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voltages via first and second semiconductor
switches, respectively, separated by inter-
vening dead-time periods in accordance
with one or more driver control signals. A
dead-time controller is configured to adapt-
ively adjusting the dead-time periods based
on the resonant input voltage.
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RESONANT POWER CONVERTER COMPRISING ADAPTIVE DEAD-TIME
CONTROL

The invention relates in a first aspect to a resonant power converter comprising

a first power supply rail for receipt of a positive DC supply voltage and a second
power supply rail for receipt of a negative DC supply voltage. The resonant power
converter comprises a resonant network with an input terminal for receipt of a reso-
nant input voltage from a driver circuit. The driver circuit is configured for alternating-
ly pulling the resonant input voltage towards the positive and negative DC supply
voltages via first and second semiconductor switches, respectively, separated by
intervening dead-time periods in accordance with one or more driver control signals.
A dead-time controller is configured to adaptively adjusting the dead-time periods

based on the resonant input voltage.

BACKGROUND OF THE INVENTION

A sub-group of resonant power converter comprises a piezoelectric transformer as a

resonant circuit or resonant tank. Piezoelectric power converters are a viable alter-
native to traditional magnetics based resonant power converters in numerous volt-
age or power converting applications such as AC/AC, AC/DC, DC/AC and DC/DC
power converter applications. Piezoelectric power converters are capable of provid-
ing high isolation voltages and high power conversion efficiencies in a compact
package with low EMI radiation. The piezoelectric transformer is normally operated
in a narrow frequency band around its fundamental or primary resonance frequency
with a matched load coupled to the output of the piezoelectric transformer. The op-
timum operating frequency or excitation frequency shows strong dependence on
different parameter such as temperature, load, fixation and age. So-called zero-
voltage-switching (ZVS) operation, or soft-switching, of a driver circuit, coupled to
the input terminal of a resonant network, which may comprise a piezoelectric trans-
former, may be achieved via the intrinsic input impedance characteristics of the res-
onant network or may be achieved by coupling an external inductor in series or par-
allel with the output signal supplied by the driver circuit. In both cases an input im-
pedance of the resonant network may appear inductive across a relatively large fre-
quency range such that capacitances at the output of the driver circuit can be alter-

natingly charged and discharged by resonant current during dead-time periods of
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the driver circuit without inducing prohibitive power losses. The driver circuit may

comprise a half-bridge or full-bridge MOS transistor circuit.

For obtaining the desired zero voltage switching (ZVS), a dead-time period or inter-
val (DT) of the driver circuit needs to be sufficiently large to allow charging and dis-
charging of the input terminal of the resonant network. The present inventors have
discovered that a dead-time period shorter than required for zero voltage switching
causes hard switching of the driver circuit. Likewise, a dead-time period longer than
required for zero voltage switching may either cause hard switching of the driver
circuit or may cause soft switching of the driver circuit with sub-optimum efficiency.
However, prior art resonant power converters have been provided with a fixed dead-
time period, for example tailored to characteristics of a particular piezoelectric trans-
former at fixed operating conditions. The fixed dead-time period is unable to account
for manufacturing tolerances and drift of active and passive electronic components
of the resonant power converter, in particular those of a piezoelectric transformer.
Hence, the use of fixed dead-time period leads to increased power consumption of
practical resonant power converters where the above-mentioned manufacturing tol-

erances and drift of active and passive electronic components are inevitable.

Hence, it would be advantageous to provide adjustable dead-time periods of appro-
priate length or duration to secure zero voltage switching of the driver circuit of a
resonant power converter, including piezoelectric power converters, for the purpose

of minimizing power losses or optimizing energy conversion efficiency.

SUMMARY OF THE INVENTION

A first aspect of the invention relates to a resonant power converter comprising:

a first power supply rail for receipt of a positive DC supply voltage and a second
power supply rail for receipt of a negative DC supply voltage,

a resonant network comprising an input section and an output section wherein the
input section comprises an input terminal for receipt of a resonant input voltage and
the output section comprises an output terminal for providing a resonant output
voltage in response to the resonant input voltage,

a driver circuit comprising a first semiconductor switch coupled to the positive DC

supply voltage and a second semiconductor switch coupled to the negative DC sup-
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ply voltage and a driver output connected to the input terminal for supply of the res-
onant input voltage;

wherein the driver circuit is configured for alternatingly pulling the resonant input
voltage towards the positive and negative DC supply voltages via the first and sec-
ond semiconductor switches, respectively, separated by intervening dead-time peri-
ods in accordance with one or more driver control signals,

a dead-time controller configured to adaptively adjusting the dead-time periods

based on the resonant input voltage.

The dead-time controller is able to provide adequate length or duration of the dead
time periods of the driver circuit to deliver sufficient energy for charging and dis-
charging the input capacitance at the input terminal of the resonant network - for
example an input electrode of a piezoelectric transformer. This feature enables zero
voltage switching (ZVS) and/or zero current switching (ZCS) of the driver circuit
such that energy consumption involved in the switching activity of the first and sec-

ond semiconductor switches of driver circuit is minimized.

According to one embodiment of the resonant power converter, the dead-time con-
troller is configured to independently adjust low to high dead time periods and high
to low dead time periods. The skilled person will understand that the resonant input
voltage transits from the positive DC supply voltage to the negative DC supply volt-
age during the high to low dead time period. The resonant input voltage furthermore
transits from the negative DC supply voltage to the positive DC supply voltage dur-
ing the low to high dead time period as discussed in further detail below with refer-

ence to the appended drawings.

The independent adjustment of the low to high dead time periods and high to low
dead time periods is an advantageous feature, because experimental results show
that the optimum setting of these dead-times may differ markedly. This difference in
optimum dead time settings is inter alia caused by different electrical characteristics,
e.g. on-resistance and parasitic capacitance, of the first and second semiconductor
switches and differences of capacitance loading at the input terminal of the resonant

network.
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According to one such embodiment the dead-time controller is configured to inde-
pendently adjust the low to high dead time period and high to low dead time period
of each switching cycle of the resonant input voltage or at least during a majority of

the switching cycles.

The dead-time controller of the resonant power converter may utilize various fea-
tures of the resonant input voltage for detecting an optimum dead time period and
adaptively adjusting the dead-time period. The dead-time controller may be config-
ured to independently adjust the high to low dead-time period and low to high dead
time period during every switching cycle, or at least the majority of switching cycles
for example more than 75 % of the switching cycles, of the resonant input voltage
based on an instantaneous value thereof. The switching cycle is determined by a
switching frequency of the resonant power converter. Alternatively, the dead-time
controller may be configured to adjust the high to low dead-time periods and the low
to high dead time periods during a specific operating condition of the power convert-
er for example solely during a start-up phase or initialization time of the resonant
network or solely during steady state operation of the resonant network as dis-
cussed in further detail below with reference to the appended drawings. The adap-
tive adjustment of the dead-time periods may hence result in a decrease of energy
loss and consequently increased energy efficiency of the resonant power converter
both during the start-up phase and during steady state operation of the resonant

power converter.

If the resonant network comprises a piezoelectric transformer which may possess a
zero-voltage-switching factor (ZVS factor) larger than 100%, preferably larger than
120%, such as larger than 150% or 200%. This means the piezoelectric transformer
possesses native ZVS properties or characteristics as discussed in further detail for
example in U.S. patent application No. 14/237,432. A number of highly useful piezo-
electric transformers suitable for application in the present piezoelectric power con-
verters with high power conversion efficiencies and native ZVS properties are dis-

closed in European patent application No. 11176929.5.

The driver circuit may comprise a half-bridge or H-bridge driver. The half-bridge

driver circuit may comprise a first semiconductor switch and a second semiconduc-
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tor switch coupled in series between the positive DC supply voltage and the nega-
tive DC supply voltage. A midpoint node between the first and second semiconduc-
tor switches may be deliver the driver output voltage or signal to the input terminal of
the resonant network such as an input electrode or electrodes of a primary/input
section of the piezoelectric transformer. Each of the first and second semiconductor
switches may comprise a MOSFET for example a DMOS, PMOS or NMOS device.
Each of the first and second semiconductor switches further comprises a control
terminal or input such as a gate terminal for receipt of the driver control signal. A first
driver control signal of the first semiconductor switch is configured to switch the first
semiconductor switch between a conducting/ON state and a non-conducting/OFF
state. A second driver control signal of the second semiconductor switch is likewise
configured to switch the second semiconductor switch between a conducting/ON
state and a non-conducting/OFF state. The first and second driver control signals
are preferably non-overlapping such that the first semiconductor switch pulls the
resonant input voltage towards the positive DC supply voltage via its relatively small
on-resistance in the conducting state and the second semiconductor switch after the
intervening dead-time period pulls the resonant input voltage towards the negative
DC supply voltage via its relatively small on-resistance in the conducting state.
Hence, during the dead time periods the resonant input voltage or signal is alternat-
ingly charged and discharged from, the positive DC supply voltage to the negative
DC supply voltage and vice versa by resonant current flowing through an intrinsic
input impedance of the piezoelectric transformer and/or by resonant current flowing
through, or out of, a series inductor of the resonant network as discussed in further
detail below with reference to the appended drawings. The resonant input signal is
clamped to the positive DC supply voltage in a first time period where the first semi-
conductor switch is conducting and the second semiconductor switch non-
conducting. Likewise, the resonant input signal is clamped to the negative DC sup-
ply voltage in a second time period where the second semiconductor switch is con-

ducting and the first semiconductor switch non-conducting.

Hence, according to one embodiment of the resonant power converter, the first sem-
iconductor switch comprises a conducting state where the input terminal is connect-
ed to the positive DC supply voltage and the second semiconductor switch compris-

es a conducting state where the input terminal is connected to the negative DC sup-
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ply voltage; and where the first semiconductor switches is in a non-conducting state
during the dead-time periods and the second semiconductor switch is in a non-

conducting state during the dead-time periods.

The switching frequency of the resonant power converter may lie between 75 kHz
and 500 kHz such as between 100 kHz and 150 kHz. The resonant power converter
may comprise a feedback loop which induces self-oscillation of the resonant power
converter. The feedback loop ensures that the switching or excitation frequency au-
tomatically tracks changing characteristics of a piezoelectric transformer and elec-

tronic circuitry of the input side of the power converter.

According to one embodiment, the dead-time controller utilizes a level or amplitude
of the instantaneous resonant input voltage to detect the respective time instant to
switch the first semiconductor switch to its conducting state or on-state and thereby
terminate the low to high dead time period. Likewise, the dead-time controller utiliz-
es the level or amplitude of the instantaneous resonant input voltage to detect the
time instant to switch the second semiconductor switch to its conducting state or on-
state and thereby terminate the high to low dead time period. According to another
embodiment, the dead-time controller utilizes a waveform shape of the instantane-
ous resonant input voltage to detect the respective time instants or phases at which
to switch the first or second semiconductor to the conducting state as discussed in

further detail below with reference to the appended drawings.

The dead-time controller may be configured to adjust a phase or timing of the first
driver control signal of the first semiconductor switch to adaptively adjust the dura-
tion of the low to high dead time period and a phase or timing of the second driver
control signal of the second semiconductor switch to adaptively adjust the duration
of the high to low dead time period as discussed in further detail below with refer-

ence to the appended drawings.

The dead-time controller may comprise a steady-state controller configured to adjust
the high to low dead time period and the low to high dead time period during steady
state operation of the resonant power converter. One embodiment of the tsteady-

state controller comprises:
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a first comparator configured to compare the instantaneous resonant input voltage
to the positive DC supply voltage and supply a first comparator output signal (Zys)
for adjusting the phase of the first driver control signal in accordance with the first
comparator output signal. A second comparator of the steady-state controller may
be configured to compare the instantaneous resonant input voltage to the negative
DC supply voltage and supply a second comparator output signal (Z.s) for adjusting
the phase of the second driver control signal in accordance with the second com-
parator output signal.

The dead-time controller may comprise a start-up controller configured to detect a
waveform shape of the instantaneous resonant input voltage; and

generating a first control signal (Zyy) for adjusting the phase of the first driver control
signal in accordance with the waveform shape; and/or

generating a second control signal (Zy, ) for adjusting the phase of the second driver

control signal in accordance with the waveform shape.

The start-up controller may be configured to detect the waveform shape of the reso-
nant input voltage by comparing the instantaneous resonant instantaneous trans-
former input voltage with a delayed replica of the resonant input voltage as dis-
cussed in further detail below with reference to the appended drawings. The wave-
form shape of the resonant input voltage may be utilized by the dead-time controller
to detect a local maximum of the waveform of the instantaneous resonant input volt-
age in response to the delayed replica of the resonant input voltage exceeds the
instantaneous resonant input voltage; and/or

detect a local minimum of the waveform of the instantaneous resonant input voltage
in response to the delayed replica of the resonant input voltage falls below the in-

stantaneous resonant input voltage.

The dead-time controller may be configured to limit the instantaneous resonant input
voltage between a lower threshold voltage and an upper threshold voltage before
detecting the local maximum and/or detecting the local minimum. The lower thresh-
old voltage may for example lie between 0.05 and 0.45 times the positive DC supply
voltage such as between 0.05 and 0.2 times the positive DC supply voltage. The
upper threshold voltage may lie between 0.55 and 0.95 times the positive DC supply
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voltage, such as between 0.55 and 0.95 times the positive DC supply voltage, if the

negative DC supply voltage is ground or zero volt.

The dead-time controller may comprise a first digital OR circuit configured to logical-
ly OR the first comparator output signal and the first control signal; and
a second digital OR circuit configured to logically OR the second comparator output

signal and the second control signal.

As discussed above, the driver circuit and the resonant network are preferably con-
figured for ZVS operation or ZCS operation at the switching frequency of the reso-
nant power converter to charge and discharge the resonant input voltage during the

dead-time periods with minimal power consumption.

As discussed previously, the resonant network may comprise a piezoelectric trans-
former wherein the primary or input section of the piezoelectric transformer is cou-
pled to the resonant input voltage to supply a transformer input voltage. The sec-
ondary section of the piezoelectric transformer may generate the resonant output

voltage.

The skilled person will understand that any of the previously described embodiments
of the resonant power converter may comprise a rectification circuit coupled to the
resonant output voltage of the resonant network. The resonant output voltage may
comprise an output signal of the secondary side of an isolation, step-up or step-
down transformer of the resonant power converter such as the piezoelectric trans-
former. The rectification circuit may comprise a half-wave rectifier or a full-wave rec-

tifier.

A second aspect of the invention relates to a method of adaptively controlling a
dead-time interval of a driver circuit of a resonant power converter. The method may
comprise steps of:

generating first and second non-overlapping driver control signals for the driver cir-
cuit in accordance with a switching frequency of the resonant power converter,

wherein the driver circuit is coupled between positive and negative DC supply volt-
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ages for supply of power,

applying the first and second non-overlapping driver control signals to the driver
circuit to generate a driver output signal alternating between the positive DC supply
voltage and negative DC supply voltage separated by intervening low to high dead
time periods and high to low dead time periods,

applying the driver output voltage to an input section of the resonant network to
generate a resonant input voltage,

generating a resonant output voltage in response to the resonant input voltage at an
output section of the resonant network ,

detecting a feature of the resonant input voltage,

adjusting durations of the low to high dead time periods based on the detected fea-
ture of the resonant input voltage and independently adjusting durations of the high
to low dead time periods based on the detected feature of the resonant input volt-

age.

The method may comprise detecting the instantaneous resonant input voltage dur-
ing each switching cycle of the switching frequency of the resonant power converter
and independently adjusting the low to high dead time period and the high to low
dead time period ted accordingly in response. Other embodiments may be config-
ured to independently adjusting the low to high dead time period and/or the high to
low dead time period less frequently for example during every second, third or fourth

switching cycle of the resonant input voltage.

The method may further comprise adjusting a phase of a first driver control signal of
the first semiconductor switch to adjust the low to high dead time period; and
adjusting a phase of a second driver control signal of the second semiconductor

switch to adjust the high to low dead time period.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described in more detail in connection

with the appended drawings, in which:
FIG. 1 shows a simplified schematic block diagram of a prior art piezoelectric power

converter,
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FIGS. 1A, 1B and 1C show respective plots of equivalent circuits and resonant cur-
rent flow of the piezoelectric transformer of the piezoelectric power converter during
eight separate time sub-intervals of a switching cycle,

FIG. 2A) shows corresponding waveforms of transformer input voltage and resonant
current during one switching cycle of the prior art piezoelectric power converter in
steady state operation where ZVS is achieved,

FIG. 2B) shows corresponding waveforms of transformer input voltage and resonant
current during one switching cycle of the prior art piezoelectric power converter in
steady state operation where ZVS is achieved,

FIG. 3A) shows a first example of corresponding waveforms of the transformer input
voltage and resonant current during one switching cycle of the prior art piezoelectric
power converter during a start-up phase or period of the converter,

FIG. 3B) shows a second example of corresponding waveforms of the transformer
input voltage and resonant current during one switching cycle of the prior art piezoe-
lectric power converter in steady state operation,

FIG. 4A) shows corresponding waveforms of the resonant input voltage and reso-
nant current during one switching cycle of a resonant power converter, based on a
piezoelectric transformer, in accordance with a first embodiment of the invention in
steady state operation where the dead-time period is optimum and ZVS is achieved,
FIG. 4B) shows corresponding waveforms of the resonant input voltage and reso-
nant current during one switching cycle of the piezoelectric power converter in ac-
cordance with the first embodiment during a start-up phase or period where the
dead-time period is optimum,

FIG. 5 is a simplified schematic circuit diagram of the resonant power converter in
accordance with the first embodiment of the invention,

FIG. 5A is a simplified schematic circuit diagram of a resonant power converter
based on a LCC power converter in accordance with a second embodiment of the
invention,

FIG. 6 is a schematic block diagram of a preferred embodiment of the dead-time
controller of the first and second embodiments of the resonant power converter; and
FIG. 7 shows experimentally measured normalized voltage and current waveforms
of the transformer input voltage and resonant current of the piezoelectric power con-
verter captured through several switching cycles of the start-up phase and corre-

sponding waveforms of a prior art piezoelectric power converter.
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The below-appended description of preferred embodiments of the piezoelectric

power converters uses the following:
NOMENCLATURE:

Ve: Transformer input voltage or switching voltage.

ires: Resonant current of piezoelectric transformer.

lox : Peak value of the resonant current of the piezoelectric transformer.
w : Switching angular frequency.

Cd1: Input electrode capacitance of the piezoelectric transformer.
Cd2: Output electrode capacitance of the piezoelectric transformer.

R: Dielectric losses inside the piezoelectric transformer.

C: Resonant capacitance of the piezoelectric transformer.

L: Internal inductance of the piezoelectric transformer.

Coss: Output capacitance of MOSFETSs of a driver circuit.

Cin: Equivalent input capacitance of the piezoelectric transformer attached to a driver
circuit.

DT: Dead time.

ODT: Optimum dead time.

FIG. 1 shows a simplified schematic block diagram of a prior art resonant power
converter 100 based on a piezoelectric transformer 104. The piezoelectric trans-
former, PT, 104 is represented by a simplified equivalent electric circuit diagram
inside box 104. A lower waveform plot 101 of FIG. 1 shows various voltage and cur-
rent waveforms of the prior art piezoelectric power converter 100 during operation at
a certain switching or excitation frequency as discussed in further detail below. The
piezoelectric power converter 100 additionally comprises an input driver circuit 103
electrically coupled to an input electrode of the piezoelectric transformer 104 for
receipt of transformer input voltage V. Hence, the transformer input signal applies
an ac input drive signal to the input or primary section of the piezoelectric transform-

er 104. A driver control circuit (not shown) may be generating appropriately timed
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gate control signals for NMOS transistors S4 and S, of the input driver 103. A sec-
ond input electrode of the piezoelectric transformer 104 may be connected to a neg-
ative DC supply rail such as ground, GND, as illustrated. An electrical load R, may
be coupled between a pair of output electrodes of the piezoelectric transformer 104.
The pair of pair of output electrodes is electrically coupled to a secondary or output
section of the piezoelectric transformer 104 as indicated by the 1:N transformer

symbol.

In piezoelectric power converters switches are normally semiconductor devices such
as MOSFETs with a build-in delay time. This delay time applies to a gate drive sig-
nal to start up a switching of the state of the semiconductor switch. Typically, the
turn on and turn off delay time of the semiconductor switch differs. Therefore, an
amount of delay is given to the gate drive signal to prevent simultaneous conducting
states on of the semiconductor switches. Therefore, a dead time period or interval is
usually defined as a time interval during a switching transition where both semicon-
ductor switches, e.g. MOSFETS, are in non-conducting states, i.e. turned off. A driv-
er circuit with a half-bridge topology, coupled to an input electrode of the piezoelec-
tric transformer, should preferably have a dead-time period arranged in-between the
conducting state periods of the semiconductor switches in order to avoid cross-
conduction or shoot through between the semiconductor switches. In piezoelectric
power converters, the semiconductor switches of the driver circuit need to supply
reactive energy to an input capacitor or capacitance associated with the primary
section of the piezoelectric transformer. However, the dead-time period provides
appropriate time for charging and discharging this input capacitance of the primary
section of the piezoelectric transformer. In contrast only MOSFET's output capaci-
tances need to be charged by resonant current of LCC resonant power converters.

These MOSFET's output capacitances are typically around hundreds of pF.

In piezoelectric power converters, the output capacitances of the semiconductor
switches and the input capacitance associated with the primary section of the piezo-
electric transformer must be charged by resonant current to raise the resonant input
voltage at input electrode from the negative DC supply voltage or rail, e.g. ground 0
(V), to the positive DC supply voltage or rail as previously discussed. Since the input

capacitance associated with the primary section of the piezoelectric transformer is
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normally in the range of nF it requires longer time for the resonant current to provide
enough charge to the capacitances. Hence, the dead-time of the input driver of a
piezoelectric power converter is normally longer or larger than the dead-time of the
input driver of a LCC resonant converter. It is often advantageous to keep the dead-
time of the input driver of a piezoelectric power converter as short as possible in
order to increase power conversion efficiency. Furthermore, this feature will prolong
injection of energy to the piezoelectric transformer during turn on time of a high side
switch pulling the input the output of the driver circuit towards the positive DC supply
voltage. The behaviour of input inductor less piezoelectric power converters where
ZV/'S operation of the input driver circuit is achieved is analysed in the following with
reference to the different operating modes illustrated on the plots of FIGS. 1A, 1B
and 1C. The present analysis is generally carried out for 8 different operating modes
which are divided into 4 intervals. Each of these 4 intervals comprises 2 subintervals
as discussed below. Therefore, voltage waveforms of the transformer input voltage
Ve through a switching cycle of the input voltage are shown as t, — t1, with respect to
V. FIG. 2 shows both the transformer input voltage Ve and corresponding resonant
current l,.s waveforms during one switching cycle in steady state of the piezoelectric
power converters where ZVS operation is achieved. The plots a-h of FIGS. 1A), 1B)
and 1C) show eight different operating modes. The below-appended analysis is

based on the following three assumptions:
1) The converter's input capacitor is considered as summation of the input capaci-
tance Cyy of the piezoelectric transformer 104 and the sum of output capacitances of
the first and second semiconductor switches S; and S,, typically MOSFETS,

Cin =2 Coss"'Cd1 (1)

2) Negligible parasitic components;

3) Fundamental resonating of the piezoelectric transformer due to its high quality

factor.

Therefore, Mason's lumped circuit is used to demonstrate operation of the piezoe-

lectric power converter in terms of resonant current and switching voltages of the
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semiconductor switches Sq and S, of the input driver 103. Resonant current is also
illustrated to allow detailed investigation of the operating modes. Output capacitors
of S1and S, and Cq, are considered to be the input capacitance of the input section
of piezoelectric transformer 104 since parasitic capacitances of a MOSFET based
semiconductor switch is typically much lower than Cq, or in the other hand they
would be charged and discharged together in the dead-time period. Furthermore,

the dead-time period is studied in detail below.

1) S, is in a conducting switch state or ON while S, is in a non-conducting switch
state or OFF state: Time interval t1, — t,. The input capacitance of the piezoelectric
transformer 104 is fully discharged and essentially short circuited through the rela-
tively small on-resistance of semiconductor switch S, which is a low-side switch of
the input driver. At ty, S,is turned on and resonant current |5 freewheels through S,
and changes direction at some point in time which is labelled as t,. There is a minor
voltage difference across S, while it is conducting. At time instant ty, the resonant
current has crossed zero and changes direction from forward to reverse and the
operation of the piezoelectric power converter is illustrated in two subintervals by
plots a and b of FIG. 1A. Plot a and plot b show an equivalent circuit and a resonant
current flow during each of these time intervals. The below listed set of equations (2)

formulates the resonant current and the switching voltage at this interval.

Velt)y =0

Vives(t) ==Ly sin{eor — ¢y}

2) Both S, and S, are in a non- conducting switch state or OFF: Time interval t, — ts.
During this time interval both semiconductor switches are OFF and the resonant
current keeps its direction in the reverse orientation going through Cyq to a voltage
slightly above the positive DC supply voltage Vpc until a high-side body diode, i.e.
the body diode 113a of MOSFET switch S4, clamps the transformer input voltage V¢
at Vpc. Plot ¢ of FIG. 1A shows the equivalent circuit and current flow in this time
interval and the set of equations (3) below describes the voltage and current wave-

forms.



WO 2017/001184 PCT/EP2016/063582

10

15

20

25

15

Vilt) = f’f- {cos(wt — ¢) —cos{own, — ;) + 0
(3)

fres(t) = Loy sin{@t — d)

During time interval ts — t6, the high-side body diode 113a of MOSFET switch S
starts to conduct reverse resonant current. Therefore, the transformer input voltage
Ve is clipped to the sum of diode voltage drop across the body diode and Vpc. This
time interval is not requisite because Cqqis already charged sufficiently to produce
ZVS or soft switching. Plot d of FIG. 1B shows the equivalent circuit and current flow
in this time interval and the set of equations (4) below describes the voltage and

current waveforms.

fw (1) = Vo +Vi
(4}

l‘;m(!} == 'FM ”»"{mf - ﬁg}")

3) S¢is in a conducting switch state or ON while S, is in a non-conducting switch
state or OFF: Time interval ts — ts. The high side MOSFET S, is conducting and the
resonant current Is freewheels through S4 to be provided to the piezoelectric trans-
former. There is in practice a minor voltage difference across the finite on-resistance
of S1 while conducing. At t, the resonant current | has crossed zero or ground and
changes direction from reverse to forward. The operation of the piezoelectric power
converter is therefore illustrated in two subintervals by plots e and f of FIG. 1B. The
plots e and f show an equivalent circuit and current flow during each of these time
intervals. The below listed set of equations (5) formulates the resonant current and

the switching voltage Ve during this time interval.

Vilt) = Vix

frex(t) = e sin{or — ¢y )
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4) Both S, and S are in a non- conducting switch state or OFF: Time interval tg — t12.
At time instant tg the high-side switch S, is turned off. During this interval both S,
and S; are in OFF states and the resonant current |5 keeps its direction in the for-
ward orientation by being fed through the input capacitance Cq1. The input capaci-
tance Cq, is discharged and the voltage across Cqq drops to a level slightly below
ground until a low side body diode 113b of S, clamps at time instant t4,. Plot g of
FIG. 1C shows the equivalent circuit and current flow in this time interval and the set

of equations (6) below describes the voltage and current waveforms of |5 and V.

Velt) = f*ﬁ- {cos(wt — §;) —cos(otg — @) + Vor
) {6}

fros () = Ly sin{t — ¢y )

Time interval t;, — t12. At t4; the low side body diode of S, starts to conduct forward
the resonant current. Therefore, the transformer input voltage Vr is clipped at a level
of one diode voltage drop below ground. This time interval is not requisite because
Cq1 is already discharged completely to produce ZVS or soft switching. Plot h of FIG.
1C shows the equivalent circuit and current flow in this time interval and the set of
equations (7) below describes the resonant current and the switching voltage V¢
during this time interval.

Velt) ==V

Bren (1) = Ly sin{wr — &)

As previously mentioned it is important to have a sufficient duration or length of the
intervening dead-times periods between the alternatingly conducting switch states of
the first and second semiconductor switches S;and S, The duration of each of
these dead time periods have often been shorter or longer than required to provide
optimal ZVS operation for the reasons discussed above. This situation causes so-

called hard switching of the first and and/or second semiconductor switches S; and
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S, and leads to a marked increase of the power consumption of the driver circuit.
FIGS. 2A) and 2B) show these situations in the steady state operation of the prior

rat piezoelectric power converter 100 depicted schematically on FIG. 1.

In contrast, the piezoelectric power converter 500 in accordance with the first em-
bodiment of the present invention provides soft-switching of the first and and/or sec-
ond semiconductor switches S¢and S, of the driver circuit 503 by making an appro-
priate adaptation of the dead-time period of the driver circuit. In this manner, the
dead-time may be adaptively adjusted to charge and discharge the input capaci-
tance Cy, of the piezoelectric transformer 504 to the positive DC supply voltage Vpc
and the negative DC supply voltage - for example ground or 0 V. FIG. 5 shows one
embodiment of a piezoelectric power converter 500 in accordance with the present
invention where a dead-time controller is configured to adaptively adjust a duration
of the dead-time periods based on the transformer input voltage V¢ as discussed in
further detail below. In addition, FIG. 5A shows a magnetics based LCC topology of
resonant power converter 500a in accordance with a second embodiment of the
present invention where a dead-time controller is configured to adaptively adjust
durations of the dead-time periods based on the resonant input voltage V¢ as dis-

cussed in further detail below.

FIG. 2A) shows the situation where the dead-time period is shorter than optimum
because the first and second semiconductor switches S;and S, are turned ON too
early before the input capacitance Cgy1 is fully charged or discharged, respectively, to
the DC supply voltage in question. This situation leads to hard switching of the driver
circuit as shown by the respective waveforms 222a, 222b of the instantaneous

transformer input voltage Vg and the corresponding resonant current | ..

FIG. 2B) shows the situation where the dead-time period is longer than optimal be-
cause the first and second semiconductor switches S;and S, are turned ON too late.
This situation also leads to hard switching of the driver circuit as shown by the re-
spective waveforms 223a, 223b of the instantaneous transformer input voltage Ve
and the corresponding resonant current | . In this case when the resonant current
changes direction, the body diodes of the first and second semiconductor switches

Sqand S; are not conducting. This causes the input capacitance Cq, to discharge at
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time instant ty or being charged at t, before the semiconductor switches are turned

on.

In prior art resonant power converters, such as piezoelectric power converters, the
dead-time period has been a fixed time or value for the purpose of ensuring that
Z\/S operation is achieved in the steady state operation of the resonant power con-
verter. This fixed dead-time period is normally longer than the optimal dead-time
period discussed above. Another disadvantage of this fixed dead-time period is the
build-up of resonant current is delayed during initialization or start-up of the prior art
resonant power converter and it takes longer time for the converter to reach steady
state operation. While this prolonged start-up time may seem rather insignificant in
general, it becomes an important source of excess power consumption in resonant
power converters that are turned on and turned off very frequently. This pattern of
frequent turn off and turn off of the resonant power converter is for example utilized
in so-called burst-mode control or quantum-mode control of the output voltage of the

resonant power converter.

The present resonant power converter embodiments eliminate the cases shown in
FIGS. 2A) and 2B) with too short or too long dead-time periods, compared to the
optimal dead-time period. The piezoelectric power converter embodiment 500 de-
picted on FIG. 5 comprises the previously discussed dead-time controller OTD 514
which may dynamically detect and set an optimized dead time during every switch-
ing cycle of the transformer input voltage V. The operation of dead-time controller
514 optimizes, for example during each switching cycle, the time instants where the
semiconductor switches S, and Sy are switched from OFF to ON, i.e. turned on, to
be placed substantially where the instantaneous transformer input voltage Ve reach-
es either the positive DC supply voltage or reaches the negative DC supply voltage
during steady-state operation of the power converter. Furthermore, the dead-time
controller 514 may also be configured to optimize the switching instants of the semi-
conductor switches S, and S; during the previously discussed initialization or start-
up phase of the power converter. In the latter case, the operation of dead-time con-
troller 514 optimizes, during each switching cycle, the time instants where the semi-
conductor switches S, and Sy are switched from OFF to ON, i.e. turned on, to be

placed substantially where the instantaneous transformer input voltage V¢ reaches
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either a minima level or a maxima level. This may be accomplished by detecting or
monitoring the waveform shape of the instantaneous transformer input voltage V¢ as
discussed in additional detail below. FIG. 4A) shows exemplary waveforms of the
transformer input voltage Vi and resonant current |5 of the piezoelectric power con-
verter 500 during steady-state operation of the power converter 500. The two con-
secutive dead-time periods of the depicted single switching cycle of the transformer
input voltage V¢ are indicated by legend ODT. As shown by the waveform segment
422a, the transformer input voltage Vg increases monotonically from the negative
DC supply voltage for ground (0 V) to the positive DC supply voltage Vpc. This in-
crease of voltage is caused by the conducting state of the first semiconductor switch
S+ (and hence non-conducting state of S,) which is pulling the transformer input
voltage Vg towards Vpc via the small on-resistance of switch S. Likewise, the mono-
tonically decreasing waveform segment 422b of the transformer input voltage V¢
from the positive DC supply voltage V¢ to the negative DC supply voltage (0 V) is
caused by the small on-resistance of switch S, which is pulling the transformer input

voltage Vr towards 0 V or ground.

As shown in FIG. 1B), there are two dead time period periods or intervals in each
switching cycle and these dead-time periods correspond to the time intervals t, — tg
and tg — tp described above. Two time subintervals t, — t4and tg — t1p are necessary
to reach voltage across Cy, to the positive and negative DC supply voltage for ob-
taining ZVS operation of the driver circuit. In effect, the optimum dead time period is
may reasonably be defined as a minimum time required for the resonant input volt-
age Vg to travel from one of the positive and negative DC supply voltages or rails to
the other. Therefore, by detecting the time instants or points where the resonant
input voltage Ve reaches either the positive or the negative DC supply voltage the
time intervals t4; — tsand t;o — t12 can be reduced to a minimum possible time. This is
utilized in one embodiment of invention. On the other hand, optimizing the respec-
tive time intervals t, — t; and tg — t4 is achieved by detection of time instant t, and
detection of of time instant t;o as shown in Fig. 4A). The latter detection allows the
dead-time controller 514 to turn on the first and second semiconductor switches S4
and S, at these time instants or points, respectively. This results in the setting of the
optimum dead time period during each switching cycle of the resonant input voltage

VE. This feature results in fast and power efficient start-up of the resonant current | s
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by maximizing respective conducting state time periods of the first and second sem-
iconductor switches S1 and S, in order to feed energy into the resonant tank, e.g.
including a primary side of the piezoelectric transformer, and build up resonant cur-

rent.

The skilled person will appreciate that the detection of the time instants or points
where the instantaneous transformer input voltage Vr reaches either the positive or
negative DC supply voltage under steady state operation may be accomplished by
different types of analog, digital or mixed-signal circuitry as discussed below in fur-
ther detail. The previously discussed start-up phase or time period of the power
converter designates the time period from power-on of the power converter to the
time instant where the resonant current in the piezoelectric transformer reaches the
maximum amplitude in the operating point of the power converter. During this start-
up phase, the resonant current is growing continuously, but it does not reach the
highest possible amplitude. Therefore, the input capacitance Cqy1 will not be charged
all the way up to the level of the positive DC supply voltage or discharged all the

way down to the level of the negative DC supply voltage.

FIGS. 3A) and 3B) show exemplary voltage and current waveforms of Vi and les

during the start-up phase or period of the prior art power converter 100.

Accordingly, two different situations may be encountered during the dead time peri-
od DT in the start-up period: In a first situation, the instantaneous transformer input
voltage Vr may pass through local maximum/minimum before the semiconductor
switches are turned on. FIG 3B) shows waveforms 323a, 323b of Vi and I for this
situation. The presence of the maximum/minimum or extrema in Vg at time instant t,,
of the waveform 323a is caused by a change of direction of the resonant current |
during the first dead time period DT as indicated by the zero-crossing of |5 at the
time instant t,. Therefore, the resonant current I,.s changes from charging to dis-
charging the input capacitance Cq,. In the second situation, the transformer input
voltage V¢ is still increasing or decreasing until the first or second semiconductor
switch S4 or S, is turned on. This means that the transformer input voltage Vg will
not pass through any local extrema. In this situation, the amplitude of the resonant

current l,es is too small to fully charge the input capacitance Cq4. This second situa-
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tion is illustrated by the waveforms 322a, 322b of Vi and | Of FIG. 3A). The reso-
nant current | is changing direction during a switching cycle. The amplitude of the
resonant current leads to the difference between the first and second situations
which may be encountered during the start-up period. The resonant current | is
build up after power-on of the power converter and gradually increases in amplitude
until the resonant current |.s reaches a steady state amplitude. During steady state
operation, the amplitude of the resonant current |, remains essentially constant
provided the input voltage, temperature and load of the power converter also remain
essentially constant. At the beginning of the start-up time period, the amplitude of
the resonant current |, is so small that |5 is unable to fully charge the the input
capacitance Cgy; during the dead time period to the positive DC supply voltage. This
deficiency applies to both of the charging processes illustrated by FIG. 3A) and FIG.
3B). The optimal charging process may reasonably be considered reached by
adapting the charging process of the input capacitance Cgqq as illustrated by FIG.
4B). In the latter charging process the resonant current | is near its peak amplitude

at time instant t, when dead time period starts.

It can be shown that the total amount of energy provided to the input capacitance

Ca1in the dead time period, defined as At = ts - t,, is:

AL = i (1—
Aii 4{?91 2w

sin(2wAr)) (15)

Therefore, it is important to turn on the first semiconductor switch S4 or the second
semiconductor switch S, at the zero crossing of the resonant current |..s depicted on
FIG. 4B). Consequently, to optimize the dead time period either during the start-up
phase of the power converter or during the steady state operation thereof, one em-
bodiment of the dead-time controller 514 may be configured to switch the first or
second semiconductor switch to its conducting state either when the transformer
input voltage Vr reaches one of the positive and negative DC supply voltages or
when the resonant current |5 crosses zero which ever condition occurs first. If nei-
ther of these conditions are detected the dead-time controller 514 may apply a fixed
dead time period to facilitate build-up of the resonant current l,.s. The skilled person

will understand that there is no direct access to detect or measure the resonant cur-
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rent |, inside the piezoelectric transformer 513. Therefore, the transformer input
voltage Ve may conveniently be used by the dead-time controller 514 as a reference

for detecting the dead time period in the piezoelectric power converter 500.

The LCC resonant power converter 500a of FIG. 5A in accordance with the second
embodiment of the present invention likewise eliminates cases corresponding to
those shown in FIGS. 2A) and 2B) with too short or too long dead-time periods of
the resonant input voltage, compared to the optimal dead-time period. The LCC
power converter 500a comprises a resonant network or circuit comprising first ca-
pacitor C and a first inductor L connected in series to the resonant input voltage Vg
applied at the input terminal 507a of the resonant network. The resonant network
additionally comprises a second capacitor C, coupled in parallel across a primary
side of a magnetic transformer with conversion ratio 1:N. Hence, the resonant volt-
age across the primary side of the magnetic transformer may be an output voltage
of the resonant network. A secondary side of the magnetic transformer is coupled to
a load R.. Other embodiments of the resonant power converter 500a may comprise
a rectification circuit coupled to the secondary side of the magnetic transformer to
generate a DC output voltage of the LCC power converter 500a. A resonant current
lres is flowing through the first inductor L of the resonant network to alternatingly
charge and discharge the resonant input voltage Vr during successive dead-time
periods of the half-bridge driver 503a. The LCC power converter 500a comprises a
dead-time controller OTD 514a which may be configured to dynamically detect and
set an optimized dead time period during every switching cycle of the resonant input
voltage Vr. The operation of the dead-time controller 514a may optimize, during
each switching cycle or at least a majority of switching cycles, the time instants
where the semiconductor switches S, and S, of the driver 501a are switched from
OFF to ON to be placed substantially where the instantaneous resonant input volt-
age Vg reaches either the positive DC supply voltage or reaches the negative DC
supply voltage during steady-state operation of the LCC power converter 500a. This
may be accomplished by adjusting the phase or timing of the first and second driver
control signals HSg, LSg as discussed in detail below with reference to FIG. 6. Fur-
thermore, the dead-time controller 514a may also be configured to optimize the
switching instants of the semiconductor switches S, and S of the driver circuit 503a

during an initialization or start-up phase of the LCC power converter 500a. In the
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latter case, the operation of dead-time controller 514 optimizes, during each switch-
ing cycle, the time instants where the semiconductor switches S, and S; are
switched from OFF to ON, i.e. turned on, to be placed substantially where the in-
stantaneous resonant input voltage Vg reaches either a minima level or a maxima
level during a dead-time period. This may be accomplished by detecting or monitor-
ing the waveform shape of the instantaneous resonant input voltage Ve in a manner
correspond to the one discussed in additional detail below with reference to FIG. 6.
The operation and characteristics of the gate driver 501a and driver circuit 503a are
also discussed in additional detail below with reference to the corresponding gate
driver 501 and driver circuit 503 of the first embodiment of the resonant power con-
verter 500.

FIG. 6 is a schematic block diagram of a preferred embodiment of the dead-time
controller 514 of the piezoelectric power converter 500. The dead-time controller
514 comprises inter alia a steady-state controller 624 and a start-up controller 634
and a control circuit 644 (OTD C). The steady-state controller 624 is adapted to
generate appropriately timed first and second driver control signals HSg, LS for the
for the half-bridge driver 503, delivered through the optional gate drive 501, and dur-
ing steady-state operation of the power converter 500 and the corresponding first
and second driver control signals HSg, LS¢ for the half-bridge driver 503a during
steady-state operation of the LCC resonant power converter 500a. The start-up con-
troller 634 is adapted to generate appropriately timed first and second driver control
signals HSg, LS¢ for the half-bridge drivers 503, 503a during the initialization time or
start-up time of the power converters 500, 500a. Hence, the first driver control signal
HSs switches the first or high side semiconductor switch S4 between its conducting
state and non-conducting state and the second driver control signal LSg switches
the second semiconductor switch S, between its conducting state and non-
conducting state. Body diodes D, and D, are associated with the semiconductor
switches S and S,, respectively, and may have the same function as the previously
discussed body diodes 113a, 113b. Each of the first and second semiconductor
switches S and S, preferably comprises a MOSFET. The output of the driver circuit
503 supplies the transformer input voltage V¢ since the output node of the driver
circuit 503, i.e. the mid-point node between respective drain terminals of the

MOSFET semiconductor switches S and S, is coupled directly to a first input elec-
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trode 507a of an input section or primary side of the piezoelectric transformer 513.
A second input electrode 507b of the primary side of the piezoelectric transformer
513 may be coupled to GND. The dead-time controller 514 is electrically connected
to the transformer input voltage Ve and to the second input electrode 507b. The pie-
zoelectric transformer 513 may further comprise a pair of output electrodes 508a,
508b electrically coupled to a secondary or output section of the piezoelectric trans-
former 513 and supply a transformer output voltage to an input of a rectification cir-
cuit 508. The rectification circuit 508 may comprise a half wave or full wave rectifier,
and possibly output capacitor(s), to provide a smoothed DC voltage at an output

node or terminal Voyr of the piezoelectric power converter 500.

The steady-state controller 624 comprises a first comparator 625 configured to
compare the instantaneous level or value of the transformer input voltage V¢ to the
positive DC supply voltage Vpc, fed through terminal or line 622, and supply a first
comparator output signal Zys. The first comparator output signal Zys is utilized for
adjusting the phase of the first driver control signal HS¢ (please refer to FIG. 5) via
the logic control circuit 644. The first driver control signal HS is applied to a control
or gate terminal of the first semiconductor switch Sy of the driver circuits 503, 503a.
The steady-state controller 624 additionally comprises a second comparator 627
configured to compare the instantaneous level or amplitude of the transformer input
voltage VF to the negative DC supply voltage, which is ground (GND) or 0 V in the
present embodiment, fed through terminal or line S, 623, and supply a second com-
parator output signal Z,s. The second comparator output signal Z, s is utilized for
adjusting a phase of a second driver control LSg (please refer to FIG. 5) via the logic
control circuit 644. The second driver control signal LS is applied to the control or
gate terminal of the second semiconductor switch S, of the half-bridge driver 503,

optionally via the gate drive 501.

The skilled person will understand that the first comparator 625 is configured to de-
tect the rising transit of the resonant input voltage, e.g. the instantaneous transform-
er input voltage Vg, associated with a low to high dead time period and adjust the
duration of the low to high dead time period via the phase of the first driver control
signal HSg. In contrast, the second comparator 627 is configured to detect the falling

transit of the resonant input voltage associated with a high to low dead time period
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and independently adjust the duration of the high to low dead time period via the
phase of the second driver control signal LS. Hence, the low to high dead time pe-
riods and the high to low dead time periods are independently adjustable due to the
independent detection and adjustment of the low to high dead time periods and the
high to low dead time periods implemented by the separate comparators 625, 627

and supporting circuitry.

The start-up controller 634 is configured to detect a waveform shape of the trans-
former input voltage Vi and generate a first control signal Zyy for adjusting the timing
or phase of the first driver control signal HSg via the logic control circuit 644 in ac-
cordance with the waveform shape of the transformer input voltage Vg The start-up
controller 634 is preferably also configured to detect a waveform shape of the trans-
former input voltage Vr and generate a second control signal Zy, for adjusting the
timing or phase of the second driver control signal LS¢ via the logic control circuit
644 in accordance with the waveform shape of the transformer input voltage V.
During the initialization period or start-up phase or period of the piezoelectric power
converter 500, the instantaneous transformer input voltage Ve is applied at line or
terminal 620, signal S, and compared with a delayed replica of the transformer input
voltage Sq. The delayed replica of the transformer input voltage Sy is applied to a
negative input of a third comparator 639 of the circuit 514. A local local maximum of
the waveform of the instantaneous transformer input voltage is detected when Sy >
signal S. Hence, the local maximum of the waveform of the instantaneous trans-
former input voltage during a dead-time period with increasing resonant input volt-
age is detected in response to, or when, the voltage of the delayed replica Sy ex-
ceeds signal S. Likewise, a local minimum of the waveform of V¢ during a dead-time
period with decreasing or falling resonant input voltage is detected when signal S <
signal Sy (the delayed replica of the transformer input voltage). The skilled person
will appreciate that the low to high dead time periods and the high to low dead time
periods determined by the start-up controller 634 are independently adjustable due
to the independent detection and adjustment of the low to high dead time periods
and the high to low dead time periods implemented by the separate comparators

638, 636 and supporting circuitry.
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The start-up controller 634 may furthermore limit the instantaneous transformer in-
put voltage V¢ between a predefined lower threshold voltage and a predefined upper
threshold voltage before detecting the above-discussed local local maximum and
minimum of the waveform of the instantaneous transformer input voltage. In the pre-
sent embodiment, the start-up controller 634 is configured to set an intermediate or
middle voltage range (M) between the predefined lower threshold voltage V., and
the predefined upper threshold voltage Vyy; via the corresponding reference voltages
applied through input lines or terminals 616 and 618 of the start-up controller 634.
The predefined lower threshold voltage V,,, may for example be around 10 % of the
positive DC supply voltage Vpc such as between 0.05 and 0.2 times Vpc when the
negative DC supply voltage is ground as in the present embodiment. The predefined
upper threshold voltage Vy; may for example be around 90 % of the positive DC
supply voltage Vpc such as between 0.75 and 0.95 times Vpc. These value ranges
for the predefined lower and upper threshold voltages will provide a suitable noise
margin for local extrema detection and prevent undesired triggering by noise im-
pulses of the transformer input voltage. A fourth comparator 636 indicates whether
the instantaneous transformer input voltage on line S is above the predefined lower
threshold voltage V.. A fifth comparator 638 indicates whether the instantaneous
transformer input voltage on line S is below the predefined upper threshold voltage
Vyi. The third comparator 639 may comprise a high precision dual/differential output
comparator. As mentioned above, the output signals HSg LSg of the ODT C block
are controlled by the control circuit or block 644 in accordance with logic states of
the input signals Zwyn, Zu, Zns and Zis. The first semiconductor switch S is switched
ON in response to either Z,;5 or Z,yy is asserted such that HSg is logically “1”. The
second semiconductor switch S, is turned/switched ON in response to either Z, s or
Zy is asserted or digitally “1” such that LSg is logically “1”. A reset control signal "R"
through line 645 of the control circuit or block 644 is configured to selectively switch-
ing off the first and second semiconductor switches S; and S, after the allocated ON
time period of the semiconductor switch in question. Finally, an optional enable sig-
nal "En" and function received through line 647 may enable/disable the operation of
the dead-time controllers 514, 514a in the resonant power converters 500, 500a.
The skilled person will understand that the respective voltage levels of references
voltages such as Vi, Vpcand Vi, utilized in the dead-time controller 514 may be

scaled to a voltage level of the comparators 625, 627, 639, 636, 638. The particular
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Boolean functions implemented in the dead-time controller 514 for the outputs of the

steady-state controller 624 and the start-up controller 634 are:

Zagp =S < Vi) - (S > 84)
;{%N? = (G’ = "g!ﬁix'} " {S < Hsf }

Zis = (8> Vpr)

Zis = (S < 0)

HSG = (Zus +Zuu) -En-R

LS¢ = (Zis +Zu)-En-R

The steady-state controller 624 comprises the first comparator 625 which is config-
ured to comparing the transformer input voltage Ve to the positive DC supply voltage
Vpe via the positive and negative inputs of the first comparator 625. The positive

10 input of the first comparator 625 receives the transformer input voltage Ve via line or
terminal 620. The second comparator 627 is configured to comparing the transform-
er input voltage V¢ to the negative DC supply voltage, i.e. 0 V via the positive and

negative inputs of the second comparator 627.

15 Overall, the first and second semiconductor switches Sy and S, are turned on, i.e.
switched to the conducting state, by a rising edge of Zys and Zg, respectively, in the
steady state operation of the resonant power converters 500, 500a. Likewise, the
first and second semiconductor switches S; and S, are turned off, i.e. switched to
the non-conducting state, by a falling edge of Z,;s and Z; s, respectively, in the steady

20 state. The same control scheme applies during the start-up or initialization period of
the resonant power converters 500, 500a and the logic control block 644 determines

whether first and second driver control signal HSg, LS for the first and second sem-
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iconductor switches S1 and S, are derived from the outputs of the steady-state con-
troller 624 or the outputs of the start-up controller 634. Hence, each of the driver
circuits 501, 503, 501a, 503a is configured to alternatingly pulling the resonant or
transformer input voltage V¢ towards the positive and negative DC supply voltages
or rails via the first and second semiconductor switches S; and S,, respectively,
separated by intervening dead-time periods during each switching cycle in accord-

ance the first and second driver control signals HSg, LSe.

The lower plot 1020 of FIG. 7 shows experimentally measured normalized voltage
and current waveforms of the transformer input voltage Ve and resonant current s
captured through several switching cycles of a start-up phase or state of the piezoe-
lectric power converter 500 in comparison with the corresponding waveforms on the
upper plot 1010 of the exemplary prior art piezoelectric power converter 100 depict-
ed on FIG. 1A. The measurements were performed on a radial mode piezoelectric

transformer with the following parameters:

Parameter Value Parameter Value
Cn 3.8 8wF Cor 26 pF
[ 565 nF R 560

L 1.5 mH N 3.5

Furthermore, the fundamental resonance frequency of the radial mode piezoelectric
transformer was 116.3 kHz and the load Z, was a resistive load corresponding to

300 W of output power.
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CLAIMS

1. Aresonant power converter comprising:
a first power supply rail for receipt of a positive DC supply voltage and a second
5 power supply rail for receipt of a negative DC supply voltage,
a resonant network comprising an input section and an output section wherein
the input section comprises an input terminal for receipt of a resonant input
voltage and the output section comprises an output terminal for providing a res-
onant output voltage in response to the resonant input voltage,
10 a driver circuit comprising a first semiconductor switch coupled to the positive
DC supply voltage and a second semiconductor switch coupled to the negative
DC supply voltage and a driver output connected to the input terminal for supply
of the resonant input voltage;
wherein the driver circuit is configured for alternatingly pulling the resonant in-
15 put voltage towards the positive and negative DC supply voltages via the first
and second semiconductor switches, respectively, separated by intervening
dead-time periods in accordance with one or more driver control signals,
a dead-time controller configured to adaptively adjusting the dead-time periods
based on the resonant input voltage.
20
2. A resonant power converter according to claim 1, wherein the dead-time peri-
ods comprise low to high dead time period and high to low dead time periods;
wherein the dead-time controller is further configured to independently adjusting
the low to high dead time periods and the high to low dead time periods.
25
3. A resonant power converter according to claim 1 or 2, wherein the first semi-
conductor switch comprises a conducting state where the input terminal of the
resonant network is connected to the positive DC supply voltage and the sec-
ond semiconductor switch comprises a conducting state where the input termi-
30 nal of the resonant network is connected to the negative DC supply voltage; and
where the first semiconductor switch is in a non-conducting state during the
dead-time periods and the second semiconductor switch is in a non-conducting

state during the dead-time periods.
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. A resonant power converter according to claim 6, wherein the steady-state con

30

4. A resonant power converter according to claim 2 or 3, wherein the dead-time

controller is configured:

to adjust a phase of a first driver control signal of the first semiconductor switch
to adjust the low to high dead time period and a phase of a second driver con-
trol signal of the second semiconductor switch to adjust the high to low dead

time period.

. A resonant power converter according to any of the preceding claims, wherein

the driver circuit comprises a half-bridge wherein the first semiconductor switch
and the second semiconductor switch are coupled in series between the posi-

tive DC supply voltage and the negative DC supply voltage.

. Aresonant power converter according to claim 4 or 5, wherein the dead-time

controller comprises a steady-state controller configured to adjust the high to
low dead time period and the low to high dead time period during steady state

operation of the resonant power converter.

troller comprises:

a first comparator configured to compare an instantaneous resonant input volt-
age to the positive DC supply voltage and supply a first comparator output sig-
nal (Zns) for adjusting the phase of the first driver control signal in accordance
with the first comparator output signal,

a second comparator configured to compare the instantaneous resonant input
voltage to the negative DC supply voltage and supply a second comparator
output signal (Z,s) for adjusting the phase of the second driver control signal in

accordance with the second comparator output signal.

. A resonant power converter according to any of claims 4-7, wherein the dead-

time controller comprises a start-up controller configured to detect a waveform
shape of the instantaneous resonant input voltage; and

generating a first control signal (Zyy) for adjusting the phase of the first driver
control signal in accordance with the waveform shape; and/or

generating a second control signal (Zu.) for adjusting the phase of the second
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10.

11.

12.

13.

14.

31

driver control signal in accordance with the waveform shape.

A resonant power converter according to claim 8, wherein the start-up control-
ler is configured to detect the waveform shape of the instantaneous resonant
input voltage by comparing the instantaneous resonant instantaneous trans-

former input voltage with a delayed replica of the resonant input voltage.

A resonant power converter according to claim 9, wherein the dead-time con-
troller is configured to:

detect a local maximum of the waveform of the instantaneous resonant input
voltage in response to the delayed replica of the resonant input voltage exceeds
the instantaneous resonant input voltage; and/or

detect a local minimum of the waveform of the instantaneous resonant input
voltage in response to the delayed replica of the resonant input voltage falls be-

low the instantaneous resonant input voltage.

A resonant power converter according to claim 9 or 10, wherein the dead-time
controller is configured to limit the instantaneous resonant input voltage be-
tween a lower threshold voltage and an upper threshold voltage before detect-

ing the local maximum and/or detecting the local minimum.

A resonant power converter according to claim 11, wherein the lower threshold
voltage lies between 0.05 and 0.045 times the positive DC supply voltage and
the upper threshold voltage lies between 0.55 and 0.95 times the positive DC
supply voltage.

A resonant power converter according to claim 7 and 8, wherein the dead-time
controller comprises a first digital OR circuit configured to logically OR the first
comparator output signal and the first control signal; and

a second digital OR circuit configured to logically OR the second comparator

output signal and the second control signal.

A resonant power converter according to any of the preceding claims, wherein

the driver circuit and the resonant network are configured for ZVS operation or
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15.

16.

17.

32

ZCS operation at the switching frequency of the resonant power converter.

A resonant power converter according to any of the preceding claims, wherein
the driver circuit and the resonant network are configured for ZVS operation
and/or ZCS operation at the switching frequency of the resonant power con-

verter.

A resonant power converter according to any of the preceding claims, wherein

the resonant network comprises a piezoelectric transformer;

wherein a primary section of the piezoelectric transformer is coupled to the res-
onant input voltage to supply a transformer input voltage and a secondary sec-

tion of the piezoelectric transformer generates the resonant output voltage.

A method of adaptively controlling a dead-time interval of a driver circuit of a
resonant power converter, comprising steps of:

generating first and second non-overlapping driver control signals for the driver
circuit in accordance with a switching frequency of the resonant power convert-
er, wherein the driver circuit is coupled between positive and negative DC sup-
ply voltages for supply of power,

applying the first and second non-overlapping driver control signals to the driver
circuit to generate a driver output signal alternating between the positive DC
supply voltage and negative DC supply voltage separated by intervening low to
high dead time periods and high to low dead time periods,

applying the driver output voltage to an input section of the resonant network to
generate a resonant input voltage,

generating a resonant output voltage in response to the resonant input voltage
at an output section of the resonant network ,

detecting a feature of the resonant input voltage,

adjusting durations of the low to high dead time periods based on the detected
feature of the resonant input voltage and independently adjusting durations of
the high to low dead time periods based on the detected feature of the resonant

input voltage.
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18. A method of adaptively controlling a dead-time period according to claim 17,
wherein the instantaneous resonant input voltage is detected during each
switching cycle of the switching frequency and the low to high dead time period

and the high to low dead time period adjusted accordingly in response.

5
19. A method of adaptively controlling a dead-time period according to claim 17 or
18, further comprising:
adjusting a phase of a first driver control signal of the first semiconductor switch
to adjust the low to high dead time period; and
10 adjusting a phase of a second driver control signal of the second semiconductor

switch to adjust the high to low dead time period.

15
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