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[0002] None.

COPYRIGHT NOTIFICATION

[0003] Portions of this patent application contain materials
that are subject to copyright protection. The copyright owner
has no objection to the facsimile reproduction by anyone of
the patent document or the patent disclosure, as it appears in
the Patent and Trademark Office patent file or records, but
otherwise reserves all copyright rights whatsoever.

TECHNICAL FIELD

[0004] The present invention relates to nonlinear and
time-variant signal processing, and, in particular, to methods
and apparatus for adaptive filtering and control applicable to
switched mode power regulators. This invention also relates
to methods and corresponding apparatus for mitigation of
electromagnetic interference, and further relates to improv-
ing properties of electronic devices and to improving elec-
tromagnetic compatibility and/or enabling coexistence of a
plurality of electronic devices.

BACKGROUND

[0005] A switched-mode power supply (SMPS) is typi-
cally chosen for an application when its weight, efficiency,
size, or wide input range tolerance make it preferable to
linear power supplies, and thus SMPSs are ubiquitous in
consumer electronics, laboratory and medical equipment,
scientific instruments, land, air (including the unmanned
aerial vehicles (UAVs)), space, and naval vehicles, LED
lighting, and central power distribution systems. Many of
the SMPS markets are extremely high-volume (for example,
tens of billions of units for portable low-power applications
alone) and thus are very cost-sensitive, and the demands for
both power efficiency requirements and cuts in the bill of
materials (BOM) drive the use of the SMPSs and converters
instead of linear power supplies.

[0006] An SMPS composed of ideal elements dissipates
no power, and may also be substantially smaller and lighter
than a respective linear supply. While having great advan-
tages over linear regulators in efficiency, weight, size, and
wide input range tolerance, switched-mode power supplies
and converters, however, face a number of challenges that
increase their complexity and cost, reduce reliability, com-
plicate regulation, and limit their use in noise-sensitive
applications.
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[0007] An SMPS may be viewed as an electronic power
supply (“converter”) that incorporates an active switch
(“power switch™) that regulates either output voltage, or
current, or power by switching storage elements, like induc-
tors and capacitors, among different electrical configura-
tions. The desired relation between the input (source) and
the output of the supply may then be achieved by controlling
the duration of the time intervals during which the switch is
in its different positions.

[0008] In particular, a basic SMPS [4, 7, 10] may be
viewed as an electronic power supply that incorporates a
two-position power switch (e.g. a single pole double-throw
switch (SPDT)) that alternates between positions 1 and 2
and regulates either output voltage or current by switching
storage elements, like inductors and capacitors, between two
different electrical configurations. The desired relation
between the input (source) and the output of an SMPS may
then be achieved by controlling the duration of the time
intervals during which the switch is in position 1 or 2.

[0009] Let us denote the time instances at which the
switch makes the transition from position 2 (“down”) to 1
(“up”) as “even” instances, and denote them as t,,, where i
is an integer. Respectively, the time instances at which the
switch makes the transition from position 1 (“up™) to 2
(“down”) would be “odd” instances, and may be denoted as
t,;,;- Then the “up” (switch position 1) and “down” (switch
position 2) time intervals may be expressed as At,,=t,,,;—t,,
(“even”) and Aty =ty y=ty;,, (“0dd”), respectively. For
convenience, we may denote an ith full switching interval
Aty +At,,,, as AT,, and may further define the respective
“duty cycle” D, as

Do Ay _ A (9]
"7 A + A AT

[0010] The switch may be controlled by a two-level switch
control signal such that one level of the control signal
(e.g., the upper level) puts the switch in position 1, and the
other level (e.g., the lower level) puts the switch in
position 2. It may be shown that a properly defined duty
cycle of the control signal would be equal to the duty
cycle of the switch.

[0011] For example, for a “desired” (ideal) switching
voltage regulator, the relation between the output voltage
V,.. ) and a constant input (source) voltage V, (1)
=V,,=const, for a time-invariant (constant) load in a steady
state such that AT,=AT=const and D,=D=const, may be
expressed as

(Vo Y ATAFDV,, @

[0012] where f(D,) is a known function of the duty cycle
D and the angular brackets denote the time averaging over
a full switching interval. In words, for every full switch-
ing interval, the average output voltage of an ideal switch-
ing voltage regulator would be proportional to the source
voltage, and the coefficient of proportionality would be a
known function of the duty cycle of this interval.

[0013] FIG. 1 provides examples of such basic SMPS
topologies (buck, boost, and buck-boost). For these topolo-
gies, f(D) in equation (2) would be equal to D, for a buck
(step-down) regulator, to D,™* for a boost (step-up) regulator,
and to D,/(1-D,) for a buck-boost.
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[0014] One may notice that the voltage at the pole of the
switch in FIG. 1 is denoted as V*(t). This voltage may be
called a switching voltage, or a modulated voltage. Indeed,
this voltage alternates between V,, and zero in the buck
converter (panel I), between V_,, and zero in the boost
converter (panel II), and between -V,, and V_,, in the
buck-boost converter (panel III). Depending on a physical
implementation of a switch (e.g., one of the throws of a
switch may be a nonlinear component such as a diode), the
values of the alternating voltages may differ from the “ideal”
values. However, the voltage at the pole of a switch may still
be called a switching voltage, or a modulated voltage.
[0015] One skilled in the art will recognize that the SMPS
topologies shown in FIG. 1 may be varied in many ways,
and that they provide a basis for constructing most of
isolated and non-isolated SMPSs [4, 7, 10]. For example, by
adding a second inductor, the Cuk [2] and SEPIC [9]
converters may be implemented, or, by adding additional
active switches, various bridge converters may be realized.
[0016] While equation (2) may hold for the average output
voltage over a full switching period, the instantaneous value
of the output voltage V,,(t) may be pulsating or even
“discontinuous” (e.g., for the boost and buck-boost convert-
ers in FIG. 1). However, most practical applications would
require that the instantaneous value of the output voltage
V,,(t) does not significantly deviate from some desired
(designed) output, for example, a constant DC voltage.
[0017] For the steady conditions outlined above, equation
(2) may be rewritten as

Vol D=F DYV, +0V18), 3

[0018] where OV (1) is aresidual (“ripple”) voltage that, for
a given switching frequency, may be negligible for suf-
ficiently large capacitance values in the topologies shown
in FIG. 1, and/or a sufficiently large inductance value in
the buck converter.

[0019] For example, the current supplied to the parallel
RC circuits in the boost and buck-boost topologies in FIG.
1 would be discontinuous (zero during the “up” positions of
the switch, and generally non-zero during the “down” posi-
tions). The current through the load resistance R, for a
constant load, would be equal to this discontinuous current
filtered with a 1st order lowpass filter having the time
constant RC, and thus the output voltage would satisfy
equation (3), and the residual (ripple) voltage may be
negligible for sufficiently large values of RC.

[0020] In the buck topology, the LCR circuit forms a 2nd

order lowpass filter which may convert the discontinuous

supply voltage (V,,, during the “up” positions of the switch,
and zero during the “down” positions) into a continuous
output voltage that would satisfy equation (3). For zero
capacitance, the remaining RL circuit would be a 1st order
lowpass filter with the time constant [./R, and thus the output

voltage would still satisfy equation (3).

[0021] In the buck topology, it may be convenient to refer

to the LC sub-circuit of the total LCR circuit formed by the

inductor, the capacitor, and the load as a “lowpass filter
formed by the inductor and the capacitor”. For light loads

(i.e. R—o), such an LC sub-circuit would be effectively

equivalent to the total LCR circuit.

[0022] FIG. 2 provides an example of steady-state outputs

of the basic idealized converters shown in FIG. 1, operating

at a 50% duty cycle. One may see that these steady-state

outputs may indeed satisfy equation (3).
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[0023] For a constant duty cycle, a steady-state output of
a converter would be proportional to the input voltage. For
a time-variant input voltage, the output voltage of a con-
verter would also be time-variant, but it will not be, in
general, proportional to the input voltage. In addition, for a
time-variant load R=R(t) the output voltage would generally
depend on the load resistance R(t) and its time derivative
R(t), and would be time-variant even for a constant load. A
combined effect of the variability of the source voltage and
the load may result in a significant deviation of the output
from the desired steady-state conditions, as illustrated in
FIG. 3. In the figure, the input voltage deviating from the
average input voltage V, is shown in the upper panel, and the
time-variant load resistance is shown in the middle panel.
The lower panel shows the output voltages of the buck,
boost, and buck-boost converters shown in FIG. 1, operating
at a 50% duty cycle, and the respective “would-be” steady-
state outputs (that is, the outputs for V, (t)=V, and a constant
load) are shown by the dashed lines. The switching fre-
quency and the inductor and capacitor values are the same
for all three converters.

[0024] Time variance of the output for time-variant input
voltages and loads may be exacerbated by non-idealities of
the components of an SMPS, such as finite switch conduc-
tances and/or voltage drops and/or switching times, equiva-
lent series resistances of inductors and capacitors, parasitic
inductances and capacitances of the components, and other
non-idealities of components and non-linearities of their
behavior (e.g. dependences of the component values on
voltages and/or currents).

[0025] The output voltage may be regulated to be within
a specified range in response to changes in the source
voltage and/or the load current by adjusting the duty cycle
to make the output voltage follow the desired (or
“designed”, or “reference”) voltage V, . This would be
typically done by, first, constructing a small signal model of
the converter linearized around some chosen operating
point. Then a compensator may be designed based on the
small signal model.

[0026] Such a compensator, however, may not ensure
adequate performance when the conditions change signifi-
cantly from the design operating point, for example, due to
wide-range and/or significantly rapid changes in the source
voltage and/or the load conductance. Thus one of the main
limitations of such regulation, contributing to its complexity
and/or inadequate performance under certain conditions,
may be viewed as arising from the fact that the regulation is
performed by a single means (e.g., a change in the duty
cycle), while the output voltage (for a given duty cycle) may
depend on two independently varying signals, the source
voltage and the load (their magnitude and/or time variance).

BRIEF DESCRIPTION OF FIGURES

[0027] FIG. 1. Idealized basic SMPS topologies (boost,
buck, and buck-boost).

[0028] FIG. 2. Steady-state outputs of basic SMPSs.
[0029] FIG. 3. Illustration of combined effect of variable
load and variable input voltage on output voltage.

[0030] FIG. 4. Panel I: A step-down (buck) stage wherein
the switch is controlled by a modulating (control) signal
Q(t). Panel II: A step-down (buck) stage wherein the modu-
lating signal Q(t) is provided by a reference (switch control)
circuit comprising an integrator followed by a comparator
with hysteresis (a Schmitt trigger).
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[0031] FIG. 5. Illustration of the signal and timing rela-
tions in the switch control circuit (SCC) shown in FIG. 4
(ideal switch).

[0032] FIG. 6. Illustration of the signal and timing rela-
tions in the switch control circuit (SCC) shown in FIG. 4
(non-ideal switch).

[0033] FIG. 7. The source (V,,(t) and reference (V, (1)
<V, (t) voltages (upper panel), and a power spectral density
of the zero-mean residual voltage AV(D=V,, (1) Q()-V, )
(lower panel), for the buck converter shown in the lower
panel (panel II) of FIG. 4.

[0034] FIG. 8. Example of an SCC wherein the magnitude
of the reference voltage supplied to the SCC is reduced by
a factor of R,/(R;+R,)

[0035] FIG. 9. Example of controlling switching fre-
quency of SMVM-based buck converters.

[0036] FIG. 10. Illustration of the signal and timing rela-
tions in the SCC shown in FIG. 9.

[0037] FIG. 11. Ilustration of the signal and timing rela-
tions in the SCC with a square wave AV, (t).

[0038] FIG. 12. Switch control circuits comprising a low-
pass filter (panel 1) and an integrator (panel II) followed by
a Schmitt trigger.

[0039] FIG. 13. Illustration of equivalent SCC compensa-
tion configurations with compensation signals supplied to
the inputs of the integrator and/or the Schmitt trigger.
[0040] FIG. 14. Additional illustration of equivalent SCC
compensation configurations with compensation signals
supplied to the inputs of the integrator and/or the Schmitt
trigger.

[0041] FIG. 15. A basic SMVM-based converter (panel I)
and two equivalent configurations (panels II and III) com-
pensating for time variance of the load.

[0042] FIG. 16. Illustrative example of idealized circuit
implementations of the integrator and the control signal
circuit for a regulated SMVM-based buck converter shown
in panel III of FIG. 15.

[0043] FIG. 17. Ilustration of SMVM-based buck regu-
lator used in a Switched-Mode Voltage Follower (SMVF)
configuration.

[0044] FIG. 18. The reference voltage (a noisy constant
voltage), and the outputs of the SMVF circuit for t=vLC and
three different quality factors, for the same input voltage and
the load conductance as used in FIG. 17.

[0045] FIG. 19. A zoomed-in look at the fragments of the
reference and the output voltages shown in FIG. 18.
[0046] FIG. 20. Ilustrative comparison, for the input and
the reference voltages shown in panel I, and the load
conductance shown in panel II, of the output voltages
(panels III and 1V) and the power spectral densities (PSDs)
of Q(t) (panels V and VI) for a basic uncompensated buck
SMVM (panels III and V), and for a regulated SMVM-based
buck (panels IV and VI). The time parameter of the regu-
lated SMVM-based buck is vLC (o=1), and the quality
factor is q=q,_=V% (critically damped). The average switching
frequency (f) is calculated according to equation (22).
[0047] FIG. 21. Illustration of the approximation for the
average switching frequency of a regulated SMVM-based
buck according to equation (33).

[0048] FIG. 22. Schematic illustration of the control of the
switching frequency/spectrum by adding a frequency con-
trol signal (FCS) to the input of the integrator and/or of the
Schmitt trigger in an SCC.
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[0049] FIG. 23. Illustrative comparison of the perfor-
mance, and of the switching signal spectra, for SMVM-
based converters without an FCS, and with two different
FCSs supplied to the input of the Schmitt trigger in an SCC
(as shown in panel II of FIG. 22).

[0050] FIG. 24. The PSDs of the output voltages shown in
panels III through V in FIG. 23.

[0051] FIG. 25. A basic SMVM-based converter (panel I)
and two equivalent configurations (panels II and III) com-
pensating for time variance of the load.

[0052] FIG. 26. Simplified example of an electronic circuit
implementation of an SMVM buck converter with compen-
sation for time variance of the load.

[0053] FIG. 27. An SMVM-based buck converter with
passive compensation for time variance of the load.

[0054] FIG. 28. Schematic illustration of the control of the
switching frequency/spectrum by adding a frequency con-
trol signal (FCS) to the input of the integrator and/or of the
Schmitt trigger in an SCC.

[0055] FIG. 29. Illustration of the signal and timing rela-
tions in SCCs where the FCSs provide switching with a
period T,, while the hysteresis gap Ah is small so that the
asymptotic value of (f) given by equation (22) is of order of
magnitude larger than T,™'.

[0056] FIG. 30. SMVM-based buck controller with an
FCS, and a comparator replacing the Schmitt trigger.
[0057] FIG. 31. Controller topology disclosed in Section 4
used for an asynchronous converter configuration.

[0058] FIG. 32. Inclusion of non-zeros values of equiva-
lent series resistances (ESRs) of the inductor, the capacitor,
and the switch.

[0059] FIG. 33. Illustration of added compensation for an
ohmic drop across inductor DCR to the SMVM-based buck
controller shown in FIG. 32.

[0060] FIG. 34. Comparison of the output voltages for
SMVMs with and without DCR compensation, and the
actual I (t) and measured I, , (t) load currents, for the
DCR value r;=200 mQ.

[0061] FIG. 35. Example of implementation of an SMVM-
based buck converter in an electronic circuit.

[0062] FIG. 36. Example of the output voltage V,,(t) and
the output current I_,,(t) of the circuit shown in FIG. 35
converting a 24+4 V input voltage Vin down to 1 V Vout
(Vref=0.5V).

[0063] FIG. 37. Modification of the circuit shown in FIG.
35, where the Schmitt trigger is a comparator, and where the
input to the comparator additionally comprises an FCS.
[0064] FIG. 38. Modification of the circuit shown in FIG.
37, where compensation for time variability of the load is
performed in a manner illustrated in panel II of FIG. 25.
[0065] FIG. 39. Summary of three different SMVM-based
controller configurations, used in a buck (panel I), a boost
(panel 1I), and a buck-boost (panel III) converter.

[0066] FIG. 40. Ilustration of the performance of the
converters shown in FIG. 39.

[0067] FIG. 41. Summary of three different SMVM-based
controller configurations, where the Schmitt trigger is a
comparator, and where the input to the comparator addition-
ally comprises an FCS.

[0068] FIG. 42. Illustration of the performance of the
converters shown in FIG. 41.

[0069] FIG. 43. Asynchronous configurations of the
SMVM converters shown in FIG. 39.

meas
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[0070] FIG. 44 Example of synchronizing the leading
(rising) edges of the switching voltages of two different
SMVM buck converters.

[0071] FIG. 45. Example of synchronizing the leading
(rising) edges of the switching voltage in an SMVM buck
converter with the trailing (falling) edges of the switching
voltage in another SMVM buck converter.

[0072] FIG. 46. Synchronization of multiple SMVM con-

verters among themselves and/or with other devices.
ABBREVIATIONS

[0073] AC: alternating (current or voltage);

[0074] BOM: Bill Of Materials;

[0075] CCM: Continuous Conduction Mode;

[0076] DC: direct (current or voltage), or constant polarity

(current or voltage);

[0077] DCM: Discontinuous Conduction Mode;
[0078] DCR: DC Resistance of an inductor;
[0079] DSP: Digital Signal Processing/Processor;
[0080] EMC: electromagnetic compatibility;
[0081] EMEF: electromotive force;

[0082] EMI: electromagnetic interference;

[0083] ESR: Equivalent Series Resistance;
[0084] FCS: Frequency Control Signal;

[0085] IGBT: Insulated-Gate Bipolar Transistor;
[0086] LCD: Liquid-Crystal Display;

[0087] LDO: low-dropout regulator;

[0088] LED: Light-Emitting Diode;

[0089] MATLAB: MATrix LABoratory (numerical com-

puting environment and fourth-generation programming
language developed by MathWorks);

[0090] MOS: Metal-Oxide-Semiconductor;
[0091] MOSFET: Metal Oxide Semiconductor Field-Ef-
fect Transistor;
[0092] NDL: Nonlinear Differential Limiter;
[0093] PoL: Point-of-Load;
[0094] PSD: Power Spectral Density;
[0095] PSM: Power Save Mode;
[0096] PSRR: Power-Supply Rejection Ratio;
[0097] RFI: Radio Frequency Interference;
[0098] RMS: Root Mean Square;
[0099] SEPIC: Single-Ended Primary-Inductor Converter;
[0100] SMPS: Switched-Mode Power Supply;
[0101] SMVEF: Switched-Mode Voltage Follower;
[0102] SMVM: Switched-Mode Voltage Mirror;
[0103] SNR: Signal to Noise Ratio;
[0104] SCC: Switch Control Circuit;
[0105] UAV: Unmanned Aerial Vehicle;
[0106] VRM: Voltage Regulator Module;
SUMMARY
[0107] The present invention overcomes the shortcomings

of the prior art through the introduction of the switched-
mode voltage mirror (SMVM) topologies for constructing
switched-mode voltage regulators that may effectively
address various SMPS limitations. An SMVM controller
imposes a constraint on the switching (modulated) voltage
(i.e., the voltage at the pole of the switch) in an SMPS in
such a way that for a time-invariant load the output voltage
of the SMPS may be effectively independent from the value
and time variations in the input (source) voltage, and may be
equal to the desired (reference) voltage. Then, to regulate the
output voltage in response to dynamic changes in the load,
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only simple “derivative” compensation may need to be
additionally performed to ensure the desired SMPS output.
[0108] Further, in an SMVM controller such a derivative
compensation may be performed without obtaining a deriva-
tive of an output and/or other voltages in an SMPS. Also, an
SMVM-based controller may not require measuring, calcu-
lating, or otherwise obtaining currents through the load
and/or through the inductor or other components of an
SMPS. In addition, the switching frequency and its spectral
composition of an SMVM controller may be adjusted and/or
controlled, in a wide range, effectively independent from
other SMPS parameters.

[0109] The SMVM regulation topologies offer a wide
range of technical and commercial advantages over the
state-of-art SMPS solutions. In particular, the SMVM-based
converters of the current invention may improve physical,
commercial, and/or operational properties of switched-mode
voltage regulators by providing various effective advantages
that may include, but are not limited to, the following:
[0110] (i) high efficiency combined with control advan-
tages; (il) simplicity of construction and use, and low cost
(e.g. low BOM and number of external components); (iii)
wider choice for external components; (iv) no oscillator/
clocking circuitry, simplified internal compensation, no
startup circuits; (v) no additional dissipating elements such
as current sensors; (vi) wider range of choice for L&C; (vii)
unconditional stability with use of ultra-low ESR caps (i.e.
no output ripples needed); (viii) same robust efficient com-
pensation for various configurations/modes (e.g. for syn-
chronous/continuous and/or asynchronous/discontinuous,
and/or for Low Drop-Out and Extreme Down-Conversion
(“Wide V,,”)); (ix) no transient and/or startup overshoots/
undershoots beyond ripple, for any load change; (x) wide
range of V,/V,,, and their differentials, output currents,
switching frequencies; (xi) built-in Power Save Mode; (xii)
fine continuous-manner control over switching frequency/
spectrum, EMI/EMC, and ripples; (xiii) tolerance to wide
range/fast line and load changes; (xiv) inherent rejection of
line disturbances; (xv) enhanced yet simplified internal
regulation for significantly and/or rapidly changing loads;
(xvi) independence of regulation from operating point, and
tolerance to L&C choices (e.g. same for heaviest and
lightest/open circuit loads in full V,, range, and for all
switching frequencies); (xvii) no “minimum controllable
ON time” limitation; (xviii) large acceptable tolerances and
long-term drifts; (xix) robustness and stability.

[0111] Further scope and the applicability of the invention
will be clarified through the detailed description given
hereinafter. It should be understood, however, that the
specific examples, while indicating preferred embodiments
of the invention, are presented for illustration only. Various
changes and modifications within the spirit and scope of the
invention should become apparent to those skilled in the art
from this detailed description. Furthermore, all the math-
ematical expressions, and the examples of hardware imple-
mentations are used only as a descriptive language to convey
the inventive ideas clearly, and are not limitative of the
claimed invention.

1 Outline Description of an Idealized Concept of a
Switched-Mode Voltage Mirror for a Buck
Converter Stage

[0112] A particular detailed emphasis in this disclosure is
initially placed on the regulation of a non-isolated buck
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(step-down) converter. Other converter types (such as boost
and buck-boost) are addressed in Section 5.

[0113] The vast majority of applications may not require
DC isolation between input and output voltages. For
example, battery-based systems that do not use the AC
power line would represent a major application for non-
isolated converters. Point-of-Load (Pol)) converters that
draw input power from an isolated converter, such as a bus
converter, may represent another widely used non-isolated
application.

[0114] A non-isolated buck converter may be the most
widely used converter topology in microprocessor voltage
regulator modules (VRMs), in smartphones, tablets, digital
cameras, navigation systems, medical equipment, and other
low-power portable devices [8, 6]. Those applications typi-
cally require fast load and line transient responses and high
efficiency over a wide load current range.

[0115] Let us assume that a switched-mode voltage regu-
lator provides an output to a constant (or a sufficiently
slowly varying) load in such a way that the output voltage
approximates the desired output, with an addition of some
residual (ripple) voltage that is sufficiently small and/or
within specifications. When the input (source) voltage varies
with time, V,, =V, (1), this may be achieved by appropriately
controlling the positions of the power switch.

[0116] Let us now construct a switch control circuit that
takes the switching voltage * (t) and a reference voltage
V., At) as two inputs, and outputs a switch control signal with
the duty cycle D, such that

[V, @
' Vi,

[0117] for a full switching interval. Such a circuit may
further comprise a two-position switch (“control circuit
switch”) controlled by a feedback of the control signal,
with the switching behavior effectively equivalent to the
power switch. The control circuit switch would alternate
between two different configurations of the control circuit
that would “mirror”, in terms of their input and output
voltages, the essential voltage relations of the two elec-
trical configurations of the power circuit. Then, the output
of the regulator would “mirror” the reference voltage,

(V) AT={V, D) AT, ®

[0118] as the average values of the output V_ (1) and the
reference V, (t) would be approximately equal to each
other for a full switching interval.

[0119] To illustrate this concept, let us further introduce

the modulating signals Q(t) and Q(t)=1-Q(t) corresponding

to the behavior of the switch, where Q(t) may be expressed
as

oW =" [0 - 1) - 01 - 1)), ©

all i

[0120] and where 6(x) is the Heaviside unit step function
[1]. When Q(t)=1, the switch is in position “1”, and when
Q(t)=0, the switch is in position “2”.

[0121] Let us now consider a converter comprising a

step-down (buck) stage schematically shown in the upper
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panel (panel I) of FIG. 4. For this topology, the voltage
across the inductor may be related to the inductor current I(t)
as follows:

Lo 20 0d1 Vi OOV e DL [H(t11) -1 (1)1, M

[0122] where j=i, and I (t,,) and I (t,,,,,) are the inductor
current at the beginning of the first and at the end of the
last full switching intervals, respectively.

[0123] Let us now construct a reference (switch control)

circuit for this topology such that the following condition is

satisfied:

Lo 20DV QW)= V)]0, @®

[0124] where V, (1) is a reference voltage. Such a refer-
ence circuit may be constructed as schematically shown in
the lower panel (panel II) of FIG. 4, where an integrated
difference between the input and the reference signals is
an input to a comparator with hysteresis (a Schmitt
trigger) outputting the switch control signal Q(t).

[0125] FIG. 5 provides an illustration of the signal and

timing relations in the switch control circuit. If the source

voltage V(1) is larger than the reference voltage V, (1),

then the output of the integrator would be a monotonically

increasing function of time when switch is in position 1, and

a monotonically decreasing function of time when switch is

in position 2.

[0126] Then the “up” (t,,) and “down” (t,,;) switching

times may be given implicitly by

1 ("1 ()]
[ v - Vg =8
"2i
and
1 f 2 1, (0) = A, (19
2i+1
[0127] where Ah is the hysteresis gap of the Schmitt

trigger, and thus equation (8) would indeed hold.
[0128] From equation (8), a reference circuit may be
described as a circuit that ensures a zero average value of a
difference between two signals over a full switching interval.
In the example above, the first signal is a modulated
(“switching™) input voltage, and the second signal is a
reference voltage. It may be further said that if a reference
circuit is operable to output a switch control signal to the
power switch such that the behavior of the power switch
may be described by the respective modulating signals, such
a reference circuit may be designated as a switch control
circuit (SCC).
[0129] Using the equality of equation (8), equation (7)
may be re-written as

Lo 200UV, D=V o DL [Tt 11)~1(8)- an

[0130] By inspection of equation (11) one skilled in the art

will recognize that, for a constant or slowly varying load,

the average values of the output and the reference volt-

ages would be equal to each other for a sufficiently large

averaging time interval, and thus the output voltage would
approximate (“mirror”) the reference voltage,

(Vo) AT {V, ) AT, (12)
[0131] Note that, as follows from equation (12), for a

constant or slowly varying load the output voltage would
effectively mirror the reference voltage regardless of the
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magnitude and/or the time variations of the source voltage,
as long as the condition of equation (8) is satisfied. Since an
average value of a modulating signal over a full switching
interval would be below unity, the input voltage may need
to be larger than the reference voltage in equation (8) (hence
buck, or step-down, converter).

[0132] Also note that, in general, for a time-variant load
the output may not follow the reference voltage and equation
(12) may not hold. However, equation (8) signifying the
equality of average values of the reference voltage and the
modulated input voltage over a full switching interval would
remain valid by construction of the switch control circuit. As
detailed further in this disclosure, the equality of equation
(8) would be an important property of the disclosed
switched-mode mirror (SMVM) concept.

[0133] In an SMVM, an average of the input voltage
provided to the lowpass filter formed by the inductor, the
capacitor, and the load (i.e. the modulated (switching) input
voltage V,, (t) Q(1)) over a full switching interval would be
equal to an average of the reference voltage over the same
switching interval.

[0134] One skilled in the art will recognize that, as follows
from equation (8), the modulated input voltage V,, (1) Q(t)
may be expressed as

Vil DQO=V, (+AV (D), 13)

[0135] where AV(t) is a zero-mean residual component
that may be effectively suppressed by a lowpass filter.
[0136] Using equation (8), the output voltage V,,(t) of a
buck converter shown in the lower panel (panel II) of FIG.
4 may be represented by the following differential equation:

Vo omev AV Ld Vou (1)
ou(D) = Vg O +AV(©D) - L RO

14

= LCV s (1),

[0137] which for a constant load R(t)=R=const would
become

L. y (15)
Vour (1) = Vi (1) + AV (1) - Evom([) = LCV o (D),

[0138] where AV(t) is a zero-mean voltage. One skilled in
the art will recognize that equation (15) represents an
output of a 2nd order lowpass filter given an input
V, AD+AV(t), and thus the output voltage may be
expressed as

Voud =RV, D) +0V(0), 16)

[0139] where h(t) is the impulse response of the filter, the
asterisk denotes convolution, and dV(t)=h(t) * AV(t) is a
residual (“ripple”) zero-mean voltage that may be negli-
gible for a sufficiently high switching frequency (e.g., (f
y>>Q2nyLC)™). Thus, as long as the lowpass filter
formed by the inductor, the capacitor, and the resistive
load keeps the ripple voltage negligible, the output volt-
age would effectively mirror the filtered reference voltage
regardless of the magnitude and/or the time variance of
the source voltage.

[0140] It may be convenient to refer to the LC sub-circuit

of the total RLC circuit formed by the inductor, the capaci-

tor, and the load as a “lowpass filter formed by the inductor
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and the capacitor”. Such an LC sub-circuit would be effec-
tively equivalent to the total RLC circuit for light loads (i.e.
R—>00).

1.1 Non-Ideal Switch

[0141] When the switch is a non-ideal switch (for
example, there are finite ohmic voltage drops across the high
and/or low sides of the switch, or the low side of the switch
is a nonlinear component such as a diode), the voltage at the
pole of the switch would not be equal to the ideal modulated
source voltage V,,(0)Q(t), and equation (13) should be
replaced by

PEO)=V, ADAV(D), [eW)]

[0142] where V*(t) is the switching voltage (the voltage at
the pole of the switch), as indicated in FIG. 4 (that is, the
“actual” modulated source voltage). FIG. 6 provides an
illustration of the signal and timing relations in the switch
control circuit when there are finite ohmic voltage drops
across the high and the low sides of the switch. One may
see from the figure that

Lo 21V (D)= fD)]=0, (18)
[0143] and thus equation (17) would indeed hold.

1.2 Switching Frequency of Basic SMVM-Based
Buck Converter

[0144] Explicitly, from equations (9) and (10), the “up”
(switch position 1) and “down” (switch position 2) time
intervals At,~t,,,~t,, and At =t ,)~t,;,, may be
expressed in terms of the average voltages over the respec-
tive time intervals as

Ah 19
Api =T ——————
HT VD) = Vg D),
and
- (20)
T Vg Dy,
[0145] where T is the time constant of the integrator in the

switch control circuit, and Ah is the hysteresis gap of the
Schmitt trigger. From equations (19) and (20), an ith full
switching interval AT of a buck SMVM may be expressed
as

AR Ah 2D

AT; =An; +Ani =T + .
T T V0 Vg Oy, V@,

[0146] While there are several options for expressing an
average switching frequency (f) based on (21), for suffi-
ciently slowly varying source and reference voltages a
convenient approximation in terms of the average source
and reference voltages may be given as

1 <v,gf>(1 ) <v,gf>]’ @2)

EAR B VI R (7
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[0147] where the ratio {V, ) /{V,,} may be viewed as an
average duty cycle.

[0148] It should be clearly seen from equations (21) and
(22) that the switching frequency may be easily controlled,
in a continuous manner, by adjusting the integrator time
constant T and/or the hysteresis gap of the Schmitt trigger
Ah. One should also be able to see from equations (21) and
(22) that any time variance in the source and/or the reference
voltage would introduce a “natural” spread in the electro-
magnetic emissions spectrum of the regulator. An easily
adjustable switching frequency, combined with a control
over the spread emissions spectrum, may be a valuable
electromagnetic interference reduction tool that would allow
to move the supply noise away from sensitive spectral
regions, for example, the regions of low power supply
rejection ratios of the powered electronics.

[0149] FIG. 7 shows the source (V,(t)) and reference
(V, () <V(D) voltages (upper panel), and a power spectral
density of the zero-mean residual voltage AV(t)=V, (DQ(t)-
V,.A) (lower panel), for the buck converter shown in the
lower panel (panel II) of FIG. 4. Since the total power of the
residual voltage AV(t) is of the same order of magnitude as
the power of V,_(t), one may see that the power spectral
density (PSD) of the residual voltage AV(t) becomes neg-
ligible at low frequency, and thus indeed the residual voltage
may be viewed as a zero-mean voltage according to equation
(13) that may be effectively suppressed by a lowpass filter.

[0150] It will be obvious to one skilled in the art that the
switch control circuit shown in FIG. 4 may be varied in
many ways according to requirements and constraints of
practical implementations. For example, FIG. 8 shows an
SCC wherein the magnitude of the reference voltage sup-
plied to the SCC is reduced by a factor of R,/(R;+R,) (and
it may be assumed that the integrator time constant and/or
the hysteresis gap may be reduced as well to maintain the
same switching frequency).

[0151] In general, based on particular implementations
and on the consideration of non-idealities of the circuit
components (e.g. non-zero switch drops), the actual refer-
ence voltage V*, (1) provided to an SCC may be different
from the reference voltage V, (1) related to the modulated
voltage V,,(1)Q(t) according to equation (13). It would be
convenient, however, to equate V*_(t) and V_(t) in this
disclosure provided that they are equivalent under appropri-
ate scaling and/or translation,

. . Vi (D — b (23)
Vieg(0) = aViog (0) + b, Vig(0) = fT

[0152] where a and b are some coefficients, and a=0.
1.3 Controlling Switching Frequency of
SMVM-Based Buck Converters
[0153] While equation (22) may be adequate for express-

ing an average switching frequency (f) for sufficiently
slowly varying source and reference voltages, it may not
accurately represent the switching frequency when, for
example, the reference voltage contains a high-frequency
component with sufficiently high amplitude. While adding a
zero-mean component to the reference voltage would not

Feb. 2, 2017

affect the validity of equations (17) and (18), such a com-
ponent may significantly affect the switching frequency of
the converter.

[0154] As an example, let us consider a reference voltage
as indicated in panel I of FIG. 9,

Vo AD=Vot AV, AD), (24)

[0155] where V,=const, AV, (0)=4nV, sinQnf,t) is a
zero-mean component, and

Yo

f0=m-

[0156] One should note that adding the component -AV,
(H)=—47V, sin(2xf,t) to the input of the integrator (panel I)
would be equivalent, as shown in panel II, to adding the
component —2Ah sin(2xf,t) (with or without an arbitrary
DC offset) directly to the input of the Schmitt trigger.
[0157] FIG. 10 provides a comparison of the signal and
timing relations in the SCC when AV, (1) is zero, and when
AV, (1) is a sine wave

. Vo
AV,r (D) =4nV, sm(Zﬂ TAR t).

[0158] One should be able to see in the figure that while
the switching frequency of the basic SMVM-based buck
converter changes with the change in the input voltage,
the switching frequency of the converter with the sine
wave AV, (1) remains equal to the frequency of the sine
wave.

[0159] One skilled in the art will recognize that a variety

of other periodic signals with a desired fundamental fre-

quency may be used for setting the switching frequency of

SMVM-based converters. For example, FIG. 11 provides an

illustration of the signal and timing relations in the SCC

when AV, (t) is a square wave

AV, (1) = 5Vp sgn[sin(Zn % t)]

[0160] One should note that adding such a square wave
component to the input of the integrator would be equiva-
lent to adding a triangle wave component, with the
peak-to-peak amplitude 2.5 Ah and of the same funda-
mental frequency (with or without an arbitrary DC offset),
directly to the input of the Schmitt trigger.

2 Basic Principles of SMVM Regulation

2.1 Switch Control Circuit (SCC)

[0161] As given by equation (17), the modulated input
voltage V*(1) (that is, the voltage at the pole of the switch,
or switching voltage) may be represented by a sum of the
reference voltage V,_(t) and a zero-mean component AV(t).
Then, by applying a lowpass filter with an appropriately
chosen impulse response g(t) and a sufficiently narrow
bandwidth so that Ig(t) * AV (t)=e to both sides of equation
(17), the latter may be re-written as

AP VD= [V, )+ AV(D)]=g(1)* Vo ef(0), 2%
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[0162] where the asterisk denotes convolution, and the
approximate equality signifies that € is sufficiently small.
Equation (25) may be further re-written as

—esg(()* [7*(D)-V, AD]=e, (26)

[0163] and a corresponding SCC may be described as
illustrated in the upper panel (panel I) of FIG. 12.

[0164] In panel I of FIG. 12, the difference between the
modulated input voltage V*(t) and the reference voltage
VA1) is filtered with a lowpass filter with an appropriately
chosen impulse response g (t) and a sufficiently narrow
bandwidth, and the output of the filter g(t) * [V * (D-V,(1)]
is the input to a comparator with the hysteresis gap +Ah/2
(indicative of x€) around zero. When the comparator input
exceeds (upward crosses) the upper threshold Al/2, the
comparator outputs a “down” level signal that puts the
switch in position 2.

[0165] The comparator output would remain at the
“down” level (keeping the switch in position 2) until its
input drops below the lower threshold —Ah/2 (which would
eventually happen since the filter is a lowpass filter, and the
input to the filter would be negative). When the comparator
input downward crosses the lower threshold —Al/2, the
comparator outputs an “up” level signal that puts the switch
in position 1. The input to the filter then becomes positive
(since V, >V, ), which would eventually cause the com-
parator input to exceed the upper threshold Ah/2, thus
putting the switch in position 2 (“down”) and completing a
switching cycle.

[0166] The dynamics of the oscillations of the comparator
input around zero, and thus the accuracy, speed, and stability
of such an SCC shown in panel I of FIG. 12 would be
affected by the shape of the impulse response of the lowpass
filter, the DC gain of this filter, and by the hysteresis gap of
the comparator.

[0167] One may deduce from the above discussion that a
large variety of lowpass filters may be used in an SCC,
including higher-order integrators. However, the output
voltage V(1) of the converter may also be viewed as the
modulated input voltage V*(t) filtered with a 2nd order
lowpass filter formed by the inductor, the capacitor, and the
resistive load. Thus, while the condition of equation (26)
may be satisfied for a higher-order SCC lowpass filter, it
may not result in satistying the condition of equation (16).
Therefore, unless the basic converter configuration contains
additional components that increase the order of the filter
formed by all components of the converter, the order of an
SCC lowpass filter should not be larger than 2.

[0168] In addition, since in practice the hysteresis gap Ah
of the Schmitt trigger may exceed the desired (designed)
deviation of the output voltage from the desired (designed)
output, one may prefer a 1st order SCC lowpass filter. This
way, for a sufficiently high switching frequency, satistying
equation (26) may indeed result in satisfying the condition
of equation (16) (e.g. a sufficiently small ripple voltage).

[0169] Thus a particularly attractive choice for a lowpass
filter in a switch control circuit would be a 1st order lowpass
filter (e.g. an RC integrator) with a sufficiently large time
constant (narrow bandwidth) and high DC gain. When used
in an SCC, such a high-gain, narrow-bandwidth 1st order
lowpass filter may be viewed as an ideal integrator, as shown
in panel II of FIG. 12.
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[0170] The impulse response of an RC integrator with the
DC gain g,=RC/T may be expressed as

_ & t en
g0 = Eexp|= == o

= %exp(— R—[C)O(t),

[0171] where 0(x) is the Heaviside unit step function [1,
for example]. This impulse response becomes

g0 = %9(1) 9

[0172] for an ideal integrator, representing a lst order
lowpass filter with infinite DC gain and infinitesimally
narrow bandwidth.

[0173] An integrator used as a lowpass filter in an SCC

may ensure high accuracy, speed, and unconditional stability

of an SCC. An integrator-based SCC may also be relatively
easy to analyze and implement, and, as discussed later in this
disclosure, would greatly simplify suppression of the induc-
tive (“di/dt”) noise in the output signal of a buck regulator.

In addition, since the DC gain of an integrator would be high

(e.g. infinitely high for an ideal integrator), the nominal

threshold of a comparator would become effectively irrel-

evant (i.e. it may not need to be zero), and only the total
hysteresis gap Ah of the comparator would be important.

[0174] In FIG. 12, it may be implied that a high output of

the comparator puts the switch in position 1, and thus the

Schmitt triggers are inverting Schmitt triggers.

2.2 Supplying Additional Control Signals to an
N @

[0175] As was discussed earlier, an SCC may provide
effective independence of the output from the source volt-
age, which for constant and/or slowly varying loads may
make any additional regulation unnecessary (see, for
example, equations (15) and (16)). Thus, apart from a small
ripple voltage, for a constant or a sufficiently slowly varying
load such a basic buck converter may be akin to a voltage
source (“battery”) with the internal resistance equal to the
equivalent series resistance of the inductor, regardless the
temporal variations and/or the noise in the source voltage.
[0176] When the load varies with time, the filter formed by
the inductor, the capacitor, and the load would be time-
variant (see, for example, equation (14)), and the output
voltage would depend on the magnitude of the load and on
its time derivatives. To ensure that the output voltage still
follows the desired (designed) voltage, one may, for
example, provide an additional control voltage to the SCC
that compensates for the time variability of the load.
[0177] This may be done, for example, by adding a
“correction”, or “compensation” term AV, (1) to the refer-
ence voltage, indicative of the time variance of the load and
such that the output of the converter would follow the
“uncorrected” reference voltage V, (1) effectively regard-
less the time variations in the load.

[0178] Note that when a compensation term AV, (t) is
added to the reference voltage V,, (1) to compensate for the
time variability of the load, the output would follow the
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“uncorrected” reference voltage V,, (1) rather than V, (0)+
AV, (t). However, as would follow from equation (12), the
average value of the switching voltage V*(t) over a full
switching interval would still approximate the average value
of the “compensated” reference voltage V, ({)+AV, (t) over
the same switching interval.

[0179] Alternatively, given a compensation term AV, (t)
such that, when added to the reference voltage, the output of
the converter would follow the “uncorrected” reference
voltage V, (1) effectively regardless the time variations in
the load, one may instead add a compensation term equal to
an antiderivative (an indefinite integral) of the compensation
term AV, (1), divided by the time constant of the integrator
T, to the mput of the Schmitt trigger in the SCC.

[0180] In general, as illustrated in FIG. 13, adding a
compensation term to a reference voltage at the input of the
integrator in an SCC, such that this compensation term may
be expressed as a sum of a first voltage and a component
proportional to a time derivative of a second voltage, would
be equivalent to adding the first voltage to the reference
voltage at the input of the integrator, and adding a compo-
nent proportional to the second voltage to the input of the
Schmitt trigger in the SCC.

[0181] Note that adding a constant voltage directly to the
input of the Schmitt trigger would not change the behavior
of an SCC, since such voltage would be counteracted by an
infinitesimally small change in the integrator input. On the
other hand, as illustrated in FIG. 14, adding a step voltage
to the input of the Schmitt trigger may be equivalent to
adding an impulse voltage to the integrator input. In general,
adding some control voltage v _(t) to the input of the Schmitt
trigger would be equivalent to adding a time derivative of
this control voltage multiplied by the integrator time con-
stant, T v_(t), to the input of the integrator. For example, if
a component of a desired control signal that may be supplied
to the integrator input is representative of a time derivative
of the output signal (e.g., TV, (1)) one may instead supply
a component representative of the output signal (e.g., TV,
(t)/T) directly to the input of the Schmitt trigger.

[0182] The relations between control signals supplied (or
added) to the inputs of the integrator and/or the Schmitt
trigger of an SCC disclosed herein may provide a basis for
enhanced yet simplified regulation and/or compensation of
SMVM-based power supplies.

3 Regulated SMVM-Based Buck Converter

[0183] It should be understood that the specific example of
a mathematical description of a regulated SMVM-based
buck converter given below is presented for illustration only,
as a descriptive language intended to convey the inventive
idea clearly, and is not limitative of the claimed invention.
Various changes and modifications within the spirit and
scope of the invention should become apparent to those
skilled in the art from this illustrative description.

[0184] Let us refer to the basic SMVM buck topology
shown in the upper panel (panel I) of FIG. 15. In all panels
of'this figure, Q(t) is the modulating signal corresponding to
the behavior of the switch (see equation (6)). When Q(t)=1,
the switch is in position “1”, and when Q(t)=0, the switch is
in position “2”.

[0185] As was discussed earlier, for a time-variant resis-
tive load R(t) the “actual” output voltage V, [(t) of this
converter may be represented by the following differential
equation:

Feb. 2, 2017

VoV AV Ld Vou (D)
our(D) = Vg O+ AV(0) - L RO

@29

= LCV o (),

(actual)

[0186] where AV(t) is a zero-mean voltage. If the switch-
ing frequency is sufficiently high, the contribution of this
term into the output (“ripple”) may be negligible.

[0187] For a constant load, if AV(t) does not have a
significant component at the resonant frequency of the LC
circuit, and/or the ratio [/R is sufficiently large, the output
voltage may well approximate the reference voltage filtered
with the 2nd order lowpass filter formed by the inductor, the
capacitor, and the resistive load.

[0188] Let us now express a “desired” (or “designed”)

output as follows:

Vould) = Vyep (1) + AV (1) - gv 0=V o 0, S

(desired)

[0189] where q is a desired quality factor of the filter, and
the time parameter T is proportional to VLC, t=avLC.
One should be able to see that such a desired output would
not depend on the time variability of the load, and, for
a=1, would be equal to the actual output of the basic
SMVM converter for a constant load R(t)=qvL/C=const.

[0190] Let us further modify the reference signal by

adding a control signal AV,_(t) to the reference signal, in

order to achieve the desired output corresponding to equa-
tion (30). Then the modified actual output of the converter
may be represented by the following differential equation:

Voua(D) = Vogg (0 + AVig 0+ AV (1 — L Lot ®
our(D) = Vier (0 + AVier (0 + AV (0 = Lo —prs

= LCV o (1), Gh

(modified actual)

[0191] where AV'(1) is a Zero-mean voltage.

[0192] Equating the desired (equation (30)) and the modi-
fied actual (equation (31)) outputs, and neglecting the
change in the ripple voltage, one may arrive to the following
expression for the control signal AV, (1):

AV () = [Vin(DOW) = Vg (0] - gvom(z) — V1), 32

[0193] where Q(1) is the modulating signal corresponding
to the behavior of the switch (see equation (6)). Adding
this control signal to the reference voltage, as shown in
the middle panel (panel II) of FIG. 15, would ensure that
the output voltage satisfies equation (30) and would
follow the filtered reference voltage.

[0194] Referring to the basic SMVM regulation principles

discussed in Section 2 (see, for example, FIG. 13), a

regulated SMVM-based buck converter may thus be con-

structed as schematically shown in the lower panel (panel

1II) of FIG. 15.
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[0195] FIG. 16 provides an illustrative example of (ideal-
ized) circuit implementations of the integrator and the
control signal circuit for a regulated SMVM-based buck
converter disclosed in this section. One skilled in the art will
recognize that the actual practical implementations of the
integrator and the control signal circuit shown in FIG. 16
may be varied in many ways, and that the sum of v, (t) and
v,(t) may be produced by a single circuit. One should also
note that, in order to be consistent with the conventions
and/or notations used in this disclosure, the hysteretic com-
parator shown in FIG. 16 is a non-inverting Schmitt trigger.

[0196] In this embodiment of the present invention, the
basic distinguishing feature of the disclosed regulated
SMVM-based buck converter may be that, neglecting the
ripple voltage, the output of the converter may follow the
reference voltage filtered with a 2nd order linear lowpass
filter with a given time parameter T=aVLC and a given
quality factor q, both set by a control circuit, regardless of
the magnitude and/or time variations of the input voltage
and/or the conductance of the load. For example, for g=1/4/3
such a 2nd order linear lowpass filter would be a 2nd order
lowpass Bessel filter, and for g=1/v/2 such a 2nd order linear
lowpass filter would be a 2nd order lowpass Butterworth
filter.

[0197] This is illustrated in FIG. 17, where an SMVM-
based buck regulator is used in a Switched-Mode Voltage
Follower (SMVF) configuration, providing a time-variant
output voltage V(1) to a time-variant load R(t)=G~'(t), as
schematically shown at the top of the figure. The time-
variant source voltage V,,(t) and the time-variant reference
voltage V(1) <V, (1) are shown in the top panel of the four
panels showing the signal traces. The time-variant load
conductance G(t) is plotted in the panel just below the top
panel, and, as can be seen in this panel, the initial conduc-
tance before and after the time the circuit is switched “on”
(t,,) is zero (open circuit load). The panel just above the
lower panel shows the reference voltage filtered by a 2nd
order lowpass filter with the time parameter t=y/LC and the
quality factor g=1//3 (Bessel). The lower panel shows the
SMVF output voltage V,,(t). One should be able to see that,
after the circuit is switched on, the output voltage rapidly
converges to the filtered reference voltage, and then contin-
ues to follow the filtered reference voltage, regardless the
magnitudes and the time variations of the input and the
reference voltages, and the load conductance.

[0198] It is important to note that the output/performance
of the regulated SMVM-based buck converter, neglecting
the non-idealities of the components, may be independent
from any particular inductor and capacitance values for the
same LC product, for a variety of loads including an open
circuit. Thus the quality factor of the RLC circuit formed by
the inductor, the capacitor, and the resistive load may be
irrelevant, and the output voltage gain at the resonant
frequency (2nvLC)™* would be determined only by the
given (preset) quality factor q, which would allow to avoid
the overshoots/undershoots for rapidly changing loads and/
or reference voltages, including the startup overshoots/
undershoots even for an open circuit startup. This is illus-
trated in FIG. 18 which shows, for the same input voltage
and the load conductance as used in FIG. 17, a reference
voltage (a noisy constant voltage), and the outputs of the
SMVF circuit for t=y/LC and three different quality factors.
One should be able to deduce from this figure that reducing
the quality factor q to below g =VY4(corresponding to a
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critically damped case) would avoid any overshoots and/or
undershoots at startup and/or for any load changes.

[0199] Since the output of a regulated SMVM-based con-
verter follows the reference voltage filtered with a 2nd order
lowpass filter with the time constant ayLC and a given/set
quality factor q, the output voltage may be insensitive to
high-frequency noise in the reference voltage. In addition,
since the bandwidth of such a filter is a decreasing function
of'the quality factor, for a desired constant reference voltage
this insensitivity may be further increased by decreasing the
quality factor q. This is illustrated in FIG. 19, which
provides a zoomed-in look at the fragments of the reference
and the output voltages shown in FIG. 18.

[0200] One skilled in the art will notice that, for a=1, the
average switching frequency of such regulated buck SMVM
may still be well approximated by equation (22), and rela-
tively small distortions of the switching signal spectrum
would be largely due to the mixed-in frequencies of the
time-variant conductance, as illustrated in FIG. 20. This
figure compares, for the input and the reference voltages
shown in panel I, and the load conductance shown in panel
II, the output voltages (panels III and IV) and the power
spectral densities (PSDs) of Q(t) (panels V and VI) for a
basic uncompensated buck SMVM (panels III and V), and
for a regulated SMVM-based buck (panels IV and VI). The
time parameter of the regulated SMVM-based buck is vLC
(a=1), and the quality factor is q=q_=V% (critically damped).
The average switching frequency (f) is calculated according
to equation (22).

[0201] This ability to assure a relatively stable and pre-
dictable operating (switching) frequency (e.g. constant in a
time-invariant case) is yet another advantage of the dis-
closed regulation method over the state-of-art hysteretic
control methods (see [5], for example).

[0202] For a=l, the average switching frequency of a
regulated buck SMVM may be approximated by the follow-
ing equation:

33

0% (Vir) (Vier)
fya L 1-
LORE & V2 (kv

T Ah ] =

[0203] This is illustrated in FIG. 21, where one should be
able to see that the average switching frequency for o=l
V2 is about { f)/2, while the average switching frequency
for a=y/2 is approximately 2{ f)

[0204] One should notice that, in order to consider the
ripple voltage to be negligible, the switching frequency
should be sufficiently high, for example, much higher than
(2nyLC)™", and thus a should not be too small. As a practical
“rule of thumb” guideline, a should be of order unity or
larger.
[0205] For given (V,,) and (V,,), the dependence of the
switching frequency expressed by equation (33) on the
integrator time constant T, the hysteresis gap of the Schmitt
trigger Ah, and the parameter a may allow one to design
various procedures for a continuous-manner control of the
converter operating frequency.

[0206] For example, let us assume that (V,,)=20V, (V, )

=5V (i.e. 25% duty cycle), and T=25 ps (e.g. 100Q resistors

and a 250 pF feedback capacitor in the integrator circuit
shown in FIG. 16). Then for =1 and Ah=1.5V the average
switching frequency would be (f)=100 kHz. If we vary the



US 2017/0033688 Al

hysteresis gap of the Schmitt trigger from 1.5V to 0.3V, we
would be able to change the average switching frequency in
the range from 100 kHz to 500 kHz.

[0207] If we double the parameter a (e.g., by doubling the
values of the capacitor and the feedback resistor in the
control signal circuit shown in FIG. 16), then the same
variation in the hysteresis gap would result in the frequency
range adjustment from 400 kHz to 2 MHz, which overlaps
with the 100 kHz to 500 kHz range. Thus a combined range
of a continuous switching frequency adjustment would be
from 100 kHz to 2 MHz.

[0208] Further methods for controlling the converter oper-
ating frequency and/or the switching frequency spectrum are
disclosed below in Section 1.3.

3.1 Additional Control of Switching
Frequency/spectrum

[0209] As was discussed earlier, the output voltage of an
SMVM-based converter would approximate the reference
voltage filtered with a 2nd order lowpass filter with the time
parameter T=oyLC and the quality factor q set by the control
circuit. Thus adding to the reference voltage a component
with a frequency content that is negligible at low frequencies
(e.g., <(2nt)™!) and that may be noticeable at higher fre-
quencies (e.g., >>(2mt)’>! ') may not significantly affect the
output voltage. Such a component, however, may noticeably
affect the frequency composition of the switch control
signal, as one skilled in the art will recognize by examining
equations (21) and (22).

[0210] Thus the switching frequency/spectrum (and the
resulting EMI) may be controlled, effectively without affect-
ing the output voltage, by adding a frequency control signal
(FCS) to the input of the integrator and/or of the Schmitt
trigger in an SCC, as schematically illustrated in FIG. 22.

[0211] FIG. 23 provides illustrative comparison of the
performance, and of the switching signal spectra, for
SMVM-based converters without an FCS, and with two
different FCSs supplied to the input of the Schmitt trigger in
an SCC (as shown in panel II of FIG. 22). Panel I of FIG.
23 shows the input and the reference voltages. Note that the
input voltage varies rapidly and significantly with time,
while the reference voltage is approximately constant (a
constant voltage with some band-limited white noise added).
Panel II shows the load conductance, which varies rapidly
and significantly with time.

[0212] Panels III and VI show the output voltage and the
PSD of Q(t), respectively, for a converter without an FCS.
Panels IV and VII show the output voltage and the PSD of
Q(1), respectively, for the case when the FCS is a sine wave
with the peak amplitude 2 Ah and the frequency () sup-
plied to the input of the Schmitt trigger in the SCC. Panels
V and VIII show the output voltage and the PSD of Q(t),
respectively, for the case when the FCS is a random white
noise filtered with a bandpass filter with a center frequency
around (f) and a bandwidth of approximately {f}/2, sup-
plied to the input of the Schmitt trigger in the SCC. The
standard deviation of the bandpass noise FCS is about Ah/2.
[0213] One may see in panel VI of FIG. 23 that without an
FCS the higher-frequency part of the switching signal spec-
trum comprises “harmonics” of the frequencies determined,
according to equation (22), by the low and high levels of the
input voltage, broadened by the noise present in the input
voltage. With a sine wave FCS (panel VII), the higher-
frequency part of the switching signal spectrum largely
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consists of harmonics of the fundamental frequency {f),
and with a bandpass noise FCS (panel VIII) the higher-
frequency part of the switching signal spectrum is a con-
tinuous (“diffuse”) spectrum.

[0214] Note that the lower-frequency content of the
switching frequency spectrum in FIG. 23 would be deter-
mined by the time variances of the input voltage and the load
conductance, and would be effectively independent of the
frequency control signal and/or the absence thereof. While
the power in this part of the switching spectrum may be
relatively significant (e.g. for large and rapid variations in
the input voltage and/or the load), these switching frequen-
cies would be suppressed by the compensating SCC signal
and would not effectively appear in the output voltage. This
is illustrated in FIG. 24, which shows the PSDs of the output
voltages shown in panels III through V in FIG. 23.

4 p Simplified Active Compensation for Time
Variability of the Load

[0215] It should be understood that the specific example of
a mathematical description of an SMVM-based buck con-
troller with simplified compensation for time variability of
the load given below is presented for illustration only, as a
descriptive language intended to convey the inventive idea
clearly, and is not limitative of the claimed invention.
Various changes and modifications within the spirit and
scope of the invention should become apparent to those
skilled in the art from this illustrative description.

[0216] Let us refer to the basic SMVM buck topology
shown in the upper panel (panel I) of

[0217] FIG. 25. In all panels of this figure, Q(t) is a
two-level signal corresponding to the behavior of the switch
(see, for example, equation (6)). When Q(1) is at a first level,
the switch is in position “1”, and when Q(t) is at a second
level, the switch is in position “2”.

[0218] As was discussed earlier, for a time-variant resis-
tive load R(t) the “actual” output voltage V(1) of this
converter may be represented by the following differential
equation:

Vo ooy AV Ld Vou (D)
our(D) = Vg O+ AV(0) - L RO

(B4

= LCV o (),

(actual)

[0219] where AV(t) is a zero-mean voltage. If the switch-
ing frequency is sufficiently high, the contribution of this
term into the output (“ripple”) may be negligible.

[0220] When the load changes significantly and/or rapidly,
the output voltage may contain transients that may be
unacceptably strong. A simple way to ensure that the output
filtering circuit remains overdamped and thus to reduce
(“dampen”) the unwanted transients may be by connecting,
in parallel to the load, a simple passive circuit consisting of
a large capacitor in series with an appropriately chosen
resistor, as illustrated in FIG. 27. However, the value of the
additional “damping” capacitor C, would need to be rela-
tively large (e.g., at least 16 times larger than C), the value
of the resistor r, would need to be chosen in a proper range
determined by the values of C and C, and, while the
transients may be “dampen”, their magnitude may still be
unacceptably large.
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[0221] Let us now express a “desired” (or “designed”)
output as follows:

(35

d L
Vou() = Vg 0+ 8V @0 - —{]

i T]Vom(t)} — LCV e (1),

(desired)

[0222] where T is a desired minimal time parameter of the
filter. One should be able to see that, for a constant load
of any value and for ©>2vLC, V,,_(t) would approximate
the output of an overdamped 2nd order lowpass filter
given the input V,(t)+AV(1).

[0223] One should be able to see from equation (35) that,

if the total range of change in L/R(t) is of order of a full

switching interval (for example, for the load change from
1Q to an open circuit, for a 1 pH inductance and 1 MHz
switching frequency), then the magnitude of a transient
response to a change in the load would be of order of
magnitude, or smaller, than the magnitude of the ripple
voltage, regardless of the rate of change in the load. One
should also be able to see that as T increases, the output

V,..(t) would become less sensitive to time variability of the

load R(t).

[0224] Let us further modify the reference signal by

adding a control signal AV, (t) to the reference signal, in

order to achieve the desired output corresponding to equa-
tion (35). Then the modified actual output of the converter
may be represented by the following differential equation:

Vo) =V, AV, (0 4 AV (1) — L. Yo
our(D) = Vi O+ AVir D + AV (D) = L R(1)

= LCV o (), o

(modified actual)

[0225] where AV'(1) is a Zero-mean voltage.

[0226] Equating the desired (equation (35)) and the modi-
fied actual (equation (36)) outputs, and neglecting the
change in the ripple voltage, one may arrive to the following
expression for the control signal AV, (1):

AV, (D==TV,,, (D). (37

[0227] Adding this control signal to the reference voltage,
as shown in the middle panel (panel II) of FIG. 25, would
ensure that the output voltage satisfies equation (35) and
would follow the filtered reference voltage.

[0228] FIG. 26 provides a simplified example of an elec-

tronic circuit implementation of an SMVM buck converter

with compensation for time variance of the load. In this
figure, a signal proportional to a time derivative of the output
voltage is supplied, by means of the capacitor C,, to the
integrator input. Thus compensation for time variability of
the load is performed in a manner illustrated in panel I of

FIG. 25.

[0229] Referring to the basic SMVM regulation principles

discussed in Section 2 (see, for example, FIG. 13), an

SMVM-based buck controller with simplified compensation

for time variability of the load may also be constructed as

schematically shown in the lower panel (panel I1I) of FIG.

25.

[0230] Note that, as schematically shown in the lower

panel (panel III) of FIG. 25, compensation for time vari-
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ability of the load may be simply achieved by adding a
feedback of the output voltage (x V_,,(1)/T) to the input of
the Schmitt trigger.

[0231] One skilled in the art will recognize that, in prac-
tice, an integrator may be a simple active integrator, and, in
some cases, a passive RC integrator. A slew rate of such an
integrator may be relatively low (for example, <1 V/us).
[0232] One skilled in the art will further recognize that, in
a Schmitt trigger, only hysteresis gap Ah would be impor-
tant, and the nominal threshold value and/or its long-term
drifts may be irrelevant.

[0233] Further, a feedback of the output voltage provided
to the input of the Schmitt trigger may be produced by a
simple DC voltage amplifier with a relatively low bandwidth
and/or slew rate (for example, <1 V/us), and a relatively low
gain v/T (for example, of order 10, or of order 1 or smaller).
In some cases, a passive resistive network may be used
instead of an active amplifier. Since adding a constant bias
voltage (e.g., V,=const) to this feedback (e.g., adding T
[V, l0)-V,l/T instead of T V_,(t)/T to the input of the
Schmitt trigger) would not affect the output, such bias
voltage may be used to ensure a proper output range of the
amplifier. One skilled in the art will also recognize that the
output may be tolerant to long-term drifts in the gain and/or
the bias voltage.

4.1 Additional Control of Switching
Frequency/Spectrum

[0234] As was discussed above, the output voltage of an
SMVM-based converter disclosed in Section 4 would
approximate the reference voltage filtered with a lowpass
filter according to equation (35), with the time parameter T
set by the control circuit. Thus adding to the reference
voltage a component with a frequency content that is neg-
ligible at low frequencies (e.g., <(2mt)™') and that may be
noticeable at higher frequencies (e.g., >>(2nt)™') may not
significantly affect the output voltage. One skilled in the art
will recognize, however, that such a component may notice-
ably affect the frequency composition of the switch control
signal.

[0235] Thus the switching frequency/spectrum (and the
resulting EMI) may be controlled, without effectively affect-
ing the output voltage, by adding a frequency control signal
(FCS) to the input of the integrator and/or of the Schmitt
trigger in an SCC, as schematically illustrated in FIG. 28.
[0236] One skilled in the art will recognize that when an
FCS is supplied to the input of the Schmitt trigger to fix,
synchronize (e.g., with the frequency of an external device),
or dither the switching frequency, said switching frequency
may no longer depend on the integrator time constant T and
the hysteresis gap Ah of the Schmitt trigger.

[0237] In particular, when an FCS is used, the hysteresis
gap Ah may be made much smaller than otherwise would be
needed, given the integrator time constant T and the source
and reference voltages, to achieve the switching frequency
of the FCS. This is illustrated in FIG. 29, where the FCSs
provide switching with a period T, while the hysteresis gap
Ah is small so that the asymptotic value of (£} (in the limit
of'large V,,)) given by equation (22) is of order of magnitude
larger than T,

[0238] One skilled in the art will recognize that, if a
periodic FCS with a period T, is used to set the switching
frequency, the amplitude of such an FCS supplied to the
input of the Schmitt trigger would be of order of several
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times V,I',/T to ensure a proper operation for wide V,,/V,,
differentials, and a DC offset of such an FCS, and/or
long-term drifts of such an offset, would not be important.

[0239] When the hysteresis gap Ah in a Schmitt trigger is
sufficiently small and/or is no longer a parameter affecting
the performance of an SMVM-based controller, we may
refer to such a Schmitt trigger simply as a comparator. In
practice, a comparator would typically incorporate some
hysteresis (for example, a small hysteresis of a few milli-
volts is integrated into many modern comparators, typically
for desensitizing them from input noise and preventing the
output oscillation). However, since such hysteresis may not
be a parameter affecting the performance of an SMVM-
based controller, using the term “comparator” instead of
“Schmitt trigger” may be more appropriate.

[0240] While the integrator time constant T remains a
parameter affecting an SMVM, its value may not need to be
precisely/accurately defined, and, provided that other
SMVM parameters incorporate appropriate error margins,
its rather large variations from a nominal value (for example,
+50% variations) may not significantly affect the controller
performance.

[0241] One skilled in the art will recognize that when a
comparator rather than a Schmitt trigger characterized by a
hysteresis is used in an SMVM, an FCS may no longer be
an optional signal and may be required. This is illustrated in
FIG. 30, where a Schmitt trigger is replaced by a compara-
tor, and an FCS is no longer an optional signal.

4.2 Asynchronous Configuration

[0242] It may be easily shown that the controller topology
disclosed herein would remain unchanged for an asynchro-
nous configuration illustrated in FIG. 31, and, neglecting the
change in the ripple voltage, the main relations between the
output and the reference voltages would still hold.

[0243] However, when the inductor current falls to zero,
the diode would become reversed-biased and the switching
voltage V*(t) would not fall to the forward “threshold”
voltage of the diode during an “off” position of the switch.
This would extend the “off” time of the switch, and thus at
low/zero load currents (in discontinuous mode) such a
controller would slow down/stop switching, entering a
Power Save Mode (PSM).

4.3 Non-Zero ESRs of Components

[0244] As one skilled in the art will recognize, the above
analysis may be easily extended to include non-idealities of
circuit components, for example, non-zeros values of
equivalent series resistances (ESRs) of the inductor, the
capacitor, and the switch, as illustrated in FIG. 32.

[0245] It may be shown that in this example, without
added compensation signal TV, (t)/T for time variability of
the load, the switching voltage V*(t) and the output voltage
V,..(t) may be related by the following differential equation:

d . . (38)
(1 + "CCE]V*(U = ApOVorrD) + ALV (1) + AV (1),

Ao(t) = 1 +rLG(@) + (rpreC + LG + reLCE(), (39
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-continued
AL(D) = (rp + re)C + (rpreC + LYG(D) + 2rc LCG(1), (40)

and

A1) = [1 + r¢G]LC, “41)

[0246]
load.
[0247] Since the switching voltage V*(t) relates to the
reference voltage V,_(t) according to equation (17), the
left-hand side of equation (38) may be expressed as

p0 and where G(t)=R™(t) is the conductance of the

d , 42)
(1 +rCCE]V*(1) =V (D +AV (1),

[0248] where AV'(1) is a Zero-mean voltage component.
[0249] It may be further shown that, in this example, when
the time variability of the load compensation signal TV,
(t)/T is added to the input of the Schmitt trigger, the relation
between the output and the reference voltages may be
approximated, for r, <<R(t) and a wide range of practically
reasonable other values, as

Vord DoV ot AV (0)=TV , (0-LC ¥, (1), (43)

[0250] where AV"(1) is a zero-mean voltage, and

LT (44)
A ~ 1 Ok
[0251] Thus, for example, for a constant or sufficiently

slowly varying reference voltage, and neglecting the ripple
voltage,

Vout) = Vi X[ 1 = %] 5 Vi @5)

[0252] for r, <<R(t) and a wide range of practically
reasonable other values.

[0253] As one may see from equation (45), neglecting the
ripple voltage (and transient responses to changes in the
load, which may be made comparable with or smaller than
the ripple voltage), such an SMVM-based converter would
be akin to a voltage source with the EMF €=V, . and the
internal resistance r;. One may also see that the capacitor
ESR r. would affect the ripple magnitude, but not stability
of the SMVM regulation.

4.3.1 Compensation for Inductor DCR

[0254] To compensate for an ohmic drop across inductor
DCR, a voltage proportional to a difference between the
output voltage V_,,(t) and the reference voltage V, - may be
added to the integrator input, as illustrated in FIG. 33.
Provided that the parameter T is sufficiently large, the
coefficient K may be relatively large, for example, much
larger than unity.

[0255] Then the output voltage of the converter may still
be approximated by equation (43), where the DC gain A,(t)
may now be given by
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1 46)

Ao(t)zl—m%.

[0256] Then for a constant or sufficiently slowly varying
reference voltage, and neglecting the ripple voltage, the
output voltage may be approximated as

Vou(t) = Vo X[ 1 - a%] 2 Vyps @n

[0257] where a=1/(K+1). As one may see from equation
(47), neglecting the ripple voltage and the transient
responses to changes in the load, such an SMVM-based
converter would be akin to a voltage source with the EMF
€=V, - and the internal resistance cr;, where a may be
much smaller than unity for a sufficiently large K.

[0258] One may notice that the DCR compensation term
AV, (O=KI[V, -V, (D] is added to the reference voltage at
the integrator input, and thus this voltage may be directly
available internally in a hardware implementation of an
SMVM controller. Then, from equation (47), one may
express the load current 1, (t) as

Vour( ) (4 8)

R@)

! K+ 1A« AV, (D)
~ imeas = Tia

rL

low () =

[0259] where h(t) is an impulse response of a unity-gain
lowpass filter of an appropriate bandwidth (e.g., with a
cut-off frequency sufficiently below the switching fre-
quency), and the asterisk denotes convolution. A lowpass
filter would be needed to suppress large “ripples” in
AV, A1) resulting from high values of the gain K. In
practice, such a filter may be a simple passive RC filter.

[0260] Thus, in an SMVM-based buck converter with
DCR compensation, an inductor with a known DCR may be
used to measure the load current without extra dissipation.
This may be used, for example, to disable the high-side
switch for overload protection, and/or to enable discontinu-
ous (power save) mode at light loads.

[0261] FIG. 33 compares the output voltages for SMVMs
with and without DCR compensation, and the actual I_,,,(t)
and measured I, (t) load currents, for the DCR value
r;=200 mQ. One may see in the figure that the DCR
compensation with K=9 effectively reduces the apparent
inductor DCR by a factor of 10 (from 200 m€2 to 20 mQ),
reducing the voltage droop and the duration of transients by
the same factor (e.g. from 600 mV to 60 mV). One may also
see that the current measured according to equation (48)
indeed approximates the actual load current.

[0262] It may be also noted that, when a DCR compen-
sation is used in an SMVM-based buck converter to reduce
the voltage droop, the value of the parameter T may need to
be increased (for example, so that ©>2(K+1)vLC in order to
avoid transient overshoots/undershoots in the output volt-
age.
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4.4 Example of Implementation of an
SMVM-Based Buck Converter in an Electronic
Circuit
[0263] FIG. 35 provides an example of implementation of

an SMVM-based buck converter in an electronic circuit.
This example is provided as an illustration only, and is not
limitative of the claimed invention. Various changes and
modifications within the spirit and scope of the invention
should become apparent to those skilled in the art from this
illustrative example.

[0264] In the example of FIG. 35, the operational ampli-
fiers (op-amps) are single-supply op-amps powered from a
voltage source Vcc, and the unmarked resistors may be
assumed to have resistance r. When a resistor is labeled, its
resistance would be modified by the factor shown next to the
resistor. For example, the resistor labeled with 3 would have
the resistance Or.

[0265] The voltage Vec is supplied by the low-dropout
regulator 1 that may be powered by the supply voltage Vin
or, if the output voltage Vout is sufficiently larger than Vce,
by the output voltage Vout. The (bandgap) voltage reference
circuit 2 provides the reference voltage Vref (Vref<Vcc),
and the voltage equal to the difference Vce—Vref (Vee-
Vref>0).

[0266] The op-amp 3 provides a virtual ground equal to
Vee/2 to other components of the circuit. The op-amp 4
provides voltage equal to Vout/2 to the inputs of the op-amps
5 and 7, and enables the output voltage to be in the range
0<Vout=2Vref<2Vcc.

[0267] The op-amp 5 is configured as an active integrator,
and the resistive network at its input is configured in such a
way that the input to this integrator comprises (1) a differ-
ence between the switching voltage Vsw (the voltage at the
pole of the switch) and twice the reference voltage 2Vref,
and (2) a difference between the output voltage Vout and
twice the reference voltage 2Vref. As discussed in Section
4.3, providing the latter difference to the integrator input is
an optional step to compensate, if needed, for a non-zero
inductor DCR. The integrator time constant T would be
determined by the resistor 2K and the value of the capacitor
Cint, and may be calculated as T=2k r Cint.

[0268] It may be noted that the gain-bandwidth product of
the integrator would be inversely proportional to T, and
would be relatively small in practice, much smaller than the
switching frequency. The minimum required slew rate of the
integrator output would be determined by the hysteresis gap
of'the Schmitt trigger, the switching frequency, and the duty
cycle, and would be typically moderate or small. For
example, for a hysteresis gap 100 mV, a 1 MHz switching
frequency, and a 10% duty cycle, the slew rate would need
to be a moderate 1 V/us or larger, while for the same
switching frequency and the duty cycle, but a 10 mV
hysteresis gap, the slew rate would need to be only 100
mV/ps.

[0269] The op-amp 6 provides a feedback of the output
voltage Vout to the input of the

[0270] Schmitt trigger, to compensate for time variability
of the load. In this particular example, the op-amp 6 is
configured as a difference amplifier that outputs voltage
proportional to the difference between the output voltage
Vout and twice the reference voltage 2Vref, and thus this
feedback is given by a difference between the output voltage
Vout and twice the reference voltage 2Vref. This is done to
simply ensure that the output of the amplifier remains in the
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neighborhood of the virtual ground Vcee/2 during normal
operation, and not for measuring the difference between the
output and the reference. Thus a constant bias voltage
somewhat different from Vref may be supplied.

[0271] It may be noted that the slew rate of the difference
amplifier may need to be of the same order as (or higher
then) the slew rate of the integrator output, to ensure a fast
response to the dynamic changes in the load. It may also be
noted that, while the bandwidth of the difference amplifier
may need to be much larger than the bandwidth of the output
LC circuit, for a high-gain amplifier it may be beneficial that
this bandwidth remains (much) smaller than the switching
frequency, so that the ripple voltage is not unduly amplified.
As a practical “rule of thumb” guideline, the bandwidth of
the difference amplifier may be chosen as ~1v/LC, and thus
would be relatively small. In the example of FIG. 35, this
bandwidth may be reduced by placing a (small) capacitor in
parallel to the negative feedback resistor of the op-amp 6.
[0272] The (comparator) op-amp 7 is configured as a
Schmitt trigger, with the hysteresis gap determined by the
value of the positive feedback resistor (labeled y) and the
voltage Vcc.

[0273] As may be seen in FIG. 35, the input to the Schmitt
trigger comprises (1) the integrated difference between the
switching voltage Vsw and twice the reference voltage
2Vref (part of the output of the op-amp 5), (2) the feedback
of the output voltage Vout (the output of the op-amp 6), and
(3) the integrated difference between the output voltage Vout
and twice the reference voltage 2Vref (part of the output of
the op-amp 5). As discussed in Section 4.3, the latter voltage
is an optional signal to compensate, if needed, for a non-zero
inductor DCR.

[0274] As discussed in Sections 1.3, 3.1, and 4.1, the input
to the Schmitt trigger may additionally comprise an optional
frequency control signal (FCS) that may stabilize or dither
switching frequency without significantly affecting the out-
put.

[0275] The output of the Schmitt trigger provides a control
(logic) signal to the driving circuit 8 that controls the
MOSFET transistor acting as a high-side switch (first throw
of the switch), and turns this transistor “on” or “off” depend-
ing on the output of the Schmitt trigger.

[0276] In the example of FIG. 35, an asynchronous con-
figuration of a buck converter is used, and a Schottky diode
is used for the low-side switch (second throw of the switch).
As discussed in Section 4.2, at low/zero load currents (in
discontinuous mode) such a converter would slow down/
stop switching, entering a Power Save Mode (PSM), while
maintaining a regulated output.

[0277] FIG. 36 provides an example of the output voltage
V(1) and the output current I_, (t) of the circuit shown in
FIG. 35 converting a 24+4 V input voltage Vindown to 1 V
Vout (Vref=0.5 V). The circuit parameters are as follows:
r=10 k€2, $=10, k=3, y=100; Vcc=5V, Cint=360 pF, L=1.5
pH (100 mQ DCR), C=68 pF (5 mQ ESR), and the nominal
switching frequency is about 850 kHz.

[0278] One may see in FIG. 36 that at low/zero load
currents (in discontinuous mode) this converter slows down/
stops switching, while maintaining a regulated output.
[0279] FIG. 37 illustrates a modification of the circuit
shown in FIG. 35, where the Schmitt trigger is a comparator
(op-amp 7), and where, as discussed in Sections 1.3, 3.1, and
4.1, the input to the comparator additionally comprises an
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FCS 9 that may stabilize or dither switching frequency
without significantly affecting the output.

[0280] When a constant-frequency FCS is used, in a
certain load range (in discontinuous mode, but sufficiently
close to a continuous mode) such a converter may operate at
reduced duty cycles, while maintaining the switching fre-
quency set by the FCS. Thus a transition from a CCM to a
DCM may be made without increase in the ripples of the
output voltage.

[0281] The diodes shown in the integrator feedback in
FIG. 37 may improve the integrator recovery time for the
conditions when the load current is zero or nearly zero,
and/or when the source voltage drops below the reference
voltage.

[0282] FIG. 38 illustrates a modification of the circuit
shown in FIG. 37. In this figure, instead of supplying a
proportional feedback of the output voltage Vout to the input
of the comparator, a signal proportional to a time derivative
of the output voltage is supplied, by means of the capacitor
Cf, to the integrator input. Thus compensation for time
variability of the load is performed in a manner illustrated in
panel II of FIG. 25.

5 SMVM Controllers for Boost and Buck-Boost
Converters

[0283] The SMVM regulation topology may be adapted
for control of other types of switched-mode DC-DC con-
verters, such as boost and buck-boost converters (see, for
example, panels II and III of FIG. 1). For example, FIG. 39
summarizes three different SMVM-based controller con-
figurations, used in a buck (panel I), a boost (panel II), and
a buck-boost (panel III) converter.

[0284] Controllers used in all converters shown in FIG. 39
comprise an integrator followed by a Schmitt trigger, so that
the input to the Schmitt trigger comprises the output of the
integrator.

[0285] Further, as one may see in FIG. 39, in all control-
lers the input to the integrator comprises a voltage propor-
tional to the switching voltage V*(1) (the voltage at the pole
of a switch).

[0286] It may be noted that digital implementations of
SMVM-based controllers may not be appropriate, since
accurate digital sampling of the switching voltage V*(t),
especially in a wide range of duty cycles, may require
unreasonably high sampling rate (for example, two orders of
magnitude higher than the switching frequency).

[0287] As one may see in FIG. 39, in all controllers the
input to the integrator also comprises a voltage proportional
to the reference voltage Voer

[0288] In all controllers shown in FIG. 39 the input to the
Schmitt trigger comprises a feedback of the output voltage
V... (0. This voltage added to the input of the Schmitt trigger
provides compensation for time variability of the load.
[0289] In the controllers for the boost converter (panel II),
and for the buck-boost converter (panel III), the input to the
integrator comprises a voltage proportional to a difference
between the output voltage V,(t) and the reference voltage
V.. The input to the integrator in the buck converter (panel
1) may also (optionally) comprise such a difference (between
the output voltage V,,,(t) and the reference voltage V9. In
the buck converter, this added voltage provides compensa-
tion for the inductor DCR.
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[0290] As one may see in FIG. 39, the input to the
integrator in the boost converter (panel II) additionally
comprises the input (source) voltage V, (1).

[0291] As one may see in FIG. 39, an SMVM controller in
a buck converter (panel 1) generally ensures that an average
of the switching voltage V*(t) would be effectively equal to
the reference voltage V.. An SMVM controller in a boost
converter (panel 1) generally ensures that, in a steady state,
an average of the switching voltage V*(t) would be effec-
tively equal to the input (source) voltage V,,(t). An SMVM
controller in a buck-boost converter (panel III) generally
ensures that an average of the switching voltage V*(t) would
be effectively equal to zero during stable operation.

[0292] Providing an additional voltage proportional to a
difference between the output voltage V,(t) and the refer-
ence voltage V, . to the integrator input in all converters
shown in FIG. 39 further ensures that, in a steady state, an
average of the output voltage V_ (t) would be effectively
equal to the reference voltage V.

[0293] Examining FIG. 39, one may realize that, if the
converters shown in the figure are viewed in terms of control
theory, then the SMVM controllers, as shown, may be
considered as proportional-derivative (PD) controllers.
[0294] Indeed, in a steady state and for a constant V,; the
average outputs of the regulators would be equal to the
reference voltage V,_-supplied to the “input” of the control-
lers (the input of the integrator), and the term a [V, (t)-
V,.A would be a proportional control term. Further, supply-
ing the voltage PV, (1) to the input of the Schmitt trigger
would be equivalent to supplying a derivative control term
BT V(1) to the controller input.

[0295] However, since the controllers shown in FIG. 39
comprise an integrator followed by a

[0296] Schmitt trigger, so that the input to the Schmitt
trigger comprises the output of the integrator, one does not
need to perform a derivative action that may require high
bandwidth and may be excessively sensitive to measurement
noise and non-idealities of the components (for example, the
capacitor ESR). Instead, only a proportional term PV, (t)
would need to be provided to the controller.

[0297] FIG. 40 illustrates the performance of the convert-
ers shown in FIG. 39. One may see in FIG. 40 that the output
voltage V_,(t) of SMVM-based converters is effectively
independent from the input voltage V,,(t) (which is an
inherent feature of SMVM-based converters), and that these
converters are highly tolerant to large (from maximum to
near zero, and vice versa) and/or rapid changes in the load
current.

[0298] Further, as discussed in Sections 1.3, 3.1, and 4.1,
the input to the Schmitt trigger in the SMVM controllers
used in the converters shown in FIG. 39 may additionally
comprise an optional frequency control signal (FCS) that
may stabilize or dither switching frequency without signifi-
cantly affecting the output, as illustrated in FIG. 41. Note
that, as shown in the figure, when an FCS is used, a
comparator may be used instead of a Schmitt trigger.
[0299] FIG. 42 illustrates the performance of the convert-
ers shown in FIG. 41 for the FCS with frequency 500 kHz,
and may be compared with the example of FIG. 40.
[0300] One skilled in the art will now recognize that the
SMVM topology may be similarly adapted for control of
other types of isolated and non-isolated switched-mode
DC-DC converters, for example, the Cuk [2] and SEPIC [9]
converters, or various bridge converters.
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[0301] It may be further shown that the SMVM controller
topologies disclosed herein would remain unchanged for
asynchronous configurations, as illustrated in FIG. 43, and,
neglecting the change in the ripple voltage, the main rela-
tions between the output and the reference voltages would
still hold.

[0302] One may see that while the power stages of the
asynchronous configurations differ from those of the syn-
chronous configurations shown in FIG. 39 (as one of bi-
directional throws of the switch (throw 1 in the boost
converter, and throw 2 in the buck and buck-boost convert-
ers) is replaced by a diode), the topologies and the signaling
relations of the SMVM controllers would remain the same.
At low/zero load currents (in discontinuous mode) such
asynchronous controllers would slow down/stop switching
(even if an FCS is added to the input of the Schmitt trigger,
as in FIG. 41, for example), entering a Power Save Mode
(PSM), while maintaining regulated outputs.

6 Synchronization of Multiple SMVM-Based
Converters Among Themselves or with Other
Devices

[0303] The switching noise of an SMPS may cause inter-
ference with functions of a system, as well as unwanted
interactions between different components of the system,
and thus switching frequency synchronization of an SMPS
with other components of a system, and/or different power
converters in a system, may be desired. A system may be, for
example, an electronic system such as a low-power portable
system. A component of such a system may be, for example,
a liquid-crystal display, a microprocessor, a memory, a
sensor, a radio frequency component such as an amplifier, a
universal serial bus transceiver, an audio component, a hard
drive, or other component.

[0304] By appropriately configuring timing relations in a
switching voltage of a switching converter, or among the
switching voltages of multiple switching converters, one
may improve operational properties of a system. Operational
properties may include performance specifications, commu-
nication channel capacity, power consumption, battery life,
reliability, and any combinations of the operational proper-
ties, and improving operational properties may comprise
increasing the performance specifications, increasing the
channel capacity, reducing the power consumption, increas-
ing the battery life, increasing reliability, and achieving any
combinations of these improvements.

[0305] A “free-running” (without an FCS) SMVM-based
converter would, in general, have a variable switching
frequency that may depend, for example, on the input and
reference voltages, the value of the integrator time constant,
the value of the hysteresis gap of the Schmitt trigger, and on
the voltage drops across the throws of the switch. An FCS,
however, may control the switching frequency without sig-
nificantly affecting the output, and thus may be used to
synchronize multiple SMVM converters among themselves
and/or with other devices, and/or may dither or interleave
the switching frequencies/phases.

[0306] Since supplying an FCS to the input of the com-
parator rather than the integrator would have an advantage
of the FCSs having smaller amplitudes, slew rates, and/or
bandwidths, in this section we may assume that an FCS is
supplied to the input of the comparator rather than the
integrator.
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[0307] It may be important to note that, while a large
variety of periodic FCSs may be used to fix the switching
frequency of an SMVM-based converter, an “asymmetric”
FCS with a short rise or fall time may be preferred, since it
may ensure that the rising or falling edges of the switching
voltage would be synchronized with the respective edges of
the FCS (or vice versa for an inverting comparator). This
may further improve the frequency synchronization and
reduce the jitter, and/or provide other benefits as illustrated
below.

[0308] FIG. 44 provides an example of synchronizing the
leading (rising) edges of the switching voltages of two
different SMVM buck converters. The FCS voltage common
to both converters is shown in the lower panel of the figure,
and the source (V,,), reference (V, ), and switching (V*)
voltages for the first and the second converters are shown in
the upper and the middle panels, respectively. One may see
in the figure that, while the duty cycle in both converters
changes with the change in the source voltage, the switching
period remains the same (and equal to the period T, of the
FCS), and the rising edges of the switching voltages in both
converters are synchronized with the falling edges of the
FCS.

[0309] Ifthe FCS voltage supplied to the second converter
is inverted (so that the falling edges become the rising
edges), then, as illustrated in FIG. 45, the leading (rising)
edges of the switching voltage in the 1st converter would be
synchronized with the trailing (falling) edges of the switch-
ing voltage in the 2nd converter. In this example, if both the
first and the second source voltages V,,, are the same voltage
drawn from the same source, then, in addition to synchro-
nizing the converters, the deviation in the source current
would be reduced, since the converters would be less likely
to draw current at the same time.

[0310] When two or more converters are used to power
different components in a system, then, as illustrated in FIG.
46, FCSs may be used to synchronize multiple SMVM
converters among themselves and/or with other devices,
and/or to dither or interleave the switching frequencies/
phases.

[0311] Forexample, FCSs may provide synchronization in
an interleaved mode, so that the switching voltages have
desired timing relations. This is illustrated in panel I of FIG.
46, where, for example, the FCSs may be of the same
frequency but differ in shape and/or phase relations. For
example, the 2nd FCS may be proportional to an inverted 1st
FCS (so that the rising edges become the falling edges), and
the Nth FCS may be proportional to a delayed version of the
1st FCS (e.g., delayed by a half of period, i.e., by T,/2).

[0312] Panel II of FIG. 46 illustrates synchronization in a
synchronous mode. In this example, the rising or falling
edges of the 1st converter may be synchronized with the
rising or falling edges of the other converters, and which
edges (rising or falling) of a particular converter are syn-
chronized would depend on what type of comparator is used
in an SMVM (inverting or non-inverting), and which com-
parator output level (low or high) turns on a particular throw
of the switch in a converter.

[0313] One skilled in the art will now recognize that a
large variety of synchronization modes may be used to
achieve desired timing relations among the switching volt-
ages of multiple SMVM-based converters.
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[0324] Regarding the invention being thus described, it

will be obvious that the same may be varied in many ways.

Such variations are not to be regarded as a departure from

the spirit and scope of the invention, and all such modifi-

cations as would be obvious to one skilled in the art are
intended to be included within the scope of the claims.

I claim:

1. An apparatus for controlling a switched-mode power
supply converting a source voltage into a supply output
voltage, wherein said supply output voltage is indicative of
a reference voltage, and wherein said power supply com-
prises a switch providing a switching voltage and controlled
by a control signal, the apparatus comprising:

a) an integrator characterized by an integration time
constant and operable to receive an integrator input
signal and to produce an integrator output signal,
wherein said integral Output signal is proportional to an
antiderivative of said integrator input signal; and

b) a Schmitt trigger characterized by a hysteresis gap and
operable to receive a Schmitt trigger input signal and to
output said control signal;

wherein said integrator input signal comprises a first
Integrator input component proportional to said
switched voltage and a second integrator input com-
ponent proportional to said voltage and second inte-
grated input component proportional to said reference
voltage, and wherein said Schmitt trigger input signal
comprises a first Schmitt trigger input component Pro-
portional to said integrator output signal.
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2. The apparatus of claim I wherein said integrator input
signal further comprises a third integrator input component
and wherein said third integrator input component is
selected from the group consisting of:

a signal proportional to said supply output voltage,

a signal proportional to said source voltage,

a signal proportional to time derivative of said supply

output voltage,

and any combinations thereof.

3. The apparatus of claim 1 wherein said Schmitt trigger
input signal further comprises a second Schmitt trigger input
component, and wherein said second Schmitt trigger input
component is selected from the group consisting of:

a signal proportional to said supply output voltage,

a signal proportional to time derivative of said supply

output voltage,

and any combinations thereof.

4. The apparatus of claim 2 wherein said Schmitt trigger
input signal further comprises a second Schmitt trigger input
component, and wherein said second Schmitt trigger input to
component is selected from the group consisting of:

a signal proportional to said supply output voltage,

a signal proportional to time derivative of said supply

output voltage,

and any combinations thereof.

#* #* #* #* #*



