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Abstract—The objective of this study was to develop recommendations for an optimal design of piezoelectric transformer (PT)
ac/dc converters. The paper presents a comprehensive comparison
of the two commonly used rectifier topologies in a PT based power
converters: current doubler and voltage doubler rectifiers. The advantages and disadvantages of the two rectifiers were investigated
and the range of their applications with respect to output current,
voltage, power capability, load resistance etc.—was delineated.
Generic parameters are proposed and used to derive normalized
and closed form equations that can help choosing a PT for a
given set of requirements. Simulation and experimental results
were found to be in a good agreement with the derivation of the
theoretical analysis.
Index Terms—Current doubler, piezoelectric transformer (PT)
ac/dc converters, voltage doubler rectifiers.
Fig. 1. Typical ac–dc PT power converter topologies: (a) voltage doubler
rectifier and (b) current doubler rectifier. C is the output capacitance of the PT.

I. INTRODUCTION

A

S PIEZOELECTRIC transformer (PT) technology is developing, PTs may become a viable alternative to electromagnetic transformers in various applications such as ac/dc converters. The problem of optimal PT converter design becomes,
therefore, an important issue that needs to be addressed.
Two main types of rectifiers are generally applied at the
output of PT ac/dc converters: the voltage doubler (VD)
[Fig. 1(a)] and the current doubler (CD) [Fig. 1(b)]. In the VD,
the average diodes’ current is equal to the average load current
while in the CD the diode’s current is twice lower than the load
current. On the other hand, the peak of the diodes’ voltage in the
VD is equal to the load voltage while in the CD the peak of the
diodes’ voltage is twice higher than the load voltage. Therefore,
for high currents and low voltages (low resistance load) the
CD rectifier is a superior choice, whereas for high voltages and
low currents (high resistance load) the VD rectifier is a better
choice. The problem is, however, that the load regions between
these two rectification schemes are not well defined. This paper
presents a comparative analysis of PT based power converters
that apply these types of rectifiers.
The comparison methodology, applied in this study, follows
the approach developed earlier [1]–[4] by which the output capacitor of PT and the rectifier sections are represented by an

equivalent circuit. The equivalent circuit is linear and is composed of a parallel RC network that loads the PT as the corresponding rectifier does [2], [3]. The study applies the earlier
generic analysis and generic characteristics of the PT [5] to carry
out comparative analysis of the two types of rectifier, yielding a
generic model of PT ac/dc power converters.
II. COMPARATIVE CIRCUITS AND THE COMPARISON PRINCIPLES
It is assumed that both converters are operated at the maximum output voltage mode, that is, at the frequency that produces the maximum output voltage. As was shown earlier [3],
[5], the frequency of maximum output is different from the mechanical resonant frequency. The principle of operation of the
VD rectifier when operating at the maximum output voltage
mode was studied in [3] and is further developed in the present
work. Current doubler rectifier operating at the mechanical resonant frequency of PT was studied earlier [6] while the present
work studies its operation at the maximum output voltage mode.
In order to generalize the model of the PT converter, we apply
in this study the following normalized parameters.
Normalized load factor
(1)
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Normalized PT factor
(2)
PT mechanical quality factor
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Fig. 2. Output voltage of the PT (across C ) and the diodes currents: (a)
voltage doubler rectifier and (b) current doubler rectifier.

where
is the load resistance,
- - are the
parameters of the equivalent circuit of PT; n is the PT’s
transfer ratio, and
is the mechanical
resonant frequency of the PT. These parameters refer to
the elements of the conventional lumped model of a PT
[3]–[5].
The normalized load factor
is a convenient parameter
to analyze the effect of the load resistance
on the operating
conditions of the converter and rectifier (output voltage, power,
efficiency). Analytical and experimental results presented below
were obtained for a large
range: from 0.5 up to
.
The normalized PT parameter
and the PT mechanical
are independent of the load resistance.
quality factor
These parameters are useful for analyzing the operational
conditions of the PT. In particular,
can be used to obtain
the dependence of the output voltage on the output capacitance
of the PT,
. As clearly evident from the results of this
has a marked effect on the operation of the PT
study,
based converter. Analytical and experimental results presented
below were obtained for a
range of 0.01 up to 0.05
and varying
from 50 up to 5000. It was found, however,
that the effect of
on the operational characteristics of
the converter is insignificant when
.
The current and voltage waveforms of the two rectifiers that
are compared in the study are presented in Fig. 2. The parameters marked in Fig. 2 are defined as follows:
is the
normalized time, is the operating angular frequency, is the
duration of the VD rectifier input current pulses, is the duration of the CD rectifier input voltage pulses (i.e., the pulses of
the PT output capacitor voltage).
Notwithstanding the fact that the output voltage of the PT in
both converters
includes high harmonics components, the
current waveform within the PT equivalent circuit
is assumed to be sinusoidal due to the high quality factor of the resonant circuit. Consequently, power transfer to the output is affected only by the fundamental harmonics component. For that
reason, both rectifiers can be studied by the first harmonics approximation. In both converters we replace the output capacitor
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Fig. 3. Series-parallel (a) and series (b) equivalent circuits of a PT ac–dc
converter reflected to the primary. The parallel C and R and series R
and C networks emulate the loading effect of the rectifier (C includes the
output capacitance of the PT-C ).

of the PT and the loaded rectifier by an equivalent parallel net(at the secondary side of PT). In the case of ideal
work
and lossless rectifiers the values of the parameters can be derived from
(4)
(5)
where

is the load resistance,
is the load (dc) voltage,
is the peak of the first harmonics component of the
capacitor
voltage
is the phase angle between the
voltage
and the PT current flowing through
- - .
Next we reflect this equivalent network to the primary
are the reflected values [Fig. 3(a)] and
where
. This reflected parallel network is then converted to an equivalent series network
[Fig. 3(b)], [5] by applying the following relationships:

(6)
This presentation is used in the followings to obtain generalized expressions for the voltage ratio, power relationships, efficiency etc. in a similar form for the two converters. All expressions are normalized and apply per unit system.
A. Voltage Doubler Rectifier
Following [3], the duration of the impulses of the diodes’ currents is [Fig. 2(a)]
(7)
where
, and

is the PT load parameter,
is the operating frequency corresponding to
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Fig. 4. VD rectifier conduction angle  , phase angle '
and voltage
waveform coefficient k as a function of the PT load parameter !C R .

the frequency of maximum voltage transfer ratio. According to
[3]
(8)
and the phase angle
of
The waveform coefficient
the first harmonics of the PT’s output capacitance
voltage,
referred to the instant
[Fig. 2(a)] are

Fig. 5. Current doubler rectifier input current (solid line) and a sinusoidal PT
resonant current (dotted line): (a) OM and (b) NOM.

(9)

the half the value of the load current. The difference between
and
is the current of the PT output capaccurrents
itor

(10)

(15)

is the peak value of the voltage
(Fig. 2),
where
and
are the first components of the Fourier series expansion

is the peak of the
current and
is norwhere
malized time referred to the instant
(Fig. 5). The current
charges and discharges the capacitor
during the time
interval when the capacitor is not shorted through the conducting diodes. In OM [Fig. 5(a)], the capacitor current does
not include a step at the instant
when the preceding overlapping period terminates. At this instant

(11)
(12)
Fig. 4 represents the VD rectifier conduction angle , the
phase angle
and the voltage waveform coefficient
as a
function of the load parameter
.
The equivalent resistance and capacitance are [3]

(13)

(16)
where is defined in Fig. 5. In NOM [Fig. 5(b)]
has a
rectangular waveform. The steps of this current correspond to
the instants when the capacitor voltage changes polarity.
In steady state, the average charge during the time period is
zero. Therefore in OM
(17)

The voltage transfer function of the rectifier
(14)

The solution of this equation is
(18)

B. Current Doubler Rectifier
When connected to the output of the PT converter, the CD
rectifier, as in the case of the halfway rectifier [4], can operate in
overlapping (OM) or nonoverlapping mode (NOM) with respect
to the diodes’ currents.
(referred
Fig. 5 shows the waveforms of the PT current
to the secondary side of the PT), and the input current to the
rectifier,
in the OM [Fig. 5(a)] and NOM [Fig. 5(b)].
We assume that the load current and the inductors’
currents have negligible ripple and therefore the waveform
is clamped to the inductors’ currents that are equal to

The voltage across
into account that

is obtained from (15) and (16). Taking
at
(19)

The average output voltage of the rectifier is found from (19)
(20)
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On the other hand
(21)
By combining (18)–(21), we derive an important equation
voltage pulses
that relates the duration of the capacitor
to the parameter
(22)
can be calculated from (8), which is relevant to the
where
CD as well as to the VD rectifiers.
It follows from (22) that OM corresponds to the range of
.
Replacing the real voltage pulses
by an equivalent sine
we
wave with the same duration and the same peak
define
and

Fig. 6. CD rectifier: duration of the capacitor C voltage pulses , the rectifier
voltage waveform coefficient k and phase angle ' , and the angle (see
Fig. 5) as a function of the PT load parameter !C R .

(23)
(24)
(25)
In NOM [Fig. 5(b)]
(26)
Fig. 7. Normalized equivalent resistance R
parameter !C R for the two rectifiers.

It follows from this that
(27)

=R

as a function of the PT load

From (28) and (34) when
, the equivalent resistance
and capacitance in the NOM are found to be

(28)
(35)

(29)
(30)
C. Characteristics of the Compared Rectifiers

From (27), (29), and (30) we obtain
(31)
The duration of PT output capacitor voltage pulses , the CD
rectifier voltage waveform coefficient
, the phase angle
,
and the conduction angle as a function of
are depicted
in Fig. 6.
From (9), (23), and (25) we obtain the voltage transfer ratio
of the rectifier in OM
(32)
In NOM applying

and
(33)

Based on (4), (5), (9), and (25), the equivalent load resistance
and capacitance in the OM [Fig. 5(a)] are

Figs. 7–9 show the ratios
, and the rectifier gain
as a function of the PT load parameter
for both VD and CD rectifier’s types. Fig. 7 shows that in the
CD rectifier the equivalent resistance is an order of magnitude
while in VD it is in order lower. That’s why,
higher than
when the load resistance is low one should use the CD rectifier
to obtain better efficiency while when
is high a VD rectifier
is more suitable. Fig. 8, demonstrates that for high load parameter
the equivalent capacitance
of the CD rectifier
is less than . This means that the CD rectifier has inductive
behavior in that region. Fig. 9 shows that the rectifier gain is
about four times higher in the VD than in the CD.
III. GENERAL EQUATIONS OF A PT LOADED BY AN
OUTPUT RECTIFIER
For both rectifiers, the PT voltage transfer ratio at the fre(8) referred to the
quency of maximum output voltage gain
primary side of PT is [5]

(34)
(36)
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Fig. 8. Normalized equivalent capacitance C
load parameter !C R for the two rectifiers.

=C

as a function of the PT

Fig. 10.

The ratio of the output power

P

to the PT power dissipation

(1 ) as a function of the normalized load resistance K = R =n R
for different PT factors A
= ! C R n . Plots are for mechanical quality
factor Q = 966.
P

is the average diode current,
is the forward
where
diode voltage,
is the effective diode current and
is
the diode’s incremental resistance. In the CD rectifier
, where is load current. In the VD rectifier
.
The efficiency of the rectifiers when connected at the PT
output is found to be
Fig. 9.

!C R

VD and CD rectifier voltage gain as a function of the PT load parameter
.

where
is the peak input voltage.
As proven in [3]:
. For such a narrow frequency
range, the changes in the values of the parameters
and
are insignificantly small. Consequently,
was obtained under
the assumption that the values of
and
are independent
of .
The dc output to peak input voltage transfer ratio is

(42)

(43)

where
is the average load voltage and
the ratio of rms and the average diodes’ currents

is

(37)
The efficiency of the PT for both rectifiers is given by [5]

(44)

(38)

(45)

to the power dissipation of
The ratio of the output power
for the both rectifiers is thus
the PT

Taking into account the rectifier losses, the overall efficiency
will be

(39)

(46)

In the case of nonideal rectifier one should take into account
the diodes’ losses.
The rectifiers’ efficiency is
(40)
are diodes’ power losses.
where
The diodes’ power losses in both rectifiers are approximated
by
(41)

IV. MAIN COMPARISON RESULTS
Fig. 10, that is based on (38), (39) shows the power handling capability
as a function of the normalized load factor
for different values of the normalized PT parameter
. Since the efficiency as it follows
from (39) equals
the maximum of
corresponds to the point of maximum efficiency. The generic data of
Fig. 10 suggest that for any given PT (i.e., a specific
) the
efficiency that can be achieved with a CD rectifier is higher than
the one that can be reached with the VD rectifier. The data also
show, as expected, that for a given PT, the load resistance
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Fig. 11. Boundaries between preferred operating regions that provide higher
efficiency for VD and CD rectifiers for the different values of the mechanical
quality factor Q .

that corresponds to maximum efficiency, is lower in the CD rectifier than in the VD rectifier. That is, for a given PT, maximum
efficiency will be obtained in the VD rectifier at higher voltages
than in the CD rectifier. From Fig. 10 one can recognize the borderline between load values that will produce a higher efficiency
with a CD rectifier, to the load range that is more compatible to
the VD rectifier (from the efficiency point of view). Fig. 11, built
from Fig. 10, delineates the borderline between the CD and VD
values. This plot
regions for different PTs for a range of
can be used as a tool for selecting the rectifier for a given load
conditions of a given PT. This figure implies that, for a given
is
PT, one should use a VD rectifier when the load factor
higher then the dotted line, and CD—when the load factor is
lower. The plots (Fig. 10) are built for mechanical quality factor
. For larger values of
, the
does not
of PT
changed significantly.
If the high voltage gain is to be achieved in a given application, it follows from (9), (14), (23), (32), and (33) that the VD
has higher
than CD, therefore VD is better choice for a
given PT.
It is further found in this study that for low load resistances,
higher voltage transfer ratios can be obtained when using the
CD rather than the VD rectifier. This is because the efficiency
of CD with low load resistances is higher than the VD. In addition, the efficiency of CD rectifier
is higher than VD
,
because the ratio of
in the CD is lower than in
the VD.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Estimating the Parameters of the PT Equivalent Circuit
Considering the fact that PT is a nonlinear element, a linear
network can model its behavior only over small frequency and
current/voltage ranges. Parameter extraction measurements
were therefore carried out around the operational frequency of
the device and around the nominal current levels. Tests runs
have shown that this particular device is not that sensitive to
the voltage level.
Measurements were carried out from the input and output
sides while the complementary terminals were shorted. The
equivalent circuit parameters of experimental PT were obtained
as follows.
and
1) The total input and output capacitances
were measured at low frequencies. These capacitances include in addition to
and
also the series capacitance

Fig. 12.

466

;R

Experimental setup of network analyzer measurements.
=1 .

R

=

and all parasitic capacitances in parallel to the series
network - - .
(magnitude and phase) was
2) The input admittance
obtained by the setup shown in Fig. 12 applying the
HP4395A network analyzer. The input rms voltage of
V to keep the input current
PT was around
within the operational range of the device (250 mA). The
frequency was swept from 100 to 150 kHz. The measured
data
(Fig. 12) was recalculated to find the actual
magnitude of admittance of PT by
(47)
and
.
where experimental
frequencies, corre3) The resonant and anti-resonant
sponding to the zero imaginary part of the admittance,
were found for both input and output terminals (in/o), respectively.
4) Input and output capacitances were estimated from the
measured values of
, and
[7]
(48)
of the
This equation is valid when the quality factor
PT is sufficiently high
, and if the parasitic
capacitances parallel to the
- - and
network
are negligibly small.
(in/o) were cal5) The series circuit parameters - culated from the measured magnitude and the phase of
the admittance of each side by the method presented in
[8] that is based on two admittances values slightly before the resonant frequency.
6) The transfer ratio n of PT was extracted from the calculated values of the series inductances obtained from the
input and output measurements
(49)
The equivalent parameters of the experimental PT (a radial
vibration mode PT, Face Co., VA, USA) were found to be as
nF,
nF,
mH,
follows.
F,
. Thus, the series resonant
frequency of PT is calculated to be 118.3 kHz, the mechanical
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Fig. 14. Theoretical prediction (dotted lines), experimental and simulation
results of output to input voltage ratio of the PT converter for the two
rectifiers’ types as a function of the load resistance. Normalized parameters:
A
= 0:0242; Q = 371:5; K varies from 0.5 to 3 1 10 .

Fig. 13. Input admittance (upper—magnitude, lower—phase) of the
experimental PT. Solid line—measured, dotted line—reconstructed by
simulation of PT equivalent circuit based on the calculated equivalent circuit
parameters.

quality factor (3) is
, and the normalized PT factor
(2) is
.
Fig. 13 shows the measured admittance (magnitude and
phase) and the reconstructed admittance obtained by PSPICE
simulation of the PT equivalent circuit applying the estimated
model parameters. The slight difference between experimental
and reconstructed curves in the region of antiresonant frequency
is probably the result of inaccuracy in the estimation of the input
capacitance
. An error in the value of this capacitance has a
larger effect on
than on
because of the high impedance
of the network at the antiresonant region. The value of
can
be corrected by an iteration but this is not deemed essential
in present case, because the nominal operational region of the
PT is near where the matching between the measured and
reconstructed admittance is excellent.
B. Measuring the Voltage Ratio and Efficiency of PT With CD
and VD Rectifiers
The experimental setup included a LeCroy WaveRunner
Scope LT264M DSO with APO15 Current Probe, using the
PMA1 Power Measure Analysis Software for calculating the
input power of the PT. The experiments were carried out in the
maximum output voltage mode with frequency adjusting.
The output power of CD converter was varied from 4 to 11 W,
keeping mostly around 6 to 7 W. Load resistances were varied
values from
from 30 to 10 k , that corresponds to the
1.22 to 410, respectively. In order to prevent the PT from overheating the input current of CD converter was limited to 250 mA
(rms).
The output voltage of the VD converter was kept constant at
V for the loads values from 2 k to 100 k . For lower
resistances range, the current conditions were kept similar to the
CD case.
Figs. 14–15 show the experimental and simulation results as
well as the calculated results according to the model presented

Fig. 15. Theoretical prediction (dotted lines), experimental and simulation
results of the efficiency of the PT converter with VD and CD rectifiers as a
function of the load resistance R . Normalized parameters: as in Fig. 14.

here: the output to input voltage transfer ratio (Fig. 14), and
the converter efficiency (Fig. 15) as a function of the load
resistance. Note, that efficiency (Fig. 15) was calculated with
the assumptions that the forward diodes voltage
is constant
in the operating current range and that the diode’s incremental
resistance
is negligibly small. Under the experimental
conditions the forward voltage of the MUR440 , was about
0.7 V for most of the measurements and therefore this value was
chosen in diode loss calculations. In general, good agreement
was found between the experimental, simulation and theoretical
results (Figs. 14 and 15).
VI. CONCLUSION
This study carries out a comprehensive comparison of two
popular rectifiers in PT power converter: a current doubler and a
voltage doubler. The advantages and disadvantages of each rectifier configuration were studied resulting in a recommendation
of the preferred applications areas for each rectifier in terms of
output current and voltage, power handling capability, load resistance etc.
The results of this study are general and are not confined to
any particular PT since we apply here generic parameters for the
PT and load. The PT is characterized by the normalized parameters:
, and n, while the load is expressed in a normalized form as
. These fundamental parameters are used to
develop the relationship for the maximum voltage transfer func(that is the ratio of the output power to the power
tion and
dissipated by the PT). Since the maximum allowable PT power
dissipation is one of the most important design constrains, the
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value of the parameter
in any given application will determine what would be the maximum output power of the system.
higher
The study shows that for low load resistances
voltage transfer ratios can be obtained when using the CD
rather than the VD rectifier whereas for achieving high gain the
VD rectifier is much more suitable (Fig. 14).
In general, the simulations and the experiments confirm the
theoretical analysis and were found to be in a good agreement.
The discrepancies that are observed in some cases are probably
due to experimental error.
The analytical methodology developed and applied in this
paper and the closed form analytical expressions that were derived, provide generic information on PT converter that apply
the CD and VD rectifiers. The analytical expressions that are
also summarized in generic graphs shed some more light on
characteristics and advantages and disadvantages of PTs. As
such, they could be useful both ways: when selecting a PT for a
given application and when designing a PT for a specific system.
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