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SYSTEMS AND METHODS FOR REDUCING SWITCH STRESS IN
SWITCHED MODE POWER SUPPLIES

FIELD

[0001] The present disclosure generally relates to the field of power electronics and more

specifically, the operation of switched mode power supplies.

INTRODUCTION

[0002] The operation of switched mode power supplies at particular operating points or at
various operating characteristics may cause undesirable effects, including, for example,

undesirable transient effects.

SUMMARY

[0003] In a first aspect, a method for reducing voltage spikes across switches in a multi-level
converter is provided, the method comprising: measuring an output voltage of the multi-level
converter; comparing the measured output voltage to a reference output voltage to process an
error value associated with a difference between the measured output voltage and the reference
output voltage; determining a target duty cycle value based at least on a control feedback loop
mechanism adapted to minimize the error value; if the target duty cycle value is equal or
approximately equal to one or more critical duty ratio values, controlling the operation of the
multi-level converter to operate the multi-level converter with an averaging sequence, the
averaging sequence adapted to, on average, result in, or sufficiently approximate, the one or
more critical duty ratio values, but not operate at the one or more critical duty ratio values; and
generating one or more pulse-width modulated signals to control the operation of the multi-level

converter based on at least one of the target duty cycle and the averaging sequence.

[0004] In another aspect, a method for reducing voltage spikes across switches in a multi-
level converter is provided, the method comprising: receiving an error value associated with a
difference between a measured output voltage and a reference output voltage; determining a
target duty cycle value based at least on a control feedback loop adapted to minimize the error
value; if the target duty cycle value is equal or approximately equal to one or more critical duty
ratio values, controlling the operation of the multi-level converter to operate the multi-level

converter with an averaging sequence, the averaging sequence adapted to, on average, result
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in, or sufficiently approximate, the one or more critical duty ratio values, but not operate at the
one or more critical duty ratio values; and generating one or more pulse-width modulated
signals to control the operation of the multi-level converter based on at least one of the target
duty cycle and the averaging sequence.

[0005] In another aspect, the control feedback loop mechanism is a proportional controller.

[0008] In another aspect, the control feedback loop mechanism is a proportional-integrative

controller.

[0007] In another aspect, the control feedback loop mechanism is a proportional-integrative-

derivative controller.
[0008] In another aspect, the multi-level converter is a three-level buck converter.

[0009] In another aspect, the one or more critical duty ratio values includes duty ratios where

multi-level converters operate with at least one of zero voltage and current ripple.
[0010] In another aspect, the one or more critical duty ratio values includes only 0.3.

[0011] In another aspect, the one or more critical duty ratio values includes, for an N-level

converter, any duty ratio having the form i/(N-1), where i is an array from 1 to N-2.

[0012] In another aspect, the one or more critical duty ratio values includes at least one of
0.25, 1/3, 0.5, 2/3, and 0.75.

[0013] In another aspect, a system adapted for reducing voltage spikes across switches in a
multi-level converter is provided, the system comprising: a first unit configured to measure an
output voltage of the multi-level converter; a second unit configured to compare the measured
output voltage to a reference output voltage; a third unit configured to control the operation of
the multi-level converter to operate the multi-level converter with an averaging sequence, the
averaging sequence adapted to, on average, result in, or sufficiently approximate, one or more
critical duty ratio values, but not operate at the one or more critical duty ratio values, wherein the
averaging sequence is based at least on an error value determined at least in part by the

difference between the measured output voltage and the reference output voltage.
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[0014] In another aspect, a system adapted for reducing voltage spikes across switches in a
multi-level converter is provided, the system comprising: a unit configured to control the
operation of the multi-level converter to operate the multi-level converter with an averaging
sequence, the averaging sequence adapted to, on average, result in, or sufficiently
approximate, one or more critical duty ratio values, but not operate at the one or more critical
duty ratio values, wherein the averaging sequence is based at least on an error value
determined at least in part by the difference between the measured output voltage and the

reference output voltage.

[0015] In another aspect, the system is implemented using field programmable gate array
(FPGA) technology.

[0016] In another aspect, a method for providing a duty cycle avoidance switching sequence
is provided that, on average, results in one or more desired duty ratios or one or more general

input control variables corresponding to one or more critical operating points.

[0017] In another aspect, the method is further adapted to maintain proper output voltage

regulation, flying capacitor balance, and symmetry of the inductor current waveform.
[0018] In another aspect, the switching sequence is configured to ensure a symmetric ripple.

[0019] In another aspect, a multiple mode controller is provided that, for operating points
substantially different from zero-ripple operating points, operates as a conventional controller,
while in the vicinity of the zero-ripple operating points, operates using a duty cycle avoidance
mode, and includes one or more modes adapted for smooth frequency/ripple transitions

between conventional and avoidance modes of operation.

[0020] In another aspect, the multiple mode controller is adapted to operate in a duty ratio
avoidance mode when a desired duty ratio is, between a first duty ratio and a second duty ratio,
and is adapted to operate in a different mode when the desired duty ratio is beyond the range

provided between the first duty ratio and the second duty ratio.

[0021] In another aspect, a system configured for operating point avoidance is provided, the
system comprising: a digital pulse-width modulator; a critical duty cycle avoidance control logic
unit for, upon detecting that a desired duty ratio value is near or equivalent to one or more

critical duty ratio values, controlling the digital pulse-width modulator to operate an averaging
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sequence, the averaging sequence adapted to, on average, result in, or sufficiently
approximate, the desired duty ratio, but not operate at the one or more critical duty ratio values

such that the one or more critical operating points are avoided.

[0022] In another aspect, the converter is further configured to correct for variations in at least
one of gate drive delays, level shift delays, and real-world circuit implementation non-idealities
to achieve the desired duty ratio with non-overlapping switch operation. Many further features
and combinations thereof concerning embodiments described herein will appear to those skilled

in the art following a reading of the instant disclosure.

[0023] In another aspect, the method further includes conducting an automated circuit

analysis to identify the one or more critical duty ratio values.

[0024] In another aspect, the automated circuit analysis includes simulating the multi-level
converter and approximating the one or more critical duty ratio values based at least on a

number of levels in the multi-level converter.

[0025] In another aspect, the automated circuit analysis includes processing of historical
control information stored in a non-transitory machine-readable medium wherein the one or
more critical duty ratio values are identified through approximations based at least on one of:
circuit response, input characteristics, output characteristics, control parameters, and operating

parameters.

[0026] In another aspect, generating the one or more pulse-width modulated signals includes
generating control signals provided to four switches within the multi-level converter, the control

signals controlling the switches to change states in accordance with the averaging seguence.

[0027] In another aspect, the averaging sequence provides for dead-time adjustment during
the operation of the multi-level converter when then the target duty cycle value is equal or
approximately equal to one or more critical duty ratio values, thereby reducing a requirement for

simultaneous control and reducing a number of shoot-through paths.

[0028] In another aspect, the one or more pulse-width modulated signals are configured to

issue simultaneous control signals to up to two switches of the four switches.
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[0029] In another aspect, the averaging sequence is configured to, during a first half of a
switching cycle, change a switching node voltage from 0 to Vi»/2, and during a second half of

the switching cycle, change the switching node voltage from Viy/2 and Viy,

[0030] In another aspect, one or more dead-band regions are applied around each of the one
or more critical duty ratio values, and wherein when the desired duty ratio falls within one of the
one or more dead-band regions, the averaging sequence is applied or used to control the multi-

level converter.

[0031] In another aspect, the averaging sequence, during operation in the one or more dead-
band regions, is adapted for provisioning a transition smoothing mode wherein the switching

frequency is gradually reduced from f; to f/2.

[0032] In another aspect, the size of the one or more dead-band regions is determined based

at least on a maximum allowable ripple.

DESCRIPTION OF THE FIGURES

[0033] In the figures, embodiments are illustrated by way of example. It is to be expressly
understood that the description and figures are only for the purpose of illustration and as an aid

to understanding.

[0034] Embodiments will now be described, by way of example only, with reference to the

attached figures, wherein in the figures:

[0001] FIG. 1 is a circuit schematic diagram of a three-level buck converter regulated by a

critical duty cycle avoidance ratio digital controller, according to some embodiments.

[0002] FIGS. 2A, 2B, 2C and 2D are various waveform diagrams provided in relation to a 3-

level buck converter for various values of duty cycle (D), according to some embodiments.

[0003] FIGS. 3A, 3B, 3C, and 3D are circuit schematic diagrams of illustrating equivalent

circuits of the 3-level converter for four switching states, according to some embodiments.

[0004] FIG. 4 is a chart plotting the normalized inductor current ripple on conversion ratio

M(D) = D, according to some embodiments.
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[0005] FIG. 5 is a waveform diagram illustrating a modulation method, according to some

embodiments.

[0006] FIG. 6 is an example block schematic illustrating a digital implementation of the critical

duty cycle avoidance controller, according to some embodiments.

[0007] FIG. 7, where the inductor current ripple for a potential system and a conventional 3-

level buck converter are shown, according to some embodiments.

[0008] FIGS. 7A, 7B and 7C provide three different plots illustrating the dependence of the
normalized inductor current on the conversion ratio value for critical duty cycle avoidance

modulation, as provided across various modes of operation, according to some embodiments.

[0009] FIGS. 8A and 8B is a plot of key voltage waveforms of the converter for the

conversion ratio M = 1/2, according to some embodiments.

[0010] FIGS. 9A and 9B provide plots of sample output values related to of experimental
three-level converter for gradual change of conversion ratio M from 0.25 to 0.75, according to
some embodiments. Conventional modulation of the multi-level converters is shown in FIG. 9A

and critical duty cycle avoidance modulation is applied in FIG. 9B.

[0011] FIG. 10 is a curve plotting power processing efficiency results for both modes of

operation for D = 0.5, according to some embodiments.

[0012] FIG. 11 is an example schematic diagram of conventional digital PWM being

controlled by a critical duty cycle avoidance control unit, according to some embodiments.

[0013] FIG. 12 is an example workflow diagram illustrating various steps that may be taken in

performing a method, according to some embodiments.

DETAILED DESCRIPTION
[0014] Embodiments of methods, systems, and apparatus are described through reference to

the drawings.

[0015] The following discussion provides many example embodiments of the inventive
subject matter. Although each embodiment represents a single combination of inventive

elements, the inventive subject matter is considered to include all possible combinations of the
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disclosed elements. Thus if one embodiment comprises elements A, B, and C, and a second
embodiment comprises elements B and D, then the inventive subject matter is also considered

to include other remaining combinations of A, B, C, or D, even if not explicitly disclosed.

[0016] In some embodiments, various methods, systems, and non-transitory computer-
readable media are described for the control of various characteristics of the operation of a
switch-mode power supply (SMPS) such that critical operating points are avoided (e.g., a "skip
duty" control).

[0017] The control of the various characteristics can be performed, for example, using a
digital control-based method and/or system, and in some embodiments, performed using
various computing devices, or various control feedback systems. The control methods and/or
systems can be used, for example, to provide control in relation to the operation of existing
infrastructure. In some embodiments, a digital voltage-mode pulse width-modulated (PWM)
controller may be configured to provide such control. in some embodiments, analog
implementation may also be provided. in some embodiments, a possible implementation can be

provided through mixed-signal control using current programmed mode control.

[0018] The control systems and methods of the present disclosure may be utilized in
controlling the operation of multi-level (e.g., multi-stage) converters, such as three-level buck
converters, etc. There may be more, other types of levels, etc., and different types of converters

(e.g., a step up converter).

[0019] In various embodiments described in the present disclosure, various methods and
systems are introduced that may reduce and/or eliminate the voltage spikes on the power
switches by avoiding operation at zero-ripple duty ratios. Some potential benefits may also be
provided, for example, output voltage regulation, flying capacitor balance, and symmetry of the

inductor current.

[0020] As an example, an operating point avoidance control method is described for use with
a 3-level converter, avoiding operation of the converter at exactly D = 0.5, and instead creating
a switching sequence that over 2 cycles that effectively provides the desired average duty ratio.
The operation of the system may be extended for converters with lower and/or higher number of
levels. The effectiveness of the operating point avoidance control approach has been

demonstrated with an experimental prototype, showing reduction and/or elimination of the
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undesirable voltage spikes and allowing utilization of switches with reduced voltage ratings.
Accordingly, the methods and systems described may be beneficial in helping obtain some of

advantages that multi-level converters have to offer.

[0021] In some embodiments, the control method is provided in the form of a device or
machine that is configured for providing operating point avoidance control. For example, such a
device or machine may be configured to implement and/or drive specific control mechanisms
that are timed and/or responsive to events and/or selected values of D. The control mechanisms
can be provided through the issuance, generation, and/or provisioning of specifically invoked
electrical and/or mechanical control signals that may be received by components that change

the operating state of the components (e.g., diodes, switches).

[0022] In some embodiments, the control method embodied in the device or machine is
provided in the form of a special purpose machine (e.g., configured electrical circuits including
gates) that utilizes specially configured components as provided, for example, in FIG. 1. In
some embodiments, the control method is provided as a system or a kit wherein the physical
electrical components being controlled and/or the circuit are provided as a package. For
example, a specific circuit may be provided such that the circuit provides potentially
advantageous conversion properties in relation to avoiding conventional issues related to critical
duty cycle values, the specific circuit being provided as an electrical component or package that
can be utilized in, for example, applications wherein reduced size (e.g., as driven by a reduction
in the required inductance), is desirable. As noted below, the critical duty cycle avoidance circuit
may provide its advantages with potentially less switching losses than, for example, simply

increasing a switching frequency.

[0023] FIG. 1 is a circuit schematic diagram of a three-level buck converter regulated by a

critical duty cycle avoidance ratio digital controller, according to some embodiments.

[0024] In SMPS for space constrained applications, cost-effective implementation and high
power processing efficiency may be relevant factors for consideration. In these applications,
including mobile devices, consumer electronics, and other electronics equipment, a significant
portion of the overall device volume may be occupied by the inductors of step down or step up
SMPS supplying various functional blocks. As such, the characteristics (e.g., size, cost) of the
inductors may be a significant obstacle for further miniaturization of numerous devices. A

potential solution for the reduction of reactive components (primarily inductors) is increasing the
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switching frequency. A drawback of this potential solution is that the switching losses are often
increased, leading to lower efficiency and increased cooling requirements, which can nullify the

obtained advantages.

[0025] Alternative solutions for volume reduction, based on the replacement of traditional
buck converters with different topologies, may be utilized. Those solutions include switched
capacitor (SC) converters, which completely eliminate inductors and, in many of the targeted
applications, result in much higher power density. However, the SC converters may present
deficiencies such as suffering from large drops in power processing efficiency for conversion
ratios that are not fixed. Thus, inapplications where a wide conversion ratio range is required,

their use may be limited.

[0026] Multi-level converters (for example, the converter of FIG. 1), may present an attractive
alternative to the conventional buck or boost based topologies. The multi-level converters may
allow for a significant reduction of the inductor size, improved power processing efficiency, and

operation over a wide range of conversion ratios without significant efficiency variations.

[0027] Even though the advantages of multi-level converters have been recognized, they
have not been widely adopted. A potential reason may be due to the fact that some failure
mechanisms related to transient voltage stress across the switches, especially at certain
operating points, have not been fully recognized and due to the lack of hardware-efficient cost-

effective solutions for the same.

[0028] For example, conventional controllers for multi-level converters may include three
components, a block that measures the output voltage and compares it with a reference
(desired) value, a block that processes that error and sends a control signal (usuaily a Pl or PID
compensator), and a block that takes that control signal and creates a pulse-width modulated
signal. What is characteristic for these control methods is that at the end, they will produce
signals of the same duty ratio for a given input and output voltage. However, there may be

issues faced when multi-level converters operate around critical points (e.g., a 50% duty ratio).

[0029] In some embodiments, there may be various critical operating points, for example, for
a multi-level converter, one or more critical duty ratios may be calculated wherein any duty ratio
having the form i/(N-1) where [i] is an array from 1 to N-2 may be a critical operating point.

These values may, for example, be varied by various non-idealities, etc., and the values may be
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exact, and/or approximate across a range. For instance, for a 3-level converter, there may be a
critical duty ratio at 1/2, for a 4-level converter, there may be critical duty ratios at 1/3, 2/3, and

for a 5-level converter, critical duty ratios at 1/4, 1/2 and 3/4, etc.

[0030] In some embodiments of the present disclosure, several further components may be
provided in relation to controllers that mitigate and/or address some deficiencies with multi-level
converters. For example, a first block may be provided that, by looking at the information
available in the control loop, the block will recognize critical points (for example 50% duty ratio
for a 3-level buck), and a second block may be provided to generate and/or otherwise cause an
averaging sequence that will, in average, result in the 50%, i.e. critical duty ratio value, but will
never actually operate at that value. The recognition of critical operating points may, for

example, be based on an analysis of the number of levels of the converter.

[0031] For example, the further components described above may combined to provide a
critical duty cycle avoidance ratio digital controller that is configured to address some of the
deficiencies (e.g., those related to transient voltage stress across the switches, especially at
certain operating point and/or certain conversion ratios), and to provide a control-based

mechanism to overcome and/or mitigate the effects of at least some of the deficiencies.

[0032] In some embodiments, the controller addresses excessive and/or damaging voltage
spikes caused by Lgg;, the equivalent series inductance (ESL) of the flying capacitor, Cg. v, at

zero-ripple operating points, and shows a control-based solution for the same.

[0033] The controller may be configured to avoid one or more critical duty ratios while being

configured for various characteristics, such as maintaining tight output voltage regulation.

[0034] Some embodiments of the controller may also provide simplified non-overlapping time
adjustment, which, at the critical operating points, would otherwise be much more complex than

that of the other converters.

[0035] The controller may be configured to operate such that the operating point avoidance

does not affect symmetry of the inductor current waveform.

[0036] While FIG. 1 illustrates a controlier 104 being adapted for use with a three-level buck
converter case, the three-level buck converter 102 is provided only as an illustrative example,

and the controller (and/or its control principles) may be applied to other topologies and/or

-10 -
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configurations (e.g., step-up configurations), and to converters with a different (e.g., larger.
smaller) number of levels.

[0037] In some embodiments, the controller 104 may be adapted for use with various types of
circuit where a particular operating point or points may vyield undesirable operating
characteristics. The controller 104, in these embodiments, would then be configured to utilize
various control methods and/or principles such that the operating points can be avoided and/or
"skipped". The controller 104 may be comprised of a PID controller 112 (but may also be a PID
controller, but may also be a P controller, a PD controller), which receives inputs such as
reference voltage 110, and detected output voltage 114. The critical duty cycle avoidance logic
unit 106 is utilized to provide generate various control signals that are utilized in providing
various operating sequences for the various switches of the converter 102, through, for

example, dual phase digital pulse width modulator (DPWM) 108.

[0038] The critical duty cycle avoidance unit 106 may be configured to recognize conditions
in the circuit, (e.g., if the converter operates sufficiently close to critical point, for example, in a
pre-defined region or within a pre-defined threshold), and, accordingly, adjusts the switching
sequence based on one or more determinations. For example, the critical duty cycle avoidance
unit 106, upon recognizing an approach to or a desired operation at (or near) one or more
critical points of operation, the critical duty cycle avoidance unit 106 may then generate,
produce, and/or implement a sequence that, in average, results in the critical point but, does not
issue that critical value directly. There may be various types of sequences provided, such as
sequences configured to provide other types of operating characteristics, such as a symmetric
ripple. A determination of critical values may include a computation in relation to the type of
converter, monitored circuit information obtained via direct and/or indirect measurements, pre-
defined information (e.g., external input via a computing device, hard-coded values, soft-coded
values), etc. As noted throughout the specification, the critical values of duty ratio for operation
may vary depending on factors such as type of circuit, the type and characteristics of selected

components, and the presence and/or absence of various non-idealities, including parasitics.

[0039] The critical duty cycle avoidance logic unit 106 receives signals from the PID controller
112 but, where desired operation is determined to be near and/or on a critical operating point,
the critical duty cycle avoidance logic unit 106 may be configured to implement one or more

different operating modes having different operating sequences. The critical duty cycle

-11 -
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avoidance logic unit 106 may, for example, issue various control signals to the switches in

accordance with various operating sequences as described further in this specification.

[0040] The control signals M1-M4 correspond to switches M1-M4 of converter 102, and these
signals may be considered input control variables, that may, for example, be provided directly or

indirectly to the converter 102.

[0041] The switch sequence may be adapted such that certain critical operating points can be
avoided and/or "skipped" in controlling operation of the converter 102, and the sequence may
also be adapted such that the duty cycle values, on average, result in a desired duty cycle

value, even if the desired duty cycle value falls on a critical operating point.
Overview of Multi-Level Dc-Dc Converters and Voltage Stress at Certain Operating Points

[0042] A potential advantage of multi-level DC-DC converters, over some other topologies is
that the multi-level converters may be configured to provide for a significant reduction of the
inductor value without increasing switching losses. In multi-level converters, the inductor voltage
swing may, for example, be reduced by N-1 times, where N indicates the number of levels. In
addition, for the same number of switching actions of an individual switch over one switching
period, the ripple frequency may be increased by N-1 times. Combined, these benefits may

allow for a reduction of the inductor value.

[0043] Furthermore, for a three-level converter, with key steady-state waveforms and
equivalent circuit configurations for various duty ratio values as shown in FIGS. 2A-2C and
FIGS. 3A-3D, respectively, the voltage stress across all the switches is, ideally, reduced by a
half. FIGS. 2A, 2B and 2C are various waveform diagrams provided in relation to a 3-level buck
converter for various values of D: M1 to M4 - states of switching transistors (high indicates on-
state), ve — inductor switching node voltage, i, - inductor current, and icrLy - current of the flying
capacitor, according to some embodiments. FIGS. 3A, 3B, 3C, and 3D are circuit schematic
diagrams of illustrating equivalent circuits of the 3-level converter for four switching states,

according to some embodiments.

[0044] One potential deficiency with multi-level converters is that in a realistic converter, at
certain operating points, the voltage stress across the transistors during switching transitions
can be higher, due to the parasitic equivalent series inductance Lgs, of the flying capacitor CrLy.

This excessive voltage stress can damage transistors and, since it occurs at a single operating

-12-
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point of the converter, is usually noticed in the form of sporadic voltage spikes at the switching

node.

[0045]  Signal waveforms for an ideal three-level converter are shown in FIGS. 2A-2C; and
equivalent circuits that also include Lgs, are shown in FIGS. 3A-3D. It can be seen that for

D < 0.5 and D >0.5, the converter passes through states where, during a half of the switching

cycle, the flying capacitor Cry, Whose voltage is kept at an approximate constant voltage Vin/2,
is charged or discharged by the output filter inductor L, and that this portion of the period is

always followed by another, during which no current flows through the flying capacitor.

[0046] Accordingly, in a realistic converter, for D < 0.5 and D > 0.5, during each cycle the
current of Lgg; changes from —/; to +/;, passing through zero current intervals (state 2 or state 4
of FIG. 2 and FIG. 3). During these transitions, only two out of four transistors change their

states during the switching instants.

[0047] The portions of periods during which there is no current passing through Les. may

allow for adjustment of non-overlapping times in a similar manner as for the conventional buck,
since only two switch transitions occur at that time. In other words, sudden changes of Les
current (from +/-I, to 0A) may affect voltage ringing at the switching node in the same way that
parasitic inductance in series with high-side or low side switch of a conventional buck converter
affects its switching nodes, since its currents are also changing from +I_ to OA. Possible ringing

at the switching node due to this effect may be a problem.
Operation of the Converter Around Zero-ripple Region

[0048] FIGS. 2A-2C and FIGS. 3A-3D indicate that when D is approaching 0.5, i.e. the
converter operates close to a zero-ripple region, the states 2 and 4, where Lgg, current is equal

to zero, are becoming shorter, while at D = 0.5 this current is changing from +/, to -/;, as shown
in FIG. 2B.

[0049] At this point, the time available for releasing the energy stored in Lgs, may practically
be zero. Accordingly, the parasitic inductance may have a larger impact on the switching node
voltage, as Lgs. current discontinuity is affected twice as much as in the regular case (e.g., a

non-critical operating point) because the current instantaneously changes from
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i, (=T,/2)=1,+Ai, =1,
1o

i,‘ESI, Q = TS+ /2): ——IL —AiL = -Il;
[0050] "

[0051] where J is the dc current of the output filter inductor and Ai, the inductor current ripple,
which at the critical point is equal to zero. This sudden change in the parasitic inductance

energy may cause large voltage spikes at the switching node.

[0052] In other words, at the critical point, the converter behaves quite differently from other
points. At other points (e.g., non-critical operating points) the operation of the multi-level

converter is similar to the regular, i.e. 2-level converter.

[0053] Another issue with critical operating points is that four switching transitions are
happening at the same time, as it can be seen from FIGS. 2A-2C and FIGS. 3A-3D. M, is
changing from the ON state to the OFF state, and M, from OFF to ON, while their synchronous
pairs M3 and M, are also changing states. This implies that setting the dead-time at this point is
becoming more challenging, since firstly Vi»/2 voltage has to be continuously maintained at the

switching node and, more importantly, shoot-through conditions have to be avoided.

[0054] Shoot-through conditions exist when at least one of the following short circuit paths
exist: Viy to Very (My, My — ON), Verry to GND (M,, M; — ON), and Viy to Veery to GND (My, My,
M, and M, all in the ON state). FIG. 2B shows waveforms of the ideal converter for the case
when all four switches are turned off during non-overlapping periods, ideally causing the body
diodes of low side switches M; and M, (not shown in the diagrams) to conduct through the

output filter inductor and cause a voltage drop of — 2VE.

Zero-Ripple Operating Point Avoidance Control Method and System Duty Cycle

Modulation and New Conversion Ratio

[0055] To mitigate, eliminate, and/or otherwise address various challenges associated with
operation around various operating points (e.g., the zero-ripple (D=0.5 in the previous 3-level
buck converter example) operating point), a control method and/or modulation method may be
described in various embodiments. For example, the control method and/or modulation method

may be considered for zero-ripple operating point avoidance control and modulation.
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[0056] The control method may be provided to reduce, mitigate, and/or eliminate sudden
changes of the flying capacitor current between +/, and -/, by avoiding one or more zero-ripple
points. In some embodiments, the control method may be adapted such that control may be
provided without compromising the effective converter conversion ratio or creating a flying

capacitor imbalance.

[0057] A potential benefit of this control method may be that the control method provides
convenient non-overlapping dead-time adjustment, reducing and/or otherwise eliminating the
need for simultaneous control of four switches and reducing the number of shoot-through paths.
The need to control all four switches comes from the way the 3-level converter operates. At duty
ratios lower than a critical operating point (e.g., 0.5) and larger than a critical operating point
(e.g., 0.5), all four switches are controlled but not at the same time. However, at a critical

operating point (e.g., 0.5) all of the switches are triggered at the same time.

[0058] As a further example to provide a comparison with conventional modulation; when
conventional modulation is used, the converter may operate at exactly D = 50% duty ratio
achieving 50% of conversion ratio. At that point, four switching transitions (actions) may be
occurring at the approximately same time M1 (ON->OFF), M2 (OFF->ON), M3 (ON->OFF), M4

(OFF->ON). Simultaneous control of all four switches is thus required.

[0059] In some embodiments described herein, only two switching transitions may be
required at a particular timeframe and a potential benefit may be that simultaneous control of all

four switches may not be required (rather, only two switches may need to be controlled).

[0060] FIG. 4 is a chart plotting the normalized inductor current ripple on conversion ratio
M(D) = D, according to some embodiments. FIG. 4 may be helpful in illustrating one or more

principles relating to a modulation method and/or system, according to some embodiments.

[0061] In order to avoid operation at D=0.5 (e.g., but where a step down conversion ratio of
0.5 is required), the converter may be configured to provide controlled operation of the
converter. In some embodiments, the convert is configured to operate in a mode that can be
viewed as alternating between two slightly different values of duty cycle which, on average,
result in the desired step down ratio value. These two values are marked D; and D, in FIG. 4,
where D, < 0.5 and D, >0.5.
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[0062] In some embodiments, a simple sequential combination of applying the two duty ratio
values over two switching cycles and alternating between them may not be optimal, since as it
can be seen from FIG. 2A and FIG. 2C that this approach may potentially result in a non-
symmetric inductor current ripple. For example, a simple sequential combination of applying the
two duty ratio values over two switching cycles and alternating between may lead to the
“merging” of the waveforms as depicted in FIG. 2A (where D < 0.5 — D1 for instance equal to
0.45 = 45%) and FIG. 2C (D >0.5 — D2 for instance equal 55%). In another words, it may not be
optimal to provide D1 in first switching period and D2 in the second switching period. In attached
FIG. 2D, an example plot is provided to illustrate the shape of the inductor current if the system

applies D1 over first switching cycle and D2 over second switching cycle.

[0063] In some embodiments, the controller may be configured to provide a sequence that
may address some of these deficiencies. In an example sequence, D1 may be applied in the
first half of the first switching cycle, D2 in the second half of the switching cycle and to repeat
that sequence in the second switching cycle. See for example, the plot of FIG. 5§ (or 500), where
the system may be configured to repeat that sequence in the second switching cycle in order to
balance the flying capacitor, such that average current is equal to 0). FIG. 5 is a waveform
diagram illustrating a modulation method, according to some embodiments. The modulation
method of FIG. 5 may be defining a switching sequence such that the non-symmetric ripple is
reduced and/or eliminated, but still, all 4 states characteristic for successive application of the D,

< 0.5 and D, >0.5 switching sequences are applied over two switching periods.

[0064]  As noted in FIG. 5, slope 1 = (Vin/2 - Vou/ L) = 0; slope 2 =-Vqu/l. = (-Vi/2)/L, slope 3
= (Vi-Vou)/L; and for all three slopes averaged over two switching periods of the Vou = Vin/2

since FIG. 5 depicts a sample conversion ratio of %2.).

[0065] In other words, in some embodiments, instead of having value D; (resulting in
switching node variations between 0 and Vjy/2) applied in the first switching period and value D,
(resulting in switching node variations between V\/2 and V)y) applied in the second switching
period, the switching sequence may be modified such that the symmetric inductor current and

ripple at effectively a two times higher frequency are obtained.

[0066] In some embodiments, during the first half of the switching period, the switching node
voltage Vs, changes its value from O to Vj»/2 and, during the second half of the switching cycle,

the switching node voltage changes values from Viu/2 to V.
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[0067] Sample equations for the output filter inductor volt-second balance (VSB) and the

flying capacitor charge-second balance (CSB) may be indicated as:

4
0068]  (Vou )ozy = (Vew )ags = é" (D, +D;)  (2); and

10069] (ic),y = 1.0, +1,(0.5- D, +0.5)~1,D, ~1,(0.5~ D, +0.5)=0

[0070] The VSB equation may indicate that output voltage may depend on values D; and D,
and only when D; and D, are at equal distances from operating point D = 0.5 will the output
voltage be exactly equal to the half of the input voltage.

[0071] The CSB equation shows that, ideally, balancing of the flying capacitor may be
achieved for any values of B, and &y, and does not depend on them being equal distances from

the D = 0.5 operating point, as long as the skip modulation is applied over two switching cycles.

[0072]  Accordingly, in some embodiments, modulation of D; relative to D, can be used for
providing conversion ratios in the vicinity of the zero-ripple operating point, and by having
independent control of values of Diand D,, charge balancing and output voltage regulation can

be achieved independently.

[0073] In some embodiments, the controller may be configured for the control of one or both
of D, and D,, such that skip modulation is applied having various characteristics. The values
can be modulated against one another, and controlled independently or in conjunction. The

values may be selected such that there is charge balancing and/or output voltage regulation.

[0074] As an example, a general switching sequence for a conventional convertor may be
provided where the converter needs to produce a 50% duty ratio, the converter is configured to
keeps two transistors on for a 50% of a switching period and during the remaining portion of the

switching period keeps the same two transistors off.

[0075] An alternate control sequence may include, for example, keeping those two transistors
on for 45% of the time and keep them off for the 55% of the time, then during the next switching
period keeping the transistors on for 55% of the time and keep them off for 45% of the time,

such that an average of 50% is provided over two switching cycles.
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[0076] However, such a sequence may result in a non-symmetric ripple which causes noise

problems in many applications.

[0077] Accordingly, in some embodiments, a sequence is provided such that a symmetric
ripple is generated, for example, through keeping transistors off first for 55% of the time, then
after that, applying a 45% duty ratio, keeping the transistors on for 45% of the time, then,
instead of turning off the transistors, keeping them on for 55% of the time, and after that,
keeping them off for 45% of the time. The then sequence repeats, starting from 55% of the off
time. In average over two cycles, the converter then provides a 50% average, but this time with

symmetric ripple.
Duty Cycle Modulation and Inductor Current Ripple

[0078] The equation of the output inductor current ripple may be determined to evaluate and

describe the performance of a proposed modulation method, according to some embodiments.

[0079] The maximum inductor current ripple may determine a size of an inductor. A three-
level converter may exhibit maximum inductor current ripple at the D = 0.25 and D = 0.75
operating points. These operating characteristics may imply that zero-ripple operating point
modulation can be applied in a method such that inductor current ripple is situated within

boundaries defined by the worst case of a conventional modulation.

[0080] Some real-world applications can tolerate an increase in the inductor current ripple
near the zero-ripple operating point, as long as the resultant ripple amplitude does not exceed

the much larger maximume-ripple operation.

[0081] Inductor current ripple for duty-avoid modulation is given with following equation:

. 1-2D, \D, +D
Ale~p(DA) = ( ié Ll 2)V/N

[0082] (3)

[0083] It can be noted that the expected ripple is a function of two variables and that this
function for any D1 < 0.5 and D2 > 0.5, the ripple of the duty-avoidance modulation is larger

than that for the conventional case, i.€. A p-ppa)> Aitp-peonv) = 0.
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[0084] By applying duty cycle modulation at the D = 0.5 conversion ratio, as it can be seen
from FIG. 4, the inductor current ripple increases from a value close to zero for the conventional

case to the value given by (3).

[0085] To avoid unwanted transients in the inductor current ripple, a dead-band region
around the critical operating point where modulation may be applied is defined and an
implementation method may be provided. The size of a dead-band region may depends on
various regulation requirements and/or a maximum allowable ripple. The dead-band region may

be pre-defined and/or selected based on an analysis of various specifications.
Example Implementation

[0086] The following section describes some illustrative examples of implementation of the
controller, various control systems, and/or control methods. The examples are meant to be
illustrative and non-limiting. Other variations having more, less, and/or different components

and/or configurations may be possible.

[0087] A possible embodiment of critical duty cycle avoidance control method is depicted with
block diagrams in FIG. 1 and FIG. 6. FIG. 6 is an example block schematic illustrating a digital

implementation of the critical duty cycle avoidance controller, according to some embodiments.

[0088] The controller (e.g., a digital controller) may, in some embodiments, be provided as a
modification of a standard digital voltage-mode pulse width-modulated (PWM) controller, where
a conventional digital pulse-width modulator (DPWM) is replaced with a two-phase DPWM, to

accommodate 4-switch operation.

[0089] In some embodiments, a controller may be provided as a specially configured pulse
width-modulated (PWM) controller.

[0090] A module (e.g., a module configured for critical duty cycle avoidance) may be provided
and/or added to a modulator. This module may provide for suppression of the switching spikes
and implementation of the operating point avoidance modulation. The module may be
configured for various modes of operation, and also the avoidance of one or more operating
points and/or other operating characteristics through the application of various control methods

and/or principles.
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[0091] A principle of operation may be illustrated in FIG. 7, where the inductor current ripple
for a potential system and a conventional 3-level buck are shown, according to some
embodiments. The example is illustrative and not meant to be limiting. FIGS. 7A, 7B and 7C
provide three different plots illustrating the dependence of the normalized inductor current on
the conversion ratio value for critical duty cycle avoidance modulation, as provided across

various modes of operation, according to some embodiments.

[0092] In some embodiments, the controller is configured to operate having multiple modes
(e.g., two or three modes). Three different modes are described below, but there may be more,

less, and/or different modes.

[0093] In an embodiment, the first two modes are necessary but the third mode is optional. In
another embodiment, only the first two modes are provided. In yet another embodiment, all

three modes are provided.
[0094] Example operating modes:

. Mode 1 — Conventional operation of the multi-level converter where duty ratio and

switching frequency are not modified.

. Mode 2 — Zero-ripple operating point avoidance modulation, with constant switching
frequency, where digital representations of duty cycle values at the input of multi-phase DPWM
block are d;[n]=2dpp[n]-d2[n] and da[n] = deonstN]-

. Mode 3 (further enhancement) — This mode is used to smooth the transition between
two switching frequencies characteristic for this system. In this mode the duty ratio is maintained
the same as for conventional modulation while the switching frequency is gradually reduced

from f, to f/2 (period linearly increased from T to 2Ty).

[0095] As illustrated in FIG. 6, based on the duty cycle value requested from the PID block,
the critical duty cycle avoidance arbiter block may be configured for determining an operating

region and may be configured to sets various values, such as dppwu[n] and Tappwu(n] values.

[0096] Mode 3 may be provided not only to smooth transitions between two switching

frequencies but the operation of mode 3 may also reduce a difference in the ripple amplitude
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between regular and skip-modulation modes. For example, an operator of the system may

select a dead-band region and operate it using Mode 3.

[0097] Effect of that difference reduction can be seen in FIG. 7B, where all three modes are
utilized, compared to FIG. 7C, where only Mode 1 and Mode 2 are utilized.

[0098] Mode 3 is optional, and for applications where variable frequency is not preferable,

Mode 3 can be omitted.

[0099] Mode 2, the region where zero-ripple operating point avoidance modulation is applied,
is the region where d;[n] and dj[n] values are obtained. As mentioned earlier, there are two
degrees of freedom for controlling the output voltage using critical duty cycle avoidance
modulation method. Here, for simplicity in digital implementation, dz[n] is kept constant
and?:[nlis calculated using equation (1), since, ideally, digital representation of conversion ratio

is the value dpp[n].

[00100] In some embodiments, various hysteretic approaches may be utilized. For example,
when the controller is issuing duty ratio values around 50%, it may require, in one cycle 51%
and in the next cycle 50%. To avoid switching between duty ratio avoidance and conventional
modes, a hysteretic controller may be utilized. The controller can switch into the duty ratio
avoidance mode when the duty ratio is, for example between 49.5% and 50.5% but then use
another mode when the duty ratio is between 47% and 53%. Accordingly, possible oscillations

between the modes may be avoided.

[00101] In some embodiments, the controller may also be adapted to corrects for various
variations, such as, and including, gate drive delays, level shift delays, and other real-world
circuit implementation non-idealities to achieve desired duty ratios with non-overlapping switch
operation. For example, in practical implementations, due to various losses, the actual duty ratio
issued by the controller where there may be problems may not be at 50% but, rather at 51% or
52%. Accordingly, a realistic converter may need to be configured to recognize that even though
52% should not be a theoretical operating point with problems, there is a problem there (but not
at the point where controller is issuing a 50% control variable). The controller may be, in some
embodiments, configured to recognize those conditions in the case where there are
imperfections in the circuit. Such a determination may be possible with addition of various types

of other circuits, for example, a switching node monitoring circuit, or by identifying a sudden
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increase of duty ratio control, indicating various spikes (e.g., beyond a particular threshold) and

losses (e.g., beyond a particular threshold).

[00102] FIG. 11 is an example schematic diagram of conventional digital PWM 1102 being
controlled by a critical duty cycle avoidance control unit 1104, according to some embodiments.

The digital PWM 1102 may be utilized to control the operation of converter 1106.

[00103] FIG. 12 is an example workflow diagram illustrating various steps that may be taken in
performing a method, according to some embodiments. As indicated in FIG. 12, the controller
may be configured to perform various steps of a method, and the example steps shown are
provided for illustration and are not meant to be limiting. For example, various other steps may
be included and steps may be added, removed, modified, etc. At 1202, the controller may be
configured for measuring an output voltage of the multi-level converter; at 1204, comparing the
measured output voltage to a reference output voitage to process an error value associated with
a difference between the measured output voltage and the reference output voltage; and at
1206, determining a target duty cycle value based at least on a control feedback loop

mechanism adapted to minimize the error value.

[00104] If the target duty cycle value is equal or approximately equal to one or more critical
duty ratio values, the controller, at 1210 may be configured for determining the operation of the
multi-level converter to operate the multi-level converter with an averaging sequence, the
averaging sequence adapted to, on average, result in, or sufficiently approximate, the one or
more critical duty ratio values, but not operate at the one or more critical duty ratio values; and
at 1212, controlling the operation of the multi-level converter based at least on the averaging
sequence, (e.g., generating one or more pulse-width modulated signals to control the operation
of the multi-level converter based on at least one of the target duty cycle and the averaging

seguence).

[00105] If the target duty cycle value is not equal or approximately equal to one or more critical
duty ratio values, the controller, at 1214 may be configured for operating the converter at the

target duty cycle value.
Experimental Results

[00106] A low-power three-level buck converter has been built, based on the schematics of
FIG. 1 and FIG. 6. The digital controller may be implemented with an FPGA based system, and
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the power stage has parameters given in Table |I. Other types of technologies may also be

utilized in its implementation. Performance was compared with a conventional voltage mode
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controller implemented with the same FPGA system. Table | is provided below:

Table [
Summary of Design Parameters
Parameter Value
Vin 10V}
Conversion Ratio 10% — 90%
oyt 10 [mA] -3 [A]
fs (nominal) 1 [MHz]
L 470 [nH]
Cour 22 [uF]
Crry 4.7 [uF]

[00107] To allow comparison with the conventional prototype without damage due to voltage

transients, all transistors were overrated in terms of the blocking voltage.

[00108] FIGS. 8A and 8B is a plot of key voltage waveforms of the converter for the
conversion ratio M = 1/2, according to some embodiments. The waveforms shown in FIG. 8A
and FIG. 8B include: Ch1 806, 812. 5[V]/div: VDS4, Drain-source voltage of the low side M4
switch (Fig 1.); Ch2 808, 814. 5[V}/div: VSW, switching node voltage, Ch3 810, 816. — AC
coupled 50[mV]/div: VOUT, output voltage of the converter; and Digital Probes 1-4: M1-M4
control signals (labelled as M1, M2, M3, and M4).

[00109] As it can be seen from FIG. 8A showing operation of the conventional controller for D
= 0.5, significant voltage spikes may be present at the switching node resulting in large voltage
stress. The results of FIG. 8B, showing operation of the converter controlled with operating point
avoidance control method, indicate that the introduced method reduced and/or effectively
eliminated the voltage spikes, enabling use of lower voltage rating transistors, and thereby

realizing a benefit of multi-level converter topologies.

[00110] Another advantage of the proposed approach may be a reduction of output voltage
noise, which would otherwise be caused by the large ringing at switching node when converter
operates at a particular conversion ratio (e.g., D = 0.5). A possible drawback of the operating
point avoidance controller may be the introduction of a larger ripple at the output voltage, as
indicated at FIG. 8B. However, it should be noted that the ripple amplitude during this mode of
operation may still be smaller than that for the worst case operating points, corresponding to
D=0.25 and D=0.75.
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[00111] A linearity test was performed for both modes of operation (with and without operating
point avoidance modulation), where a slow linear change of conversion ratio M(D) is done from

D =0.25 to D = 0.75 and the output voltage of the converter was recorded.

[00112] As it indicated in FIG. 9A and 9B, there appears to be no significant difference in
voltage transfer ratio between the conventional modulation method and the operating point
avoidance method. FIGS. 9A and 9B provide plots of sample output values related to of
experimental three-level converter for gradual change of conversion ratio M from 0.25 to 0.75,
according to some embodiments. Conventional modulation of the multi-level converters is

shown in FIG. 9A and critical duty cycle avoidance modulation is applied in FIG. 9B.

[00113] FIG. 10 is a curve plotting power processing efficiency results for both modes of
operation for D = 0.5, according to some embodiments. The results show a minor reduction in
the efficiency of the operating point avoidance modulation converter at the zero-ripple operating
point compared to the conventional modulation method, due to a larger ripple current at the

critical point.

[00114] In an optimized case, with the use of lower rating transistors allowed by the operating
point avoidance method, a better efficiency than that of the conventional converter may be

provided.
General

[00115] The embodiments of the devices, systems and methods described herein may be
implemented in a combination of both hardware and software. These embodiments may be
implemented on programmable computers, each computer including at least one processor, a
data storage system (including volatile memory or non-volatile memory or other data storage
elements or a combination thereof), and at least one communication interface. These
embodiments may be implemented on various types of computing devices and/or technologies,

such as field programmable gate arrays (FPGAs).

[00116] Program code may be applied to input data to perform the functions described herein
and to generate output information. The output information may be applied to one or more
output devices. In some embodiments, the communication interfface may be a network
communication interface. In embodiments in which elements may be combined, the

communication interface may be a software communication interface, such as those for inter-
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process communication. In still other embodiments, there may be a combination of

communication interfaces implemented as hardware, software, and combination thereof.

[00117] The term “connected” or "coupled to" may include both direct coupling (in which two
elements that are coupled to each other contact each other) and indirect coupling (in which at

least one additional element is located between the two elements).

[00118] The technical solution of embodiments may be in the form of a software and/or
firmware product configured for various control steps and/or methods. The software and/or
firmware product may be stored in a non-volatile or non-transitory storage medium, which can
be a compact disk read-only memory (CD-ROM), a USB flash disk, or a removable hard disk.
The software and/or firmware product includes a number of instructions that enable an
electronic device (personal computer, server, or network device) to execute the methods

provided by the embodiments.

[00119] The embodiments described herein provide useful physical machines and particularly
configured electronic hardware arrangements. The embodiments described herein are directed
to electronic machines and methods implemented by electronic machines adapted for
processing and transforming electromagnetic signals which represent various types of

information.

[00120] The embodiments described herein pervasively and integrally relate to machines, and
their uses; and the embodiments described herein have no meaning or practical applicability
outside their use with electronic hardware, machines, and various hardware components.
Substituting the physical hardware particularly configured to implement various acts for non-
physical hardware, using mental steps for example, may substantially affect the way the

embodiments work.

[00121] Such electronic hardware limitations are clearly essential elements of the
embodiments described herein, and they cannot be omitted or substituted for mental means
without having a material effect on the operation and structure of the embodiments described
herein. The electronic hardware is essential to implement the various embodiments described

herein and is not merely used to perform steps expeditiously and in an efficient manner.
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[00122] Although the embodiments have been described in detail, it should be understood that
various changes, substitutions and alterations can be made herein without departing from the

scope as defined by the appended claims.

[00123] Moreover, the scope of the present application is not intended to be limited to the
particular embodiments of the process, machine, manufacture, composition of matter, means,
methods and steps described in the specification. As one of ordinary skill in the art will readily
appreciate from the disclosure of the present disclosure, processes, machines, manufacture,
compositions of matter, means, methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve substantially the same result as the
corresponding embodiments described herein may be utilized. Accordingly, the appended
claims are intended to include within their scope such processes, machines, manufacture,

compositions of matter, means, methods, or steps.

[00124] As can be understood, the examples described above and illustrated are intended to

be exemplary only.
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WHAT IS CLAIMED I[S:

1. A method for reducing voltage spikes across switches in a multi-level converter, the

method comprising:
measuring an output voltage of the multi-level converter;

comparing the measured output voltage to a reference output voltage to process
an error value associated with a difference between the measured output voltage

and the reference output voltage;

determining a target duty cycle value based at least on a control feedback loop

mechanism adapted to minimize the error value;

if the target duty cycle value is equal or approximately equal to one or more
critical duty ratio values, controlling the operation of the muiti-level converter to
operate the multi-level converter with an averaging sequence, the averaging
sequence adapted to, on average, result in, or sufficiently approximate, the one
or more critical duty ratio values, but not operate at the one or more critical duty

ratio values; and

generating one or more pulse-width modulated signals to control the operation of
the multi-level converter based on at least one of the target duty cycle and the

averaging sequence.

2. A method for reducing voltage spikes across switches in a multi-level converter, the

method comprising:

receiving an error value associated with a difference between a measured output

voltage and a reference output voltage;

determining a target duty cycle value based at least on a control feedback loop

adapted to minimize the error value,

if the target duty cycle value is equal or approximately equal to one or more
critical duty ratio values, controlling the operation of the multi-level converter to

operate the multi-level converter with an averaging sequence, the averaging
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sequence adapted to, on average, result in, or sufficiently approximate, the one
or more critical duty ratio values, but not operate at the one or more critical duty

ratio values; and

generating one or more pulse-width modulated signals to control the operation of
the multi-level converter based on at least one of the target duty cycle and the

averaging sequence.

The method of any one of claims 1 and 2, wherein the control feedback loop mechanism

is a proportional controlier.

The method of any one of claims 1-3, wherein the control feedback loop mechanism is a

proportional-integrative controller.

The method of any one of claims 1-4, wherein the control feedback loop mechanism isa

proportional-integrative-derivative controlier.

The method of any one of claims 1-5, wherein the multi-level converter is a three-level

buck converter.

The method of any one of claims 1-6, wherein the one or more critical duty ratio values
includes duty ratios where multi-level converters operate with at least one of zero

voltage and current ripple.

The method of any one of claims 1-7, wherein the one or more critical duty ratio values
includes, for an N-level converter, any duty ratio having the form i/(N-1), where i is an

array from 1 to N-2.

The method of any one of claims 1-8, wherein the one or more critical duty ratio values
includes at least one of 0.25, 1/3, 0.5, 2/3, and 0.75.

A system adapted for reducing voltage spikes across switches in a muiti-level converter,

the system comprising:
a first unit configured to measure an output voltage of the multi-level converter;

a second unit configured to compare the measured output voltage to a reference

output voltage; and
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a third unit configured to control the operation of the multi-level converter to
operate the multi-level converter with an averaging sequence, the averaging
sequence adapted to, on average, result in, or sufficiently approximate, one or
more critical duty ratio values, but not operate at the one or more critical duty
ratio values, wherein the averaging sequence is based at least on an error value
determined at least in part by the difference between the measured output

voltage and the reference output voltage.

A system adapted for reducing voltage spikes across switches in a multi-level converter,

the system comprising:

a unit configured to control the operation of the multi-level converter to operate
the multi-level converter with an averaging sequence, the averaging sequence
adapted to, on average, result in, or sufficiently approximate, one or more critical
duty ratio values, but not operate at the one or more critical duty ratio values,
wherein the averaging sequence is based at least on an error value determined
at least in part by the difference between the measured output voltage and the

reference output voltage.

The system of any one of claims 10 - 11, implemented using field programmable gate

array (FPGA) technology.

A method for providing a duty cycle avoidance switching sequence that, on average,
results in one or more desired duty ratios or one or more general input control variables

corresponding to one or more critical operating points.

The method of claim 13, wherein the method is further adapted to maintain proper output
voltage regulation, flying capacitor balance, and symmetry of the inductor current

waveform.

The method of claim 13, wherein the switching sequence is configured to ensure a

symmetric ripple.

A multiple mode controller that, for operating points substantially different from zero-
ripple operating points, operates as a conventional controller, while in the vicinity of the

zero-ripple operating points, operates using a duty cycle avoidance mode, as provided in
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claim 13, and includes one or more modes adapted for smooth frequency/ripple

transitions between conventional and avoidance modes of operation.

The multiple mode controller of claim 16, wherein the multiple mode controller is
adapted to operate in a duty ratio avoidance mode when a desired duty ratio is, between
a first duty ratio and a second duty ratio, and is adapted to operate in a different mode
when the desired duty ratio is beyond the range provided between the first duty ratio and

the second duty ratio.

The muitiple mode controller of claim 17, wherein the multiple mode controller is further
adapted to operate in a transition smoothing mode wherein the switching frequency is

gradually reduced from f to fs/2.
A system configured for operating point avoidance, the system comprising:
a digital pulse-width modulator;

a critical duty cycle avoidance control logic unit for, upon detecting that a desired
duty ratio value is near or equivalent to one or more critical duty ratio values,
controlling the digital pulse-width modulator to operate an averaging sequence,
the averaging sequence adapted to, on average, result in, or sufficiently
approximate, the desired duty ratio, but not operate at the one or more critical

duty ratio values such that the one or more critical operating points are avoided.

The system of claim 18, wherein the converter is further configured to correct for
variations in at least one of gate drive delays, level shift delays, and real-world circuit
implementation non-idealities to achieve the desired duty ratio with non-overlapping

switch operation.

The method of any one of claims 1 and 2, further comprising conducting an automated

circuit analysis to identify the one or more critical duty ratio values.

The method of claim 21, wherein the automated circuit analysis includes simulating the
multi-level converter and approximating the one or more critical duty ratio values based

at least on a number of levels in the multi-level converter.
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The method of claim 21, wherein the automated circuit analysis includes processing of
historical control information stored in a non-transitory machine-readable medium
wherein the one or more critical duty ratio values are identified through approximations
based at least on one of: circuit response, input characteristics, output characteristics,

control parameters, and operating parameters.

The method of any one of claims 1 and 2, wherein generating the one or more pulse-
width modulated signals includes generating control signals provided to four switches
within the multi-level converter, the control signals controlling the switches to change

states in accordance with the averaging sequence.

The method of claim 24, wherein the averaging sequence provides for dead-time
adjustment during the operation of the multi-level converter when then the target duty
cycle value is equal or approximately equal to one or more critical duty ratio values,
thereby reducing a requirement for simultaneous control and reducing a number of

shoot-through paths.

The method of claim 24, wherein the one or more pulse-width modulated signals are
configured to issue simultaneous control signals to up to two switches of the four

switches.

The method of any one of claims 1 and 2, wherein the averaging sequence is configured
to, during a first half of a switching cycle, change a switching node voltage from O to
Vin/2, and during a second half of the switching cycle, change the switching node voltage
from Vin/2 and Vi

The method of any one of claims 1 and 2, wherein one or more dead-band regions are
applied around each of the one or more critical duty ratio values, and wherein when the
desired duty ratio falls within one of the one or more dead-band regions, the averaging

sequence is applied or used to control the multi-level converter.

The method of claim 28, wherein the averaging sequence, during operation in the one or
more dead-band regions, is adapted for provisioning a transition smoothing mode

wherein the switching frequency is gradually reduced from f; to f/2.
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The method of claim 29, wherein the size of the one or more dead-band regions is

determined based at least on a maximum allowable ripple.

The system of any one of claims 10 and 11, wherein the system is configured to conduct

an automated circuit analysis to identify the one or more critical duty ratio values.

The system of claim 31, wherein the automated circuit analysis includes simulating the
multi-level converter and approximating the one or more critical duty ratio values based

at least on a number of levels in the multi-level converter.

The system of claim 31, wherein the automated circuit analysis includes processing of
historical control information stored in a non-transitory machine-readable medium
wherein the one or more critical duty ratio values are identified through approximations
based at least on one of: circuit response, input characteristics, output characteristics,

control parameters, and operating parameters.

The system of any one of claims 10 and 11, wherein generating the one or more pulse-
width modulated signals includes generating control signals provided to four switches
within the multi-level converter, the control signals controlling the switches to change

states in accordance with the averaging sequence.

The system of claim 34, wherein the averaging sequence provides for dead-time
adjustment during the operation of the multi-level converter when then the target duty
cycle value is equal or approximately equal to one or more critical duty ratio values,
thereby reducing a requirement for simultaneous control and reducing a number of

shoot-through paths.

The system of claim 34, wherein the one or more pulse-width modulated signals are
configured to issue simultaneous control signals to up to two switches of the four

switches.

The system of any one of claims 10 and 11, wherein the averaging sequence is
configured to, during a first half of a switching cycle, change a switching node voltage
from 0 to Vju/2, and during a second half of the switching cycle, change the switching
node voltage from V»/2 and Vi

-32-

SUBSTITUTE SHEET (RULE 26)



38.

39.

40.

41.

M,

M)

M,

Terry

WO 2017/008140 PCT/CA2016/000191

The system of any one of claims 10 and 11, wherein one or more dead-band regions are
applied around each of the one or more critical duty ratio values, and wherein when the
desired duty ratio falls within one of the one or more dead-band regions, the averaging
sequence is applied or used to control the multi-level converter.
The system of claim 38, wherein the averaging sequence, during operation in the one or
more dead-band regions, is adapted for provisioning a transition smoothing mode
wherein the switching frequency is gradually reduced from fs to f¢/2.
The system of claim 39, wherein the size of the one or more dead-band regions is
determined based at least on a maximum allowable ripple.
The system of any one of claims 10 and 11, wherein the multi-level converter is
configured to generate gating signals as follows, where D is the desired duty cycle ratio,
and the one or more critical duty ratio values includes D = 0.5:
STATE1 STATE 3 STATE 1 STATE 3 STATE 1 STATE 3
STATE 2 STATE2 | STATE 4 STATE 4
E— | o =
Ty §77 TN 177 7% 1A
l E T M, 3 F s M, L*‘ : s
DY 2 vEDT T 7] F Tpan T2 q
: e ™ , o M| | i o
h /d 122 1 1753 y 172 [ e
) ! L M, [____'— MY '
i L T oTs Mg : T
o [z 1 A 75 BN WL F v
: i ” ’ ox Fav .
rwr w2} L ke "“ Pt Y2
K S¥p2- 1) M2 - ¥y
,d/ ' L ,‘1"’ VTS ! ' 1
D‘ ] IIZ*D: 4 f i 12 4 i i D-17e e :D v
[N TN or—— ]
= i e | E s
DOy §d DT ¥ 12 4 P—i.-'.’ T2 b2
! b H esur 4 devey & H
’/’/‘ I ¥ F\ ' VT
i) f\iij e Tz ‘e &7 ¥ 'E/:“
a; N 2 b w2 G O> 12
-33-

SUBSTITUTE SHEET (RULE 26)



WO 2017/008140 AMENDED CLAIMS PCT/CA2016/000191
received by the International Bureau on
22 November 2016 (22.11.2016)

WHAT IS CLAIMED IS:

1. A method for reducing voltage spikes across switches in a multi-level converter, the

method comprising:
measuring an output voltage of the multi-level converter;

comparing the measured output voltage to a reference output voltage to process
an error value associated with a difference between the measured output voltage

and the reference output voltage;

determining a target duty cycle value based at least on a control feedback loop

mechanism adapted to minimize the error value;

when the target duty cycle value is equal or approximately equal to one or more
critical duty ratio values, controlling the operation of the multi-level converter to
operate the multi-level converter with an averaging sequence, the averaging
sequence adapted to, on average, result in, or sufficiently approximate, the one
or more critical duty ratio values, but not operate at the one or more critical duty

ratio values; and

generating one or more pulse-width modulated signals to control the operation of
the multi-level converter based on at least one of the target duty cycle and the

averaging sequence.

2. A method for reducing voltage spikes across switches in a multi-level converter, the

method comprising:

receiving an error value associated with a difference between a measured output

voltage and a reference output voltage;

determining a target duty cycle value based at least on a control feedback loop

adapted to minimize the error value;

when the target duty cycle value is equal or approximately equal to one or more
critical duty ratio values, controlling the operation of the multi-level converter to

operate the multi-level converter with an averaging sequence, the averaging
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sequence adapted to, on average, result in, or sufficiently approximate, the one
or more critical duty ratio values, but not operate at the one or more critical duty

ratio values; and

generating one or more pulse-width modulated signals to control the operation of
the multi-level converter based on at least one of the target duty cycle and the

averaging sequence.

The method of any one of claims 1 and 2, wherein the control feedback loop mechanism

is a proportional controller.

The method of any one of claims 1-3, wherein the control feedback loop mechanism is a

proportional-integrative controller.

The method of any one of claims 1-4, wherein the control feedback loop mechanism is a

proportional-integrative-derivative controller.

The method of any one of claims 1-5, wherein the multi-level converter is a three-level

buck converter.

The method of any one of claims 1-6, wherein the one or more critical duty ratio values
includes duty ratios where multi-level converters operate with at least one of zero

voltage and current ripple.

The method of any one of claims 1-7, wherein the one or more critical duty ratio values
includes, for an N-level converter, any duty ratio having the form i/(N-1), where i is an

array from 1 to N-2.

The method of any one of claims 1-8, wherein the one or more critical duty ratio values
includes at least one of 0.25, 1/3, 0.5, 2/3, and 0.75.

A system adapted for reducing voltage spikes across switches in a multi-level converter,

the system comprising:

a first unit configured to measure an output voltage of the multi-level converter;

a second unit configured to compare the measured output voltage to a reference

output voltage; and
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a third unit configured to control the operation of the multi-level converter to
operate the multi-level converter with an averaging sequence, the averaging
sequence adapted to, on average, result in, or sufficiently approximate, one or
more critical duty ratio values, but not operate at the one or more critical duty
ratio values, wherein the averaging sequence is based at least on an error value
determined at least in part by the difference between the measured output

voltage and the reference output voltage.

A system adapted for reducing voltage spikes across switches in a multi-level converter,

the system comprising:

a unit configured to control the operation of the multi-level converter to operate
the multi-level converter with an averaging sequence, the averaging sequence
adapted to, on average, result in, or sufficiently approximate, one or more critical
duty ratio values, but not operate at the one or more critical duty ratio values,
wherein the averaging sequence is based at least on an error value determined
at least in part by the difference between the measured output voltage and the

reference output voltage.

The system of any one of claims 10 - 11, implemented using field programmable gate

array (FPGA) technology.

A method for providing a duty cycle avoidance switching sequence that, on average,
results in one or more desired duty ratios or one or more general input control variables

corresponding to one or more critical operating points, the method comprising:

when the one or more desired duty cycle ratios are equal or approximately equal to any
critical operating point of the one or critical operating points, controlling operation of a
multi-level converter to operate the multi-level converter in accordance with an averaging
sequence, the averaging sequence adapted to, on average, result in, or sufficiently
approximate, the one or more critical operating points, but not operate at the one or

more critical operating points.
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14. The method of claim 13, wherein the method is further adapted to maintain proper output
voltage regulation, flying capacitor balance, and symmetry of the inductor current

waveform.

15. The method of claim 13, wherein the switching sequence is configured to ensure a

5 symmetric ripple.

16. A multiple mode controller that, for operating points substantially different from zero-
ripple operating points, operates as a conventional controller, while in the vicinity of the

zero-ripple operating points, operates using a duty cycle avoidance mode;

wherein the multiple mode controller is configured to control a multi-level converter in
10 accordance with an averaging sequence, the averaging sequence adapted to, on
average, result in, or sufficiently approximate, the zero-ripple operating points, but not

operate at the zero-ripple operating points; and

wherein the duty cycle avoidance mode includes one or more modes adapted for
smooth frequency or ripple transitions between conventional and avoidance modes of

15 operation.

17. The multiple mode controller of claim 16, wherein the multiple mode controller is adapted
to operate in the duty ratio avoidance mode when a desired duty ratio is between a first
duty ratio and a second duty ratio, and is adapted to operate in a different mode when
the desired duty ratio is beyond the range provided between the first duty ratio and the

20 second duty ratio.

18. The multiple mode controller of claim 17, wherein the multiple mode controller is further
adapted to operate in a transition smoothing mode wherein the switching frequency is

gradually reduced from f; to f;/2.
19. A system configured for operating point avoidance, the system comprising:
25 a digital pulse-width modulator;

a critical duty cycle avoidance control logic unit for, upon detecting that a desired
duty ratio value is near or equivalent to one or more critical duty ratio values,

controlling the digital pulse-width modulator to operate an averaging sequence,
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the averaging sequence adapted to, on average, result in, or sufficiently
approximate, the desired duty ratio, but not operate at the one or more critical

duty ratio values such that the one or more critical operating points are avoided.

The multiple mode controller of claim 18, wherein the multi-level converter is further
configured to correct for variations in at least one of gate drive delays, level shift delays,
and real-world circuit implementation non-idealities to achieve the desired duty ratio with

non-overlapping switch operation.

The method of any one of claims 1 and 2, further comprising conducting an automated

circuit analysis to identify the one or more critical duty ratio values.

The method of claim 21, wherein the automated circuit analysis includes simulating the
multi-level converter and approximating the one or more critical duty ratio values based

at least on a number of levels in the multi-level converter.

The method of claim 21, wherein the automated circuit analysis includes processing of
historical control information stored in a non-transitory machine-readable medium
wherein the one or more critical duty ratio values are identified through approximations
based at least on one of: circuit response, input characteristics, output characteristics,

control parameters, and operating parameters.

The method of any one of claims 1 and 2, wherein generating the one or more pulse-
width modulated signals includes generating control signals provided to four switches
within the multi-level converter, the control signals controlling the switches to change

states in accordance with the averaging sequence.

The method of claim 24, wherein the averaging sequence provides for dead-time
adjustment during the operation of the multi-level converter when then the target duty
cycle value is equal or approximately equal to one or more critical duty ratio values,
thereby reducing a requirement for simultaneous control and reducing a number of

shoot-through paths.

The method of claim 24, wherein the one or more pulse-width modulated signals are
configured to issue simultaneous control signals to up to two switches of the four

switches.
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The method of any one of claims 1 and 2, wherein the averaging sequence is configured
to, during a first half of a switching cycle, change a switching node voltage from 0 to
Vin/2, and during a second half of the switching cycle, change the switching node voltage
from V»/2 and Vi,

The method of any one of claims 1 and 2, wherein one or more dead-band regions are
applied around each of the one or more critical duty ratio values, and wherein when the
desired duty ratio falls within one of the one or more dead-band regions, the averaging

sequence is applied or used to control the multi-level converter.

The method of claim 28, wherein the averaging sequence, during operation in the one or
more dead-band regions, is adapted for provisioning a transition smoothing mode

wherein the switching frequency is gradually reduced from f; to f./2.

The method of claim 29, wherein the size of the one or more dead-band regions is

determined based at least on a maximum allowable ripple.

The system of any one of claims 10 and 11, wherein the system is configured to conduct

an automated circuit analysis to identify the one or more critical duty ratio values.

The system of claim 31, wherein the automated circuit analysis includes simulating the
multi-level converter and approximating the one or more critical duty ratio values based

at least on a number of levels in the multi-level converter.

The system of claim 31, wherein the automated circuit analysis includes processing of
historical control information stored in a non-transitory machine-readable medium
wherein the one or more critical duty ratio values are identified through approximations
based at least on one of: circuit response, input characteristics, output characteristics,

control parameters, and operating parameters.

The system of any one of claims 10 and 11, wherein generating the one or more pulse-
width modulated signals includes generating control signals provided to four switches
within the multi-level converter, the control signals controlling the switches to change

states in accordance with the averaging sequence.
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The system of claim 34, wherein the averaging sequence provides for dead-time
adjustment during the operation of the multi-level converter when then the target duty
cycle value is equal or approximately equal to one or more critical duty ratio values,
thereby reducing a requirement for simultaneous control and reducing a number of

shoot-through paths.

The system of claim 34, wherein the one or more pulse-width modulated signals are
configured to issue simultaneous control signals to up to two switches of the four

switches.

The system of any one of claims 10 and 11, wherein the averaging sequence is
configured to, during a first half of a switching cycle, change a switching node voltage
from 0 to Vj,/2, and during a second half of the switching cycle, change the switching

node voltage from Vj,/2 and V)

The system of any one of claims 10 and 11, wherein one or more dead-band regions are
applied around each of the one or more critical duty ratio values, and wherein when the
desired duty ratio falls within one of the one or more dead-band regions, the averaging

sequence is applied or used to control the multi-level converter.

The system of claim 38, wherein the averaging sequence, during operation in the one or
more dead-band regions, is adapted for provisioning a transition smoothing mode

wherein the switching frequency is gradually reduced from f; to f./2.

The system of claim 39, wherein the size of the one or more dead-band regions is

determined based at least on a maximum allowable ripple.

The system of any one of claims 10 and 11, wherein the multi-level converter is
configured to generate gating signals, where D is the desired duty cycle ratio, and the
one or more critical duty ratio values includes D = 0.5, the gating signals controlling
operation of corresponding switches of the multi-level converter to provide the averaging
sequence based at least on the difference between the measured output voltage and the

reference output voltage.
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