 1.5.
| 15. A method of converting a DC inpuf voltage to a DC output voltage
comprising:
repeatedly switching a first términal of an inductor between the DC input
voltage and ground so as to produce an intermediate voltage;
using the intermediate voltage to charge at least one capacitor; and
repeatedly connecting a first terminal of the at least one capacitor to the
DC input voltage and disconnecting a first terminal of the at least one capacitor
from the DC input voltage, thereby producing the DC output voltage at a second
terminal of the capacitor. '
16.  The method of Claim 15 comprising:
providing an output capacitor; and
connecting the second terminal of the at least one capacitor to the output
capacitor when the first terminal of the at least one capacitor is connected to the
DC input voltage; and
disconnecting the second terminal of the at least one capacitor from the
output capacitor when the first terminal of the at least one capacitor is

disconnected from the DC input voltage.
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17.  The method of Claim 16 wherein the first terminal of the inductor is
connected to the DC input voltage while the intermediate voltage is used to charge the at
least one capacitor. ’ _

18.  The method of Claim 16 comprising magnetizing the inductor while the
intermediate voltage is used to charge the at least one capacitor.

19. The method of Claim 16 wherein the first terminal of the inductor is
connected to the DC input voltage while the second terminal of the at least one capacitbr
is connected to the output capacitor and the first terminal of the at least one capacitor is
connected to the DC input voltage. _

20. | The method of Claim 16 comprising magnetizing the inductor while the
second terminal of the at least one capacitor is connected to the output capacitor and the
first terminal of the at least one capacitor is connected to the DC input voltage.

21. A method of converting a DC input voltage to a DC output voltage
comprising: _

connecting a first terminal of an inductor to the DC input voltage;

repeatedly connecting a second terminal of an inductor to ground and
disconnecting the second terminal of an inductor from ground so as to produce an
intermediate voltage;

using the intermediate voltage to charge at least one capacitor; and

repeatedly connecting a first terminal of the at least one capacitor to the

DC input voltage and disconnecting the first terminal of the at least one capacitor

from the DC input voltage, thereby producing the DC output voltage at a second |

terminal of the capacitor.

22. The method of Claim 21 comprising:

providing an output capacitor; and
| connecting the second terminal of the at least one capacitor to the output
capacitor when the first terminal of the at least one capacitor is connected to the

DC input voltage; and

disconnecting the second terminal of the at least one capacitor from the
output capacitor when the first terminal of fhe at least one capacitor is

disconnected from the DC input voltage.
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23. The method of Claim 22 wherein the second terminal of the inductor is
connected to ground while the intermediate voltage is used to charge the at least one
capacitor.

24.  The method of Claim 22 comprising magnetizing the inductor while the
intermediate voltage is used to charge the at least one capacitor.

25. The method of Claim 22 wherein the second terminal of the inductor is
connected to ground while the second terminal of the at least one capacitor is connected
to the output capacitor and the first terminal of the at least one capacitor is connected to
the DC input voltage. |

26. The method of Claim 22 comprising magnetizing the inductor while the
second terminal of the at least one capacitor is connected to the output capacitor and the

first terminal of the at least one capacitor is connected to the DC input voltage.
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