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Abstract—Ring shaped PTs (Piezoelectric Transformers) are  Earlier references [1], [2], [3] has proven a proportional
an attractive alternative to magnetics in power converters. The relation between the resonance frequency of operation and the
achievable energy efficiency i998% and the power density is power density of a PT. In Fig. 1 the 2005-09-05-A PT has two

up to 30W/cm®. Additionally power supplies based on PTs . . .
display low levels of conducted and radiated EMI due to power distinct resonance peaks respectivel§ditk H z and602k H z,

conversion based on the piezoelectric effect. Rooted in the physicswhere the latter potentially has the highest power density.
of this effect, both the in- and output terminal of a PT has a In terms of efficiency however, the spurious modes around
noticeable parasitic capacitance. In a common half-bridge power 602k H > has a degrading effect and the mode3a2kH » is
stage without any supporting magnetic components, the input o optimal operating frequency.

parasitic capacitance can lead to hard switching losses that are o ) )

in the range of the actual power rating of a specific PT. In The characteristics of piezoelectric transformers resembles
this paper it is demonstrated how the electrode layout of a PT a distributed network, but for a mathematical representation it

can be designed to enable ZVS (Zero Voltage Switching). This j5 advantageous to model only the resonance mode of interest

optimization is made simple with a novel set of accurate and : P ; .
simple symbolic equations which relates ZVS constraints to the [4]. The equivalent circuit in Fig. 2 is used throughout the

physical electrode layout of a PT. These properties takes basis literature [4], [5], [3] and is useful for deriving properties of a
in the formulation of an equivalent electrical PT circuit that is  PT, which is the objective of this paper. The equivalent transfer

valid around the frequency of operation. function for 2005-09-05-A is shown in Fig. 1 compared to the

one measured.
|. INTRODUCTION

Primary C L R n:1

o1
|

The characteristics of PTs are very different from magnetic
transformers used in PWM converters, both in relation the
physical principles on which they operate and how they
should be implemented in a power supply. Figure 1 shows
the measured transfer function of the 2005-09-05-A prototype
made by Noliac A/S. The measurement displays a number
of resonance peaks corresponding to frequencies at which a

standing wave is physically present in the transformer. Fig(-j 2.
mode.

Secondary

% %Cdz

Equivalent electrical circuit which is valid around one resonance

Aap

.
20dB =

' " L .
= 2005-09-05-A measured]
2005-09-05-A calculate

The parameters can be extracted from the relation of the
equivalent circuit to a set of primary and secondary side
. impedance measurements. By shorting the opposite terminal
of the one being measured the equivalent circuit is simplified.
L The transfer function for the impedance seen from the primary
side is derived in (1). It has one integrator, a complex pole
pair responsible for the peak and a zero pair responsible for

[
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—-20dB =
-40dB =
]
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Fig. 1. Transfer function of 2005-09-05-A measured with a HP4194A (m?edan-
de/gain-phase analyzer compared to an equivalent model of the fundamental
resonance mode. The load is 5&€2.

978-1-4244-1668-4/08/$25.00 ©2008 IEEE

the notch in the impedance plot. To illustrate this a complete
set of measurements for 2005-09-05-A is shown in Fig. 3. The
valuesCr; and Cre shown in the figure are the two terminal
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capacitances given by (2). 3257
_ X2
Zn(s) LCs?> + CRs+1 1 1) Q
P\S) = Ty 7 2, OCa ' —|
d L S
o Ls’ + oA Rs + 1 (C+Caq) 5 . )
Vi n:1 vV,
CCa2 CCn n 7311 out
Cr1=Cy+ ———, Cro=Cap+n’——r (2 o
TL2C + C{i27 C + Cdl ( ) . X1 2.63mH 103pF 7.89
—
Cq1 Zin = Cq2 R
. 1.10nF 32.5nF
1°k!' - - - = fpp = 320.16kHz
A/Q l 1 1 1 1 1 1 =0 PT equivalent diagram
< fsp =331.45kH 2 . . .
1k Fig. 4. Inductor-less half-bridge power stage connected to a PT equivalent

diagram with values from the prototype Noliac-2005-09-05-A.

In hard switching mode the power switch&s and X5 in
! ! Fig. 4 are driven at &0% duty-cycle and produce a square-
Cry = 1.205nF wave voltage at the input nodg, with an amplitude of/cc.
/ | Or2 =37.95nF The losses associated with hard switching arise from the repet-
itive charging and discharging of the input capacitarigeand

1|!_ 1 1
i fs. =306.60kHz

Zs(fss) = 24TmO— o prmary is given by equation (9). With the PT values for the ring-shaped
280lI:Hz 290II<-HZ 300kiTz 310Kz 320Kz 330kHz 340kHz 350Ktz prO_tOtYpe PT 2005-09-05-A by Noliac Shown in Fig. 4, the
a) f— switching losses alone becom@WW when driven from a

Fig. 3. Impedance seen from the primary and secondary terminals while the ~ F€Ctified European mains voltage of 3254/
other side is shorted for Noliac 2005-09-05-A. The index p indicates seen from 9 1
primary side, g seen from secondary side, , zero/notch and , pole/peak. Pryiosrers = fr Cai VCC where fr ~ VI (9)

. ) . . Given that the hard-switching losses are comparable to the
By comparing the impedance function with the generglayimum achievable power throughput of a PT, which can be
expression for a second order transfer function (3), the relatioficyjated by (10) (assuming a matched load (23) and a ZVS

between the component parameters and the notch and the pegiiRform (12)), it is critical to apply means of soft-switching.
the impedance measurement from Fig. 3 can be found.

2C, 2C,
2 d2 ) 2 d2
Ha(s) — 225 P @ ] o e Ve, Ve 00 e G0
2nd w%sz + Qplwps +1 A. Principles of inductor-less soft switching with a half-bridge

. N . PT power stage
Without any significant damping in the test setup, the quality ) o . .
They key to avoid hard switching losses lies in the dinter

factor of the transfer function is high and the relation from : X . S
Fig. 3 to equivalent parameters become (4) to (8): pretation of the PT as a sinusoidal current source which is

) ) illustrated in Fig. 5.
Ca =Cr :Til: Ca2 = Cr2 :g” (4)

vee
C=Cr—Cqn (%) X2
L= ﬁ (6) Q
n=+/Lw?_ (Cr2 — Ca2) (7
=0

R=Zp(fp:) 8

The extracted equivalent parameters for Noliac-2005-09-05-A
is shown in Fig. 4.

X1
Q PT
1. PRINCIPLE OF SOFT SWITCHING Cat T @

The inductor-less half-bridge power stage illustrated in Fig.
4, has a low component count and is commonly used to drive
PTs. Whl|e.Cd1 in the PT .qulyalen.t diagram is not needed f(l}{ . 5. The equivalent PT LCRCy, branch can be interrelated as a current
the operation of the circuit, it is an inherent part of the structyrg:ce.
of a PT and needs to be incorporated into the operation of the
circuit in order to avoid excessive switching losses. The drain-Given the fulfillment of the conditions in proposition 1, the
source capacitance of the two Mosfets has the same influeegeivalent PT currenti, will be able to fully charge and dis-
but they are typically orders of a magnitude smaller than C' chargeC,;; when it would otherwise had been required by means
and can be disregarded. of hard switching.
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Proposition 1 Conditions for soft switching. This has cosinus as natural base and the phase shift is given
-1
1) The inverse PT currentiy, has to be in advance of thebY £Z;, - The termA; relates the supply voltagecc to

input voltageV,,. the fundamental fourier component of the input voltage
2) —i; needs a sufficient amplitude to fully charge an@suming a worst case dead timel of4f).
dischargeCly;.
3) The power switches are operated with an optimal dead S
time period determined hy — i ;. O ir(t) =VeccArRe (GJ“tZ%> (11)
The characteristic waveforms for a half-bridge power stage, 42
with utilization of the PT as a current source for means of where Ay = .~ 057 (12)

switching, is demonstrated in Fig. 6. Within the period where
both transistors are turned OFF and when the Mosfet b
diodes are not clamping the input voltaljg,, the current
throughCy; is -i. Given the fact that the switches are on

QIch/e measure for the ZVS capability of a PT, is the peak
| esonant charge voltage,(w) across the input capacitance

turned ON when the voltage across them are zero, this at a given frequency with an optimal dead-time period,

I o i hat the reverse recovery diodes are not present. If
of soft switching is inherently called zero voltage switching®>>od t
g y g gth|s voltage exceeds the supply voltagecs, ZVS can be

achieved. The solution is provided by the integral in equation
(13).

Vin 400V~ - - - - - - -

Vp(w) = /t Q—iL(t)%dt (13)

With cosinus as the natural base, the first switching flank is
symmetrical around = 5~ (see Fig. 6) and the boundaries in
which ZVS is possible are (14).

m LZ; T L7
_0.3AL [ | J4 [ [} -1 [ ' tlz_f—z 2 = 5 . (14)
Ous 2us 4us 6us 8us 10us 12us 14us 16us 18us 20us 2w w 2w
t—
Fig. 6. Characteristic ZVS waveform with an exaggerated body diode forward . . . o
voltage drop. In phaser notation the integral in (13) reduces to a division

with jw. This makes it possible to write the resonant peak

The items in proposition 1 can be accomplished when tfdtageV; as in (15). Using the identity that the complex ex
circuit is operated at a frequency that is higher than thgnentialeﬂ’f/2 represents 80° phase shift, i.e. multiplication
resonance frequency of the PT and with a PT internal electrd! J. €quation (15) reduces to (16). In addition to this, the
layout that is optimized for ZVS. In the following sections Rnase shifie“# in (16) is the equivalent of multiplication

mathematical expression for ZVS will be derived. with the complex number,, factorized to a unity length (17).
I11. M ATHEMATICAL CONDITIONS FORZVS Vo(w)
- . p\W) =
Two similar approaches to a mathematical model are found sz, . Zzy,
_ . - Voo L (er(F+55m)  oiw(35-27)) | (15)
in [6] and [7]. The models assume that the input voltage is a ~ ., o Zin
square wave and that the inductor current is constant within the VocAs Re { L (jei <% — .e,jézm)] (16)
dead time period. Both assumptions are not in accordance with Ca1 G Zin \J J
Fig. 6 and both mathematical models will result in too optimistic - VCCLAfRe [ Zl (él _ élﬂ (17)
dl Wlijn in in

results. A more complete model is derived in [8], but common for
all three references [6], [7] and [8] is that the derived expressions
are large and do not provide a transparent relation betweenitherder to evaluate the real part of the complex equation for
parameters of a PT and its ZVS capabilities. Vp, the input impedancg;,, has to be divided into a real
An improved and yet simple model can be formulated:  and an imaginary par. From expressions (15) to (17) it is
The LCR branch current, from Fig. 4 has to be derived.recognized that the peak voltage is a linear with respect to
Written in a phaser notation, the current can be expressed adthe, thus the ZVS conditiop > Vo can be substituted
real part of the product between a complex sinusoidal and thed®th V> > 100% whereVp = Vp/Vee. This relates into the
input admittance Z', (11) shown in Fig. 4. final equation (21) for testing the ZVS properties of a PT in
relation to frequency. Additionally the optimal dead time can

in
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be derived (22). the top point can be approximated by (29) which will be
denoted th&zVS Coefficient Vp.

Zin = a+jB (18) . ,
a = R+RL—n2 (19) 0:%:%’% (26)
(R Capw)® +1 given 22 £ 0 then % =0=p0=av2 (27)
ﬁ — W L B deQ (RLTL)2 (20)
wC  (wRLCd2)* +1 1 Cp 32V6 w2Clys
/ 13 22 Vp = mc_dl 92 (1—R 2 ) (28)
Velw) = e 1) —
- ) 22 ~ o B 29)

For a given set of PT parameters t_he derivgd resonant PeaK derived worst case ZVS Coefficierit (29) in a very
voltage (21) is an expression which is a function of frequengyple equation and reveals that ZVS capability is only de
together with the load resistance and Fig. 7 serves to illustrgigdent on coupling ratio and the two parasitic capacitances
the maximum value as a function of load resistance for the, and C,,. The ZVS capability is thereby independent of
PT 2005-09-05-A. From the plot a distinct minimum caghe resonance frequency, ~ (VLC)~! together with the

be identified at the point of what is known as the matchggivalent loss resistance. Additionally it can be proven
load resistance?y. This is a resistive load which equals thgyat forw, being constant, the ratib/C determines the ZVS
output impedance of a PT (23) and has the property thahdwidth, but for simplicity this will not be treated in this
it maximizes the efficiency of a PT [9], [8], [4]. In mosbaper.

cases the excitation frequencycan be approximated with the  The primary advantage of the simplified and novel ZVS co-
resonance frequenay. (24) given the fact that the transformegfficient (29) is to provide a worst case scenario for analyzing
is always operated in the close proximity of this frequencypTs and the simplicity of the symbolic expression can be used

Ry =1 ~ 1 (23) in the aid of designing a PT capable of ZVS. In the next section
wCaz _ wrCaz it will be shown, that the dimensions of the PT electrodes can
wr =\ GEIF ~ A (24) directly be derived from the desired ZVS capabilities for a PT.

. . ) The plots in Fig. 8 display the relative ZVS resonant peak
In relation to ZVS the matched load resistance provides %}Fr'arge voltage versus frequenby (w) for respectively PT

maximum achievable damping of the transformer, in WhiChﬂbOS-Oﬁ-OS-A with parameters from Fig. 4 and PT T1-2 with
serves as an important worst case scenario to work with. In %;é '

) . ) X Yameters shown in the caption of Fig. 8. The T1-2 is a
case the real and imaginary part of the PT input impeda & shaped PT made by Face and 2005-06-05-A is a ring

(19), (20) reduces to (25) and the peak re;onant charge Vo"ﬂ%ed PT invented by Noliac [1], which has been improved
becomes solely dependent of the excitation frequency. for efficiency and prevention of spiritus modes.

2
a=R+5le., B=2Lw-uw) (25)
' 160% ~ V- e e = - - -
Face T1-2
Noliac 2005-09-05-Af

, 140% = - -
Vp 200%= - - - - - = = 1 \Vp Fage 1

\ . \ Max(Vp()], 120% ~

160% = -

100%

- , 1
120%r ' Vp (w)80% =
80% = -

1 1

40% = -

60% =

40%"-

0%k -1 [ 1 a -1 4 1 o [ 20% =~
1 4 10 40 100
. . . . Ry = 0%k

Fig. 7. Plot of the maximum ZVS coefficient versus load resistance 97 1.00 103 106 109 112 115 1.18
using the equivalent parameters for Noliac 2005-09-05-A PT. W w / Wy —
Fig. 8. Plot of the ZVS coefficient versus relative frequency for the two PTs
. Face T1-2 and Noliac 2005-06-05-A. Face T1-2 parameters: R = 11.6£2, Cdl =
In Fig. 8 the frequency dependent peak resonant chafger, cdz =2.19nF, C = 120pF, L = 15.1mH, N = |

voltage'Vp is plottet for two different transformers. In terms of

optimization, the maximum point o/, serves as a measure of oy poth transformers the approximated ZVS Coefficient
ZV/S capabilities of a PT. This value can be found using the"/P

chain rule for differentiation (26) and the peak resonant char(gg) has been used to evaluate the maximum point (marked with

voltage relates into (28). As the equivalent loss resistéhce, dashed line) and it can be verified that it coincides well with the
from the equivalent diagram provides no significant dampingyaximum point of the original and frequency

2546



dependent expressidr},(w) (21). The Face transformer ha®f fringing fields is ignored, each terminal capacitance can

been designed for native ZVS as it can be verified from the expressed by the well known plate capacitor equation

plot. used in (33). The relation between these capacitances and the
From the PT equivalent diagram in Fig. 2 the efficien@quivalent parameters are given in (2) and it is apparent that

with a matched load (23) can be derived (31). The Noli€cCy; > C and Cye > n2C then (34) is a valid assumption

transformer has been optimized solely for high efficiency atw make.

reaches 98% whereas the Face transformer peaks at 96%.

Although the two transformers have a different physical design

i iti i € €
and can not d|rec'_[ly be compared, it is still apparent that ZVS Cri = Ap-—, Cpo= Ag= 33)
does not come without a performance penalty. tp ts
1 Cri =~ Ca, Cr2 = Cg (34)
The T Ty ofgm GO
- 2RCa (31) This lead he f hat ZVS i hieved b imizi
IO is leads to the fact that is achieved by maximizing

) o ) ) the area of the secondary electrode relative to the primary
By adding a series inductor to the Noliac PT design, the rg@lcirode in order to satisfy (35).

and the imaginary parts of the input impedance changes in the

equation for the resonant peak voltage (21) and this in turn

enables ZVS. However doing so can be considered a temporary

solution and in the next chapter a at set of guidelines PT ZVS Ap < 3216 (35)
optimization will be established. As ~ n9m?

IV. ZVS OPTIMIZATION OF THEPT ELECTRODELAYOUT

The ZVS coefficient is determined by the ratiowp€;; and This can for example be achieved in a design with large
Cg2 as derived in (29). The parametric simplicity of this worstumber of parallel secondary electrodes as illustrated in Fig.
case equation, allows for a usefull a usefull approximative refd. Usually the absolute size of the output capacitance is
tion between ZVS properties and the physical layout to be drawonstrained to some degree by the power throughput (10) that a
In any given application, the transformer conversion rati® specific design is targeted at, but the process of optimizing the
constant, because it relates the input voltage to the output voltageguality (35) is the same although the layout solution is more
Starting from the ring-shaped PT which operates in its thicknessnplicated than what is illustrated in Fig. 9b. Alternatively
mode, the conversion ration can under ideal conditions be fotinel area of the primary electrode can be decreased, without
by (32), where,, andt, is the thickness of the primary and seaffecting power throughput and conversion ratio.
ondary electrode respectively. These dimensions are illustrated i

"'he ZVS optimization formulated in this paper is based on
the conceptual ring-shaped PT cross section view in Fig. 9a.[h P hap

e ring-shaped PT, but approach it is also valid for rosen
N — tp —  Constant type, disc- and_retangular-shaped design: where an expression
ts (32) for the conversion ratio (32) and the terminal capacitance (33)
can be formulated.
A ZVS enabled design is achieved by maximizing the ratio
Cy42/Cq1 with the constraint that is fixed. If the presence

all V. PROTOTYPEPT POWER SUPPLY

P1
P to
P The basis for the practical work done for this paper is based

t P2 on the 30W prototype power supply shown in Fig. 10, which is

,—/:\ St d | build around the Noliac 2005-09-05-A PT. As it was verified

:f ,’ ‘\ S2 ' in Fig. 8 this PT is not designed for native ZVS and this
‘ ts ! ;—-% has been confirmed with the experimental work done on the
s2 ‘\ ;S ‘ prototype power supply. To avoid excessive losses, a series
‘—‘\—— sz t inductor has been added to the PT. This changes the real

a) b) = and the. imaginary part of the input impedange usepl in the
Fig. 9. Conceptual cross section view of a ring shaped PT. The arrmﬁ%(pressmn for the resonant peak VOltage (21) in which ZVS

indicate the direction of polarizatiora) Initial design. b) ZVS optimized Can be achieve. The measured ZVS waveform for the prototype
design. using a series inductor is shown in Fig. 11.
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tion of electronic ballast,” ph.d. dissertation, Blacksburg, Virginia,

. . " Nov. 26, 2001. http://scholar.lib.vt.edu/theses/available/etd-12062001-

Fig. 10. Prototype Power supply with Noliac 2005-09-05-A PT. 005832/unrestricted/ETD-RayLeeLin.pdf.

[9] W. Huang, “Design of a radial mode piezoelectric transformer
for a charge pump electronic ballast with high power factor
and zero voltage switching,” master's thesis, Blacksburg, Virginia,

5'_4' April 21, 2003. http://scholar.lib.vt.edu/theses/available/etd-04222003-

= 083524/unrestricted/whuangthesisFinal.pdf.

350Ve - - - - r = P
Noliac 2005-09-0!
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Fig. 11.  ZVS waveform with a switching frequency of 329kHz. The
series inductor provides very steep soft switching flanks.

VI. CONCLUSION

A parameterized analysis of ZVS in half bridge resonant
power converters has been presented. The approach is par-ticu-
lary useful in conjunction with PTs that can achieve high
efficiencies but also suffer from a large inherent parasitic input
capacitance that can lead to hard switching losses that are com-
parable to the power rating of a PT. The derived model define a
worst case scenario of the ZVS capabilities of a PT and provide
a simple transparent relation between equivalent PT parameters
and ZVS properties. As a result it is possible to directly relate
desired ZVS properties to the physical electrode layout of a PT,
which can be used to aid the design of PTs using CAD
software.

The model has been tested with the equivalent parameters of
two different PTs and on a complete AC-DC prototype power

supply.
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