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Method for Joint Control of a Power Source and Active Filter

Related Patent Applications
This patent application claims the benefit of US Provisional Patent

Application Serial No. 62/103,776, filed 01/15/2015, which is herein incorporated by
reference.

Field of the Described Embodiments
The described embodiments relate generally to power conversion, and more

specifically to the combined control of a DC-DC converter and active filter used in
conjunction to provide low-ripple, fast-responding power delivery to a time-varying
load.

Background
The combination of a bidirectional converter with storage capacitor, acting as
an active filter, with a conventional multiphase converter, acting as a power source, is

described in Ayyanar et. al. US 8,243,410 and Lambert et. al. Lambert et. al.
describe control of the bidirectional converter (active filter) as being primarily that of
a voltage-controlled current source or sink, with the voltage control based on the
output voltage. The active filter then becomes a shunt capacitor as seen from the
main converter (power source). The design of the main converter control system is
then performed in a conventional fashion, accounting for the additional effective
capacitance of the active filter in the specification of the compensation network for
the power source. A second loop is provided within the control of the active filter to

regulate the voltage on the auxiliary (storage) capacitor. This second loop is
apparently slow compared to the main current control, as suggested by e.g. Figure 3
of Lambert et. al. This second loop is also optionally adjusted to support load-line
control (voltage positioning) of the auxiliary capacitor, using the primary converter
(power source) current as an input to adapt the target voltage for the auxiliary
capacitor (Lambert et. al. equation (34)).

This control approach simplifies the design of the overall controller, since the

control system for the active filter is not dependent on the state of the power source,
and the power source only sees the active filter as a change in load. Thus the two

converters may be controlled by independent compensators, using conventional
single-input-single-output (SISO) design techniques. However, it is well-known that
dynamic voltage scaling (DVS), in which the supply voltage to a digital circuit or

portion thereof is changed depending on the instantaneous requirements of the digital
circuit, is useful for optimizing performance and power consumption of digital

systems. The control approach described by Lambert et. al. provides good response to

load current transients, but an intentional change in output voltage must be managed
by the power source converter. As noted by Lambert et. al., the primary (power
source) converter is designed for efficiency at DC and low frequencies, and thus uses

slow switching frequency and large inductances. It is not optimized for rapid changes

in output voltage. Further, if the output voltage is to be changed, the low- voltage

transient processor (active filter) must be made inactive, or its control configuration
must be changed, to prevent it from drawing large currents and over-charging or
depleting the storage capacitor, and slowing the change in output voltage driven by
the primary converter.

There is a need for a more robust control approach for the coupled power
source / active filter that allows fast DVS, while ensuring that the active filter

operating constraints are satisfied, and providing good stability and response to load
current transients, including rapidly repeated load current transients.

Summary
An embodiment includes a voltage regulator. The voltage regulator includes a

power source block configured to convert an input voltage to an output voltage to
supply current to an output load, a storage capacitor, and an active filter configured to

transfer energy between the output load and the storage capacitor. A conversion ratio
of the active filter is controlled by a parameter related to the output voltage, and a
conversion ratio of the power source block is at least partially controlled by a
parameter related to the voltage on the storage capacitor.

Another embodiment includes a method of voltage regulation. The method
includes converting, by a power source block, an input voltage to an output voltage to
supply current to an output load, transferring, by an active filter, energy between the

output load and a storage capacitor, controlling a conversion ratio of the active filter
with a parameter related to the output voltage, and at least partially controlling a

conversion ratio of the power source block with a parameter related to the voltage on
the storage capacitor.

Other aspects and advantages of the described embodiments will become
apparent from the following detailed description, taken in conjunction with the

accompanying drawings, illustrating by way of example the principles of the

described embodiments.

Brief Description of the Figures
Figure 1A shows a voltage regulator that includes a power source block and an

active filter, according to an embodiment.

Figure IB shows a voltage regulator that includes a power source block and an

active filter, according to another embodiment.

Figure 2 shows a voltage regulator that includes a power source block, an active

filter, and an output current sensor, according to another embodiment.

Figure 3 shows a voltage regulator that includes a power source block, an active

filter and an output current sensor, according to another embodiment.

Figure 4 shows a voltage regulator that includes a multiphase power source block
and a multiphase active filter, according to another embodiment.

Figure 5 shows an embodiment of an output current sensor incorporated in a

voltage regulator that includes a multiphase power source block depicted in Figure
4, according to another embodiment.

Figure 6 shows a switching controller, according to an embodiment.

Figure 7 shows the input filter, the input impedance, the feedback impedance, and
the Vref generation block in greater detail, according to an embodiment.

Figure 8 shows a power source and an active filter, according to another

embodiment.

Figure 9 shows results of simulated performance of the power source and active

filter of Figure 8 during an output voltage step, for the embodiment of Figure 8.

Figure 10 shows results of simulated performance of the embodiment of Figure 8

of the power source and active filter for a load current transient.

Figure 11 shows a simplified model of the power supply block and the active

filter, according to an embodiment.

Figure 12 shows a control architecture for a single phase wherein the voltage

control loop is broken prior to the input impedance of the error amplifier,
according to an embodiment.

Figure 13 shows a Bode plot (magnitude and phase of open loop gain) for the

power source controller, according to an embodiment.

Figure 14 shows a switching controller, according to another embodiment.

Figure 15 is a flow chart that includes steps of a method of multimode operation,

according to an embodiment.

Figure 16 shows an example comparison between input current during a transient

with and without storage capacitor voltage positioning, according to an
embodiment.

Detailed Description
At least some of the disclosed embodiments include a DC-DC converter acting
as a power source, converting power from a voltage supply, and a bidirectional

converter acting as an active filter, transferring power between an output node and a
storage capacitor, wherein the power source, the active filter, and the load share a

common output node and output capacitance, and wherein the control input to the
power source is an active filter storage capacitor voltage. For at least some
embodiments, the output voltage is used to control the active filter, and does not

directly influence the operation of the power source. For an embodiment, the active

filter is implemented as a low- voltage transient processor.

For an embodiment, the control input to the power source is a linear
combination of the active filter storage capacitor voltage and the average current
supplied by a power source inductor, for a single phase power source. For an
embodiment, the power source comprises multiple phases, each with a separate

inductor, and the control input to the power source is a linear combination of the
active filter storage capacitor voltage and the average current of some or all of the
inductors. For an embodiment, the control input to the power source is a linear

combination of the active filter storage capacitor voltage and the current delivered to
the load. For an embodiment, the control input to the power source is the active filter

storage capacitor voltage, and the target value for the active filter storage capacitor

voltage comprises a term proportional to the average current through the power source

inductor or inductors. For an embodiment, the magnitude of the signal proportional
to the inductor current is selected to allow the storage capacitor voltage to achieve a

stable reduced value during a transient increase in load current, and return to the

original storage capacitor voltage when the load current returns to its original value.

For an embodiment, control can be switched between a first mode, in which
the active filter controls the output voltage and the power source controls the active

filter storage capacitor voltage, and a conventional (or second) mode, in which the
active filter is turned off and the power source controls the output voltage.

Figure 1A shows a voltage regulator that includes a power source block and an
active filter, according to an embodiment. As shown, the voltage regulator 100
includes a power source block 110 configured to convert an input voltage (VIN) to an
output voltage (V out) to supply current to an output load 170. The voltage regulator
100 further includes a storage capacitor 190. The voltage regulator 100 further

includes an active filter 140 configured to transfer energy between the output load 170
and the storage capacitor 190. For an embodiment, the active filter is implemented as
a low-voltage transient processor. For at least some embodiments, a conversion ratio
of the active filter 140 is controlled by a parameter related to the output voltage (V out).
For at least some embodiments, a conversion ratio of the power source block 110 is at
least partially controlled by a parameter related to a voltage (V st) on the storage
capacitor. In contradistinction to a conventional control configuration, for at least
some embodiments, the conversion ratio of power source block 110 is not based on
the output voltage or the difference between the output voltage and a target value.

Figure I B shows a voltage regulator that includes a power source block and an
active filter, according to another embodiment. For this embodiment, power source
block 110 further includes a voltage conversion unit 120 and a conversion control unit
130. Similarly, for this embodiment, the active filter 140 includes a voltage

conversion unit 150 and a conversion control unit 160. The voltage conversion unit
120 may be any known switched voltage converter, such as a buck, boost, buck-boost,

or flyback converter. The voltage conversion unit 150 may similarly be any known
switched voltage configuration, but is limited to those configurations that support
bidirectional operation, to allow current flow to and from storage capacitor C stConversion control unit 160 may use any conventional single-in single-out
(SISO) or multiple-in single-out (MISO) control approach. A voltage sensor is shown

(that is, the input to the conversion control unit 160 is a sensed voltage), but currentmode control, or a mixed current- voltage mode, may also be used.

For at least some embodiments, the voltage regulator 100 includes a current
sensor 180. For at least some embodiments, the current sensor 180 is operative to
sense an output current of the power source block 110. Further, for an embodiment,

the conversion ratio of the power source block 110 is additionally controlled by a
value of the sensed output current (i s).
For at least some embodiments, the conversion control unit 130 receives as its
inputs the storage capacitor voltage v s t and the output current is of voltage conversion
unit 120, estimated by sensor 180. For an embodiment, conversion control unit 130
indues a conventional SISO compensator, using as its input a linear combination of
the voltage vs t and current is. For an embodiment, the voltage v s t is passed through a
Venable type III compensator, but the corresponding voltage from is is processed by a
type II compensator. In an alternative embodiment, conversion control unit 130
comprises a simple proportional control.

Figure 2 shows a voltage regulator that includes a power source block and an
active filter in greater detail, according to another embodiment. Converter (voltage
regulator) 200 includes a power source 210, including a buck converter 220, and
switching controller 230, and active filter 240, including a bidirectional buck
converter 250, and switching controller unit 260. For an embodiment, the switching
controller unit 260 is a conventional voltage-mode control based on output voltage
Vout

across the load 270.

As shown, for an embodiment, the power source block 210 includes a series

switch element

(Qsers),

a shunt switch element

( Q Sh,s ) ,

and the switching controller

230. For at least some embodiments, the switching controller 230 is operative to
control opening and closing of the series switch element
element

( Q Sh,s ) ,

(Q sers)

and the shunt switch

wherein the opening and closing of the series switch element

and the shunt switch element

( Q Sh,s)

(Qsers)

generates a switching voltage, and wherein

filtering the switching voltage with an output inductor (Ls) and a load capacitor
generates the output voltage

(V out).

For at least some embodiments, control of the conversion ratio of the power
source block 210 includes control of the duty cycle of the opening and closing of the
series switch element

(Qsers)

and the shunt switch element

(Q Sh,s),

and wherein the

duty cycle is controlled by the parameter related to the voltage (V st) on the storage

capacitor Cst.
As previously described, for at least some embodiments, the power source

block 210 includes a current sensor 280. For an embodiment, the current sensor 280
is operative to sense an output current of the power source block 210. For at least

some embodiments, the duty cycle is controlled with a signal proportional to the

sensed output current combined with a signal that is proportional to the voltage on the
storage capacitor.

Figure 3 shows a voltage regulator that includes a power source block, an
active filter and an output current sensor, according to another embodiment.
Converter (voltage regulator) 300 includes a power source 310, including a buck
converter 320, and switching controller 330, and active filter 340, including a
bidirectional buck converter 350, and switching controller unit 360. Switching
controller unit 360 is a conventional voltage-mode control based on output voltage
Vout

across the load 370. As an alternate embodiment, an input to the switching

controller unit 360 includes an estimate of active filter current if, from sensor 390.
Switching controller unit 330 uses as control inputs the storage capacitor voltage v s t
and power source block output current is, sensed by sensor 380. NMOS transistor

switching elements are shown, but any known switching elements, such as PMOS
transistors, bipolar transistors, or insulated-gate bipolar transistors (IBGT) may be
used, as appropriate to the application.

Figure 4 shows a voltage regulator that includes a multiphase power source
block and a multiphase active filter, according to another embodiment. For an
embodiment, the power source block includes a plurality of phases of switched

converters 421, and wherein a phase of each switched converter is offset in time to
minimize a variation in a sum of output currents of the plurality of phases of switched
converters. The plurality of switched converters 421 drives the load 470.

For this embodiment, either or both of voltage converter 220 and active filter
converter 250 may include multiphase converters 421 and 441 (controlled by

switching controller unit 430 and switching controller unit 460), where the number of

phases n is an integer greater than 1, and in normal operation each phase is offset in
time to minimize the variation in the sum of the output currents of all the phases. The

choice of number of phases is determined by a tradeoff between size, cost, current
ripple, response speed, and overall flexibility, and varies depending on the application

envisioned. For an embodiment, the switching controller unit 430 may employ as
inputs the estimated current of each individual phase 380-1 through 380-n, or an

estimate of the average current through all the phases, in addition to voltage vs t. For
an embodiment, the switching frequency of the active filter may be higher than that of

the power source, and correspondingly the inductors Lsi . . .L s are chosen to be larger

than the inductors L .. .Lf . For an embodiment, the power source converter
switching frequency is about 2.5 MHz for each phase, and the active filter converter
switching frequency is about 50 MHz for each phase, with L si .. .L s
Lfi...L f

¾

330 nH and

20 nH.

Figure 5 shows a voltage regulator that includes a multiphase power source
block depicted in Figure 4, according to another embodiment. Specifically, Figure 5
depicts an embodiment of an average current sensor for a four-phase converter.

Resistors Rsns i through RsnS 4 act as current injectors to charge capacitor C sns ,
connected between the resistors and the output voltage vo u t. Each phase inductor
includes a parasitic resistive loss ESRi through ESR4 . For the simple case where the

four branches (441a, 441b, 441c, 441d) are nominally identical, Csns is selected so that
the time constant of the parallel network (R sns i/4) C sns = (Ls i/ESRi). The voltage
across C sns is then proportional to the average current through the four phases.

Current may also be sensed by other means, such as simple resistive sensors, or
replica (mirror) devices for the series and shunt transistors
Qsersi

- Qsers4,

Q h i - Qsh,

4)

,

Q Sf

and

Q Sh,f

(shown as

with appropriate overlay timing.

For an embodiment, the conversion ratio of the power source block is
additionally controlled by a value of the sensed output current, such as the output of
the current sensor depicted in Figure 5. For an embodiment, the current source signal

may be converted into a current, which is injected directly into the input of the error

amplifier of a compensator, with the current converted into a voltage by the
compensator impedance network.

For an embodiment, the current sensor is operative to sense an average output
current over phases of the plurality of phases of switched converters of the power
source block, wherein the conversion ratio of the power source block is additionally
controlled by a value of the sensed averaged output current.

Figure 6 shows a switching controller, according to an embodiment. For this
embodiment, the switching controller includes a power source compensation network
that includes an error amplifier, and a signal from the current source is injected
directly to an input of the error amplifier.

Specifically, an embodiment of the switching controller 430 is depicted in
Figure 6. The storage capacitor voltage v st is optionally passed through an input filter
610 to remove any undesired high-frequency switching or environmental noise. It is

then provided to a conventional compensator composed of impedance Z i (620),
impedance Ζ (630), and error amplifier 660. The current sense voltage V iS S s is
converted to a current by a transconductance amplifier 690, and injected directly into
the negative input node 661 of differential amplifier (previously referred to as error

amplifier) 660. This configuration improves transient response to changes in the

power source current if the input impedance Z i comprises one or more resistorcapacitor networks, such that a delay in encountered by a signal entering Z i through
node 621. The positive input 662 of error amplifier 660 is provided by V re f generation
block 640, which uses the low side of output capacitor

C st as

its ground reference

voltage. In this fashion, any offsets between the capacitor ground and local ground

within the controller 430 are corrected. The output of error amplifier 660 is compared
by comparator 680 to a triangle wave from triangle wave generator 670, producing a

pulse sequence. The pulse sequence is converted into control voltages for the series
switches

Q Sers[i..n]

and shunt switches

Q Sh[i..n]

by timing generation block 650. Timing

generation block 650 provides appropriate offsets in the timing of each phase, and
may also impose dead time and non-overlap requirements on the series and shunt

controls of each phase, as are known in the art. Note that this control can also be used

in a single-phase implementation, as switching controller 330, with appropriate
changes in the compensation 610, 620, 630 and timing generation 650.

Figure 14 shows a switching controller, according to another embodiment.
Specifically, Figure 14 shows an alternative embodiment of the switching controller,
1430 that includes a transconductance amplifier with inverted polarity, 1490, is

connected to node 1462, with a resistor R f to convert the sense current to an explicit
offset of the target voltage Vr e f. Resistor R f may optionally be replaced with a
compensation network, as long as the design of the reference generation 640 is
performed taking the compensation behavior into account.

Figure 7 shows the input filter, the input impedance, the feedback impedance,
and the Vr e f generation block in greater detail, according to an embodiment.

Specifically, Figure 7 shows more detail of an embodiment of blocks 610, 620, 630,
640, and 660. Filter 610 is composed of a cascaded R-C filter. For an embodiment,

the time constants of this filter are selected to be less than 1 nanosecond for a triangle
wave frequency 670 of 2.5 MHz for low phase delay, and thus act solely to remove
high-frequency noise, with minimal effects on overall control operation. Filter 610
may be omitted or modified as appropriate to the expected noise in the application
environment. Error amplifier 760 is a fully-differential implementation of error
amplifier 660. Compensation input impedance 620 is subdivided into single-ended
impedance 620c and differential impedance blocks 620a and 620b. Similarly,
feedback impedance 630 is subdivided into differential impedance blocks 630a and
630b. Single-ended impedance 620c comprises a feedforward block composed of

capacitor C6 2oo and resistor R 6 2 oi. Resistor R 6 2oi and R6202 comprise a 2:1 voltage
divider at DC. Filter R6203 and C6201 provides a voltage sample (not shown) for
other circuit functions. A source follower comprising transistor Q6 2oi and current
source Ι6 2 ο ι provides isolation from blocks 620a and 630a.

Block 620a includes a conventional feedforward impedance corresponding to
a Venable type III compensation scheme. Variable capacitor C6 203 and variable
resistors R 6 206 and R 6 207 allow for adaptation of the pole and zero locations of the
controller as required by the application.

Block 630a comprises a conventional

feedback impedance, again employing variable capacitors C 6303 and C 6304 and variable
resistor R6302 to allow for adjustment of frequency-dependent gain of the overall
amplifier. Blocks 620b and 630b provide a matched differential compensation path
for reference voltage Vref. The reference voltage is generated by block 640,
comprising a tapped resistor R64oi/R6402, where the resistor values are varied to change
the reference voltage and thus the target storage capacitor voltage. The ground
reference voltage of block 640 is the low side of storage capacitor C st, to ensure that
control is imposed on the voltage across C st, independent of any offset between the
low side of C st and local ground potential within the control block 430. Voltage
Vis_sns,

obtained here from the average current sensor of figure 5, is converted by

differential transconductance amplifier 790 to a differential current, which is injected
into nodes 761 and 762 of error amplifier 760. These nodes are the differential analog
of the single-ended node 661 of Figure 6. Since the current corresponding to the
sensed inductor current is injected after the feedforward impedances 620 (Figure 6) or
620a and 620b (Figure 7), the compensator can be regarded as a Venable type II
circuit for the current feedback signal, while it is a type III compensator for the
storage capacitor voltage signal. In an alternative embodiment, the output of
differential transconductance amplifier 790 may be connected to nodes 763 and 764,
so that the output current of 790 is converted to an input voltage which adds to the

filtered voltage from the storage capacitor vst.

CONTROL DESIGN ISSUES
Figure 11 shows a simplified model of the power supply block and the active
filter, according to an embodiment. Under a reasonable set of assumptions, initial
design of the control networks of the power source and active filter may be performed
in a substantially decoupled fashion. To clarify the procedure, a simplified model of

the power source / active filter network is depicted as model 1100 in Figure 1 1. On
the time scale of interest for control of the power source, it is possible to neglect the
presence of the active filter inductor, providing a useful simplification of the analysis.
The power source is treated as a current injector

ps ,

whose transimpedance

V /dI

s

is

the quantity of interest for linear control of the power source. The active filter is
considered to be an ideal transformer 1110, with multiplication factor M. (In the case
of an ideal buck converter, the conversion ratio M is equal to the duty cycle D, but

this need not be the case for other architectures.) M is controlled by an idealized error

amplifier 1120 and transfer function 1130. The output load is treated as an effective
impedance 1140. The following relations are the result of these model assumptions:
V' out = M V St

V. = -

.

V out

= Af/,f →

;

=

sC

V

f ~ 7

f

M =h{s)(Vref - Voul )
The equations are linearized by analyzing a perturbation (denoted by a small

letter variable) imposed on a large but fixed value (denoted by the subscript "0"):

+m
I f 0 +if → if

= M

M

=

yst = V

0

t, +

V t

It is here assumed that the storage capacitor current is 0 on average, so that Ι &

= 0. Neglecting products of small quantities, a simplified expression for the
transimpedance can be derived:
Μ Ζ

v
V"

M

[ + νΜ ]

,

+ s C Z eff [l + h Vsl ] l

In the limit of large gain h of the active filter, the expression simplifies to:
trans

-,

sC

That is, the transimpedance of the active filter, as seen by the power source, is
simply that of a capacitor whose value is scaled by the average conversion ratio of the

active filter, as shown in box 1150 of Figure 11.

Following the same procedure, the ratio of the change in output voltage to the
injected current is obtained, the effective output impedance seen by the power source:

M

+ Cs Z

[ + hVs ]

In the limit of large gain h this can be written:
7

—

M

2

C t hV t

The small-signal output impedance seen by the power source is very small

when the storage capacitor and control gain are large.

As note previously in connection with Figures 1A, IB - 5, it is advantageous
to incorporate the average power source inductor current in the control model for the

power source. For an embodiment, a current proportional to the power source
inductor current, or the average of the inductor current associated with each phase
when a multiphase system is employed, is injected into the feedback node of the error
amplifier.

Figure 1 shows a simplified control architecture for a single phase wherein
the voltage control loop is broken prior to the input impedance of the error amplifier,
according to an embodiment. Specifically, Figure 12 incudes a resulting control
architecture for the case of a single phase, where the voltage control loop is broken
prior to the input impedance Z m , block 1210, of the error amplifier. An injected
voltage ve r results in injection of a current into node v , which can be approximated
as held at the voltage V ref by the operational amplifier 1270. This current must be

balanced by the sum of the injected current G

Z'L

from transconductance amplifier

1250, and the current into the feedback impedance Ζ

,

block 1220. Considering

small-signal quantities only, the control voltage perturbation is:

The control voltage v is amplified by the gain of the converter 1230, roughly
(ViN/Vtri), where V I is the input voltage to the converter and V tri is the amplitude of

the triangle or sawtooth wave used for control of the duty cycle, as depicted in e.g.
blocks 670 and 680 of Figure 6, to produce the average switch node voltage vsw . The
inductor current can be approximated as:

Here Z oeff is the effective input impedance of the network 1240 consisting of
the power source inductor Ls, and the effective capacitance of the output in the
presence of the active filter, as derived previously. As noted previously, in the
frequency range where the active filter gain is large, the output impedance seen by the
power source is small, and the impedance Z oeff will be dominated by the inductor
impedance. The resulting inductor current, as noted above, is sensed and fed back in
the inner current control loop formed by sensor 1242 and transconductance amplifier
1250. A replica of the sensed inductor current, from transconductance amplifier
1260, is injected into scaled transimpedance capacitor 1280 to produce the error

voltage

e ,

whose ratio to the injected voltage ve r is the open loop gain.

Substituting for the control voltage, one obtains the inductor current as a function of
the inj

This current is then multiplied by the transimpedance of the storage capacitor

through

ge, and thus the open-loop gain:

Thus, by increasing the current gain G , the response of the power source can

be made less dependent on the output network, and instead controlled primarily by the
compensator impedances Z i and Z fb. It is thus possible to make the loop gain of the

power source look roughly like a simple first-order (1/s) function of frequency,
simplifying compensation design. This provides additional flexibility to the designer
in specifying compensation, and allows for improved phase margin and stability.

At very low frequencies, where the active filter is not effective and capacitive

displacement currents are negligible, the output impedance may be dominated by the
load res

loop gain in the current-controlled limit becomes

If the load impedance is large (as may be the case when the load is
approximated as a fixed current sink, or when a digital load is gated off), the loop gain
will become limited by the intrinsic gain of the operation amplifier used. In either
case, DC gain must be large enough to provide the absolute output regulation

accuracy desired.

The use of inductor current feedback can improve the energy efficiency of the

overall converter in the presence of step changes in the load current (load transients).
For example, consider a step increase in load current (an upward load transient) from
a low level Ilow to a high level Ihigh, for a time

an,

tr

after which the current returns to

the low level Ilow . If the Active Filter is treated as nearly ideal, the output voltage will
remain constant during the load transient. The Active Filter will initially supply the
additional load current

(Ihigh- Iiow),

causing the voltage on storage capacitor V st to fall.

The Power Source, if controlled only by the storage capacitor voltage, will detect the
fall in the storage capacitor voltage and increase its commanded conversion ratio,

causing the inductor current I I to increase. After some delay xps, the inductor current
from the power source will have risen to equal the load current. The storage capacitor
voltage will have fallen by approximately

PS

high

2MC

st

where M is the conversion ratio of the Active Filter (see Figure 11), and the net

current provided by the Active Filter will be approximately zero. However, since the
storage capacitor voltage is still below the target voltage, the conversion ratio of the

Power Source will continue to rise, as will the Power Source inductor current. In
order to maintain the output voltage, the Active Filter will draw current from the
output node and recharge the storage capacitor. After the storage capacitor reaches
the target voltage, the Power Source will recover to a steady-state condition. At the

end of the load transient, the same process occurs in reverse: the Active Filter will

withdraw current from the output to maintain the voltage constant, increasing the
storage capacitor voltage. The Voltage Source will reduce its own inductor current to

below that required by the load, so that the storage capacitor can discharge. As a
consequence, currents larger than the load current flow through the Power Source,

causing additional power dissipation and reduced efficiency.

A more efficient control approach allows the storage capacitor voltage to fall
to a reduced level at the beginning of an upward load transient and remain at the

reduced level until the end of the upward load transient, on the presumption that the
storage capacitor voltage will recover at the end of the load transient. In analogy to
the known technique of output voltage positioning, this control approach may be

denoted storage capacitor voltage positioning. Voltage positioning of the storage
capacitor may be accomplished by using the storage capacitor voltage combined with
the measured Power Source inductor current to control the conversion ratio of the

Power Source. The effect of the Power Source inductor current on the target voltage
for the storage capacitor should be set to allow the storage capacitor voltage to fall by

the amount expected for an upward load transient reaching the measured current
value.

In an embodiment, the signal from the current sensor, such as the current from
transconductance amplifier 690 of Figure 6, may be injected into the negative input of
an error amplifier, such as 660, where it is combined with the signal from the storage

capacitor voltage. For times longer than the RC time constants of the compensation
blocks, such as 630 and 620, the current signal from transconductor 690 will
encounter a substantially resistive impedance ZEA , and thus be converted to an
injected voltage:

A V = - Z EA G

L

where G is the equivalent gain of the current sensor and transconductance

amplifier. The consequent decrease in the target voltage of the storage capacitor
should be equal to that expected from the corresponding load transient response when
the Power Source inductor current has reached the load current:

igh how ]
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Thus, the current sensor injects a voltage proportional to the Power Source

output current, where the injected voltage at the error amplifier is set equal to the
product of the response time of the Power Source and the sensed output current,
divided by twice the product of the storage capacitance value and the Active Filter
conversion ratio.

Accordingly, for at least one embodiment, the power source block includes a
current sensor, wherein the current sensor operative to sense an output current of the
power source block. For at least some embodiments, the control of the conversion
ratio is implemented by injecting a voltage proportional to the sensed output current
into an error amplifier (such as, error amplifier 660) of the power source block,

wherein the injected voltage divided by the sensed output current is substantially
equal to a response time of the power source block divided by a product of the
conversion ratio of the active filter and twice a capacitance of the storage capacitor,
and wherein the response time is time required from a moment a load current of the
output load change occurs to a time an inductor current of the output inductor
becomes substantially equal to the load current.

A more general approach to establishing the required gain of the current
sensing loop may be specified as follows. The operation of the power source and

active filter are simulated using only the storage capacitor voltage V st as a control
input for the power source conversion ratio. The transient simulation should include
an example of an expected sudden increase in load current, and the corresponding

return to the original current. Associated with each sudden change in load current is a
transient decrease or increase, respectively, in the storage capacitor voltage. The
current gain is then adjusted so that, when the power source current equals the load
current at the end of the sudden increase or decrease in load current, the new storage
capacitor target is equal to the minimum or maximum storage capacitor voltage
observed during the corresponding transient without current control. When properly
adjusted as described above, the storage capacitor voltage will simply fall to the lower
value when the system encounters a sudden increase in load current, and remain there
until the load current returns to its original value, whereupon the original storage

capacitor voltage is also restored. However, the current gain (and consequent
effective load line for V st) are constrained by the need to provide enough supply
voltage to the active filter to allow it to regulate the target voltages successfully, and

the need to avoid excessively high input voltages that might damage the active filter
transistors. The control bandwidth of the power source may influence the response of
the system to repeated load transients.

Figure 13 shows a Bode plot (magnitude and phase of open loop gain) for the
power source controller, according to an embodiment. The solid lines 1310 and 1320
depict the magnitude and phase of open loop gain in the case where only voltagemode control is used; that is, where the transconductance amplifier 790 of Figure 7 is
not active. The dotted lines 1330 and 1340 show the corresponding magnitude and
phase when combined voltage and inductor current control is used. The gain at low
frequencies is reduced by the use of mixed voltage/current control, but the phase
margin is significantly improved in the region between about 1 and 100 kHz, leading
to improved robustness and control stability.

The load current may be used instead of the power source inductor current as
an input to the power source switching controller 330 or 430. However, speed of

response may be impaired by this arrangement. The load current can rise rapidly
when the load behavior changes, due to the rapid response of the active filter. As a
consequence, the target voltage for the storage capacitor, v st, falls. If the storage
capacitor is large, it will remain above the target for a relatively long time compared
to the transient response of the active filter. During this time, the power source will

reduce its output current, even though the load demand has increased, and the time
delay before the power source current becomes equal to the new load current is
increased.

The discussion of control issues above applies both to single phase converters,
as depicted in Figures 1A, IB - 3, and multiphase converters, as depicted in Figure 4,
as long as the average current of all phases is employed. Multiphase converters may

require additional provisions, not shown, for ensuring current balance between the

phases of the power source, and optionally the active filter, such as a separate R-C
filter for each phase.

Design of the active filter control network may employ any conventional
compensation approach as guided by the application, including voltage mode control
or current mode control, analog compensation networks or analog or digital
proportional-integral-differential (PID) control. As shown by the analysis above, the
range of frequency over which active filter gain is high should overlap that in which
the power source control operates, and should extend to higher frequency than the
power source, to permit a slow and thus efficient power source while preserving
transient response, as described for example by Lambert et. al. Note that the phase
margin of the active filter control is weakly influenced by the bandwidth of the power
source.

For an embodiment, the conversion ratio of the power source block is at least
partially controlled by the parameter related to the voltage on the storage capacitor
during a first mode of the voltage regulator, and the conversion ratio of the power

source block is not controlled by the parameter related to the voltage on the storage
capacitor during a second mode of the voltage regulator, and the voltage regulator is
operative to change between the first mode and the second mode.

The active filter, when switching, incurs losses due to the need to change the

switch transistor states, and switching losses due to ripple current flowing through the

transistors during the switch moment (if zero- voltage or zero-current switching is not
in use). Efficiency can be improved if the active filter is turned off when it is

expected that only a constant or slowly-changing voltage and current will be delivered
to the load, and thus voltage scaling and fast load transient response are not needed.

Thus it can be beneficial to provide a second operating mode, in which the active

filter is off, and the power source conversion ratio control is based in the conventional

fashion on the output voltage, using any conventional control means such as voltage
mode or current mode control. In this conventional mode, a large output capacitance,
which is undesirable when dynamic voltage scaling is envisioned, is useful to provide
charge for transient changes in the load current. A separate switch may be used to
connect and disconnect a large-value output capacitor, and manage voltage changes
thereof with minimal disturbance to the normal operation of the power source, as
described in US 9069365. Because, as described above, the transimpedance seen by
the power source is dominated by the large storage capacitor impedance during
operation in the first mode, the same power source compensation network may be
used in the second mode with a conventional large output capacitance. It has been
observed that attempting a mode transition with large active filter output current
present can lead to unstable control behavior. Transition to and from this
conventional operating mode should be performed when the load conditions are stable
and the active filter average current is small or zero.

More rapid transitions to the conventional mode after current transients can be
obtained when, as described above, power source average inductor current is included
in the power source control input, so that the target storage capacitor voltage is

allowed to fall when load current increases. Efficiency is improved both due to
reductions in power source RMS output current, and consequent resistive losses, and a
shorter time during which the active filter is switching.

Changes from the first to second mode and back, as described above, may
require changes in the compensation configuration to maintain stability. Many
approaches to compensation employ the equivalent of an integral of the controlled
parameters as a state variable, for example the integral input of a ProportionalIntegral-Derivative (PID) controller, or the stored voltages of internal capacitive
nodes in the impedance network of an error amplifier. It may also be necessary to

preset the values of the state variables at a mode change to avoid sudden changes in
the output voltage.

Figure 15 is a flow chart that includes steps of a method of multimode
operation, according to an embodiment. Assuming that the system is in Mode 1

operation (1510). During operation in Mode 1, the active filter is enabled, and the
conversion ratio of the power source is controlled by the storage capacitor voltage,
and optionally the inductor current. The output capacitance is minimized to permit

dynamic voltage scaling. When a mode change is commanded (1520), the system
may first perform optional configuration checks (1530): it may be desirable to verify

that the active filter output current is small to ensure stability, and to preset the values
of state variables to avoid changes in output voltage at the mode change. The large
output capacitance described above may then be connected to the output (1540),
optionally with the capacitor charging provisions described in US 9069365. The
control system can then transition to Mode 2 operation, in which the active filter is
disabled, the power source conversion ratio is controlled by a parameter related to the

output voltage, and a large output capacitance is connected (1550). When a mode
transition is again commanded (1560), as for example when dynamic voltage scaling
or other transient conditions are expected, the system may first perform any required
presets of state variables (1570), and disconnect the large output capacitor (1580).
The system may then return to operation in Mode 1.

Control design must account for certain exceptional conditions not
encountered with a single power source. If at startup both power source and active
filter are enabled with non-zero target values for the output and storage capacitor
voltage, but the storage capacitor is not precharged, the active filter will rapidly be

driven to a duty cycle of 1. The power source will charge the flux capacitor until the
desired output voltage is reached, at which point the active filter will regulate the

output voltage while negative current flows into the storage capacitor. This startup
procedure results in smooth, stable transition to the operating state, but requires that
the active filter circuitry be separately powered during the time that the storage
capacitor is being charged. Considerable simplification of the active filter results if
the internal circuitry is powered from the storage capacitor voltage, but in that case
the capacitor must be charged before active filter startup. However, if separate
provisions, such as a conventional resistive regulator, are made to precharge the
storage capacitor to its target voltage prior to startup, simultaneous startup of power
source and active filter will result in rapid adjustment of the output voltage by the

active filter, while the power source, if started at duty cycle D=0, has made no
changes since the storage capacitor is at the target. The power source shunt device
will then sink current from the output until the storage capacitor voltage falls and

causes the duty cycle D to rise. This results in an unnecessary and inefficient transfer

of charge from the storage capacitor to the system input and back. The problem may
be avoided by setting the duty cycle of the power source to its estimated value at
startup, where the estimated value for a buck converter configuration is obtained as

the ratio of the input voltage to the target output voltage. Alternatively, the power
source may be started in the second operating mode, as described above in connection

with Mode 2 of Figure 15, where it performs conventional control of the output
voltage, and then the system is switched to the control mode of the described

embodiments (Mode 1) only when the output voltage has stabilized at the target
value.

While the control approach of the described embodiments provides good
stability and uncoupling of the power source and active filter control paths in the
small-signal regime, attention must be paid to the nonlinear behavior of the
component parts. In the embodiments shown in Figures 2, 3, and 4, the bidirectional
Active Filter 240 is configured as a buck regulator. However, the Active Filter buck

240 is connected backwards in the feedback path of the Power Source buck 210,
which presents a control problem much like that seen with a boost regulator. In the
backward path of the Active Filter buck 240, when sinking current from the output,
the input source capacitor Vs t 190 of the Active Filter is disconnected if the Active
Filter duty cycle goes to 0 (that is, the shunt switch QSh,f is on continuously),
essentially breaking the feedback path of the Power Source buck 210. Because of this,
a scenario can arise where the system can 'lock up'.

If Vst is below target and V o u t is above target, then the Power Source buck
regulator 210 will source current into

V

ou

t,

while the active filter will sink all the

current to ground. None of the energy gets back to

V st

capacitor 190 and so a

sustained lockup occurs where the Power Source buck continuously sources current
and the Active Filter buck continuously sinks current to ground, with no feedback
path to Vst capacitor 190. This lock up is most likely to occur when the on-resistance
of the Power Source 210 is less than that of the Active Filter 240, such that the Active
Filter cannot sink the current provided by the Power Source while maintaining
regulation. As a result, the output voltage climbs and regulation is lost.

By comparison, the reverse situation where

V st

is above target and

V

ou

t

is

below target, does not break the feedback path of the Power Source buck, because the
Active filter will be directing current from

V st

to V o u t all the time, which will keep this

path connected.

The use of a current signal (voltage positioning), as discussed above to adjust
the target voltage of the storage capacitor depending on the output current of the
power source, is helpful to reduce the likelihood of encountering the runaway
condition. The active filter control design may be modified to account for the
maximum boosted current limitation and consequent nonlinearity, for example by

implementing minimum duty cycle limit for the active filter, or a negative current
limit and anti-windup control provision.

EXAMPLE 1
Figure 8 shows a power source and an active filter, according to another
embodiment. The blocks 820 and 830 correspond to the four-phase power source
converter and switching controller 430, and the blocks 850 and 860 to the four-phase
active filter and switching controller 460, as depicted in Figure 4. The blocks 801,
802, 803, 804, and 805 are simplified models for the various parasitic capacitances,

inductances, and resistances associated with a specific physical configuration (in this
case, using a printed circuit board). The voltage on the storage capacitor V s t is

differentially sensed by Switching controller 830, which contains the Vref generation
provisions described in connection with block 640 of Figure 6 and Figure 7. Block
870 contains the average current sense circuit described in connection with Figure 5.

The differentially- sensed output voltage is also provided to active filter switching

controller 860. Both blocks 820 and 850 use stacked NMOS switching elements.
Blocks 820 use a cascode switching configuration, while blocks 850 employ a single
switching device for each shunt and series switch, without cascode protection, since
the storage capacitor voltage is low enough to permit unprotected operation. The

power source and active filter are implemented in a conventional 180 nm CMOS
process.

Cin

is the parallel combination of two nominal 1-microFarad surface-mount

capacitors, and provides local input decoupling. Box 880 is a local ground potential,
modeling the effect of parasitic impedances between true ground and the local
reference ground for the switching converters and controls 820, 830, 850, and 860.
Inductors L si to Ls4 are modeled as nominal 330 nH surface-mount components; the
inductors Lfi to Lf4 are modeled as nominal 20 nH surface-mount components. C s t is
implemented as two nominally 10-microFarad surface-mount capacitors. Co u t is a
roughly parallel combination of four nominal 220 nF capacitors, each with 100
milliOhms of series resistance to improve active filter control stability.
Rioad

C io a d

and

are distributed among 16 nominally-parallel segments, each containing about 6

nF total capacitance, so that the lumped equivalent load capacitance is about 96 nF.
The overall load resistance can be varied from a large value, such that DC load

current is negligible,

to about 0 . 15 Ohm, with varying ramp rates, to simulate load

transients in a digital system.

Input voltage

V

S

is set to 3.7 V .

Figure 9 shows results o f simulated performance

of the power source and

active filter of Figure 8 during an output voltage step, for the embodiment

of Figure 8 .

The output voltage vs. time, is shown as trace 901 . A voltage step upward is initiated
at about 1.2 microseconds,
overshoot.

and is completed

within about 200 nsec, with minimal

The storage capacitor voltage, shown as trace 902, falls b y about 100 m V

over 3 microseconds,

as charge is drawn into the output and load capacitances.

charge is later replenished
timescale of the figure).

b y the relatively

slow power source (not shown in the

The load current, depicted as trace 903, is low in this

example, and shows only a slight temporary
capacitance.

increase due to charging of the load

Trace 904 depicts the sum of the four inductor currents associated with

the four phases of the active filter converter,
of the four inductor currents associated
converter,

This

421.

441.

Similarly, trace 905 depicts the sum

with the four phases of the power source

The active filter current 804 rises rapidly to about 3.7 A to supply the

charge required to increase the voltage on the output capacitances

C ou t and C ioad, and

returns to a small value about 200 n s later. Since the output voltage has increased,
current is slowly driven back through the power source inductors L s i through Ls4
towards the input supply V I , as shown b y the dip in trace 905 around 1.5 to 2.5
microseconds.

This current is compensated

to keep the output voltage constant.

b y positive current from the active filter

After about 2 microseconds,

the power source

duty cycle has increased enough for the power source output current to recover to a
positive value.

The control of output voltage using the fast active filter has allowed a

rapid change in output voltage with minimal overshoot
the slow response of the power source.

for

The power source is allowed to slowly correct

its behavior to recharge the storage capacitor.
downward

and rapid, stable correction

Similar results are obtained for

voltage steps, with the directions o f the currents in the respective

inductors

being reversed.

Figure 10 shows results of simulated performance

of the embodiment

Figure 8 of the power source and active filter for a load current transient.
voltage vs. time is shown as trace 1001.

of

The output

The storage capacitor voltage vs. time is

depicted as trace 1002. The load current is shown as trace 1003. Trace 1004 shows
the sum of the four inductor currents associated with the four phases of the active
filter converter, 441, and trace 1005 shows the sum of the inductor currents associated
with the four phases of the power source converter, 421. A step from about 0.08 to 6
A in load current, over about 80 ns, occurs at 0.5 microseconds, representing an
upward load transient. The output voltage falls by about 55 millivolts, but rapidly
recovers to the nominal value, by about 65 ns after the start of the transient. The
active filter current 1004 rapidly rises to provide the current demanded by the load.
The active filter current then slowly falls over the course of the next 2-3 microseconds
as the power source current responds to the fall in the storage capacitor voltage V s t .

The storage capacitor voltage falls by about 95 mV by 2.5 microseconds after the

transient. The change in storage capacitor voltage is in good agreement with that
expected from the approximate theory described above, using an Active Filter
respons

onds, and a conversion ratio of 3.7/0.9=4.1:

2 [4.1] 20
The control configuration of the described embodiments provides rapid
response to both voltage and load current steps without requiring fast response from
the power source.

EXAMPLE 2
The power source buck converter corresponding to blocks 820, 830, and 870,

and the active filter buck converter corresponding to blocks 850 and 860, were

implemented in a single integrated circuit fabricated in a standard 0.18 micron CMOS
process. The integrated circuit incorporated the capability described above for
combining the sensed output current from block 870 with the storage capacitor
voltage, as described in Figures 5, 6, and 7, allowing storage capacitor voltage
positioning to be implemented in response to load transient events. A provision to
disable the current sense transconductance amplifier 790, which was included for
other reasons, was found in retrospect to allow a direct comparison between the
control model of the described embodiments with and without storage capacitor
voltage positioning. The combination of current sensor

V iS

S

s

and transconductance

amplifier 790 was configured to provide about 0. 1 microA per Ampere of power

source output current. The response of the compensator to this injected current is
somewhat complex, but for times longer than one to two microseconds it can be
regarded as a resistor, here about 180 kOhm. Thus the offset of the storage capacitor
voltage, corresponding to the product

ZEAGC

defined previously, is about 18 mV/A of

output current. The integrated circuit was mounted on a conventional printed-circuit
board to provide the additional external components shown in Figure 8. The
inductors L si - L s4 were nominally 330 nH surface-mount components; the inductors
Lfi - Lf4 were nominally 20 nH surface-mount components. The components C out and
R d were

implemented with eight pairs of nominal 100 nF surface-mount capacitors

and 200 milliOhm surface-mount inductors, roughly equivalent to C ou t = 800 nF and
Rd =

25 milliOhms. The load was a custom emulation of a digital load, with effective

capacitance

C io ad =

75 nF and a controlled variable resistance R ioad used to create

transient variations in the load current.

An exemplary comparison is shown in Figure 16. A 25 milliOhm sense
resistor was used to monitor the total input current to blocks 820 and 850, and the
result captured with a differential probe into a digital oscilloscope. It should be noted
that an additional 22 microFarads of decoupling capacitance was placed between the
sense resistor and the integrated circuit, so only microsecond-timescale variations are
captured, even though the load transient is much faster. The resulting signal was
averaged over 16 triggered acquisitions and filtered to 20 MHz to minimize noise.
The resistance

R io ad was

varied in order to create a nominal rising load current

transient of about 0.4 to 5.6 A with a rise time of roughly 60 ns and duration of
approximately 10 microseconds, depicted as curve 1610 of Figure 16. The
corresponding input current versus time when storage capacitor voltage positioning is
not used is shown as curve 1620, and the input current when storage capacitor voltage
positioning is used is shown as curve 1630. Consistent with the discussion above,
when voltage positioning is not used and control is based solely on the storage
capacitor voltage, the input current overshoots at the beginning of the transient
(1621), as the power source controller attempts to return the storage capacitor to the

(fixed) target voltage. A corresponding undershoot can also be observed when the
load transient ends (1622). In contrast, when voltage positioning is enabled, the input
current rises smoothly to a value only slightly above the stable value during the

transient (1631), and falls smoothly back to the low-load-current value at the end of
the transient (1632). For the sensitivity described above of 18 mV/A, the target for
the storage capacitor voltage should decrease by about 94 mV once the power source
current equals the load current, in excellent agreement with the simulated result
shown in curve 1002 of Figure 10. Thus, by adding a properly-calibrated current
sense loop to the storage capacitor loop, the target voltage the power source attempts
to control moves together with the storage capacitor voltage during the transient.

Excess input current is avoided. Similarly, the target voltage recovers at the end of
the transient, and excursions to negative input current (1622) are avoided.
Since the high peak current in region 1621 will cause additional resistive
power dissipation in proportion to the square of the current, it is apparent that when
the gain of the current sense loop is properly adjusted as described above, efficiency
will be improved when load transients occur.

Although specific embodiments have been described and illustrated, the
embodiments are not to be limited to the specific forms or arrangements of parts so
described and illustrated.

Claims

What is claimed:

1.

A voltage regulator comprising
a power source block configured to convert an input voltage to
an output voltage to supply current to an output load;

a storage capacitor;
an active filter configured to transfer energy between the output

load and the storage capacitor;
wherein a conversion ratio of the active filter is controlled by a
parameter related to the output voltage; and
wherein a conversion ratio of the power source block is at least
partially controlled by a parameter related to a voltage on the storage
capacitor.

2.

The voltage regulator of claim 1, wherein the power source block
comprises:

a series switch element;
a shunt switch element;
a switching controller, the switching controller operative to
control opening and closing of the series switch element and the shunt
switch element, wherein the opening and closing of the series switch

element and the shunt switch element generates a switching voltage,
and wherein filtering the switching voltage with an output inductor and

a load capacitor generates the output voltage; and
wherein control of the conversion ratio of the power source
block comprises control of the duty cycle of the opening and closing of
the series switch element and the shunt switch element, and wherein
the duty cycle is controlled by the parameter related to the voltage on
the storage capacitor.

The voltage regulator of claim 2, wherein the power source block

comprises a plurality of phases of switched converters, and wherein a

phase of each switched converter is offset in time to minimize a
variation in a sum of output currents of the plurality of phases of
switched converters.

The voltage regulator of claim 1, wherein the power source block

comprises a current sensor, the current sensor operative to sense an

output current of the power source block, wherein the conversion ratio
of the power source block is additionally controlled by a value of the
sensed output current.

The voltage regulator of claim 2, wherein the power source block

comprises a current sensor, the current sensor operative to sense an

output current of the power source block; and wherein
the duty cycle is controlled with a signal proportional to the

sensed output current combined with a signal that is proportional to the
voltage on the storage capacitor.

The voltage regulator of claim 1, wherein the conversion ratio of the

power source block is at least partially controlled by the parameter
related to the voltage on the storage capacitor during a first mode of
the voltage regulator, and the conversion ratio of the power source

block is not controlled by the parameter related to the voltage on the
storage capacitor during a second mode of the voltage regulator, and

the voltage regulator is operative to change between the first mode and
the second mode.

The voltage regulator of claim 3, further comprising:

a current sensor operative to sense an average output current
over phases of the plurality of phases of switched converters of the
power source block, wherein the conversion ratio of the power source

block is additionally controlled by a value of the sensed averaged
output current.

8.

The voltage regulator of claim 5, wherein the switching controller

comprises a power source compensation network that includes an error
amplifier; and

wherein a signal from the current source is injected directly to
an input of the error amplifier.

9.

The voltage regulator of claim 4, wherein when a load transient is

encountered, the storage capacitor voltage falls to a reduced level, and

remains at the reduced level until an end of the load transient.

10.

The voltage regulator of claim 2, wherein the power source block

comprises a current sensor, the current sensor operative to sense an
output current of the power source block, wherein control of the
conversion ratio is implemented by injecting a voltage proportional to
the sensed output current into an error amplifier of the power source
block, and wherein the injected voltage divided by the sensed output

current is substantially equal to a response time of the power source
block divided by a product of the conversion ratio of the active filter
and twice a capacitance of the storage capacitor, wherein the response

time is time required from a moment a load current of the output load
change occurs to a time an inductor current of the output inductor
becomes substantially equal to the load current.

11. A method of voltage regulation comprising:
converting, by a power source block, an input voltage to an
output voltage to supply current to an output load,
transferring, by an active filter, energy between the output load

and a storage capacitor;

controlling a conversion ratio of the active filter with a
parameter related to the output voltage; and

at least partially controlling a conversion ratio of the power

source block with a parameter related to a voltage on the storage

capacitor.

12. The method of claim 11, further comprising:

controlling opening and closing of a series switch element and
a shunt switch element of the power source block, wherein the opening
and closing of the series switch element and the shunt switch element

generates a switching voltage, and wherein filtering the switching
voltage with an output inductor and a load capacitor generates the
output voltage; and
at least partially controlling a duty cycle of the opening and

closing of the series switch element and the shunt switch element by
the voltage on the storage capacitor.

13. The method of claim 12, wherein the power source block comprises a

plurality of phases of switched converters, wherein a phase of each
switched converter is offset in time to minimize a variation in a sum of
output currents of the plurality of phases of switched converters.

14. The method of claim 11, further comprising:

sensing an output current, with a current sensor, of the power

source block, wherein the conversion ratio of the power source block is

additionally controlled by a value of the sensed output current.

15. The method of claim 12, further comprising:

sensing an output current, with a current sensor, of the power
source block,

controlling the duty cycle with a signal proportional to the
sensed output current combined with a signal that is proportional to the
voltage on the storage capacitor.

16. The method of claim 11, wherein the conversion ratio of the power source

block is at least partially controlled by the parameter related to the voltage
on the storage capacitor during a first mode of the voltage regulator, and
the conversion ratio of the power source block is not controlled by the

parameter related to the voltage on the storage capacitor during a second
mode of the voltage regulator, and the voltage regulator is operative to

change between the first mode and the second mode.

17. The method of claim 13, further comprising:

sensing, by a current sensor, an average output current over all

phases of the plurality of phases of switched converters of the power
source block, wherein the conversion ratio of the power source block is

additionally controlled by a value of the sensed averaged output current.

18. The method of claim 15, wherein the switching controller comprises a

power source compensation network that includes an error amplifier; and
further comprising injecting a signal from the current source directly to an
input of the error amplifier.

19. The method of claim 14, wherein when a load transient is encountered,

the storage capacitor voltage falls to a reduced level, and remains at the

reduced level until an end of the load transient.

20. The method of claim 12, wherein the power source block comprises a

current sensor, and further comprising sensing, by a current sensor, an
output current of the power source block, wherein control of the
conversion ratio is implemented by injecting a voltage proportional to the
sensed output current into an error amplifier of the power source block,
and wherein the injected voltage divided by the sensed output current is

substantially equal to a response time of the power source block divided

by a product of the conversion ratio of the active filter and twice a
capacitance of the storage capacitor, wherein the response time is time
required from a moment a load current of the output load change occurs

to a time an inductor current of the output inductor becomes substantially

equal to the load current.
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