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Generic Operational Characteristics of Piezoelectric
Transformers

Gregory Ivensky, Isaac Zafrany, and Shmuel (Sam) Ben-Yadlewmber, IEEE

Abstract—The universal attributes of piezoelectric transformers
(PT) were derived by an approximate analysis that yielded closed o—
form equations relating the normalized load resistance to the
voltage gain, output power per unit and efficiency. Based on
the results of the study, a calculation procedure is developed for VIn
specifying a PT for any given application and is demonstrated by
considering the design of a fluorescent lamp driver. It is suggested
that the closed form formulas, developed in this study, could be
invaluable when studying, specifying and designing practical PTs
applications.

(o

Index Terms—Approximate methods, fluorescent lamps, mod-
eling, piezoelectric transformers, resonant power conversion.

. INTRODUCTION

IEZOELECTRIC transformers (PT) have important

advantages over low power electromagnetic (ferrite) (b)
transformers. In particular, they have high power density, small
size and weight while maintaining high throughput efficiency. m T |
They could be designed to have very high voltage isolation
between primary and secondary, can operate at high frequencies R" '
and they do not generate electromagnetic noise. Due to these in out
advantages, PT have already found various practical applica- c'L
tions [1]-[8] such as: electronic ballasts for fluorescent lamps,
battery chargers for mobile phones, ac adapters for mobile
computers, gate drives of MOSFETs and IGBTs and others.

Notwithstanding the fact that practical applications of ©
PTs have been described in the literature, delineation of the . o ) i )

. . . . . S . . FIg. 1. Equivalent circuits of a piezoelectric transformer (PT): (a) general
engineering characterization of these devices is still 'nsummeﬂﬂgdel, (b) after reflecting the output capacitance and load resistance to the
[8]-[11]. For example, the PT analysis presented in [8], [@Fimary, and (c) after parallel to series transformation.
was given only for the low voltage mode when the operating

frequency is close to the series (i.e., mechanical) reson@koncerned with PTs in ac-ac applications, the study can be
frequency of PT. Operation in the high voltage mode providgeq o assess the PT performance in converter applications
maximum output voltage for a wide range of load re3|stanc€e§c_dc) by applying the equivalent ac resistance approach

and could thus be useful in many applications. This mode wegw [12] or the RC model for a converter with a capacitive
not analyzed in earlier publications. It should also be notgge, [13], [14].

that the important functional relationship between the output

power and load reS|stancelwas derived in [8], [9] for a relat|vell¥_ EQUIVALENT CIRCUITS OF PIEZOELECTRIC TRANSFORMERS
narrow range of load resistances. Consequently, it does not

show the typical singularity of this function (two peaks of the The general equivalent circuit of a PT when operating
output power). These and other issues were analyzed in tAfgund one of its mechanical resonant frequencies is depicted
study and the theoretical results, verified by measuremefidig. 1(a).Vi,, andV,,, are the input and output voltages;,

and simulations, provide tools for evaluating the expectéddC, are capacitances of the input and output capaciipr,

performance of a PT in a given application. Although this pap@pd C- are series equivalent inductance and capacitalige,

. . . ) is equivalent mechanical resistande, is the load resistance
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by other authors) would be undesirable in such a case, especially andw,., is the series resonant frequency at open circuit
when the equivalent circuit is studied by circuit simulation. This (R, = o0)
is due to the fact that the windings of an electromagnetic trans-

former represent a short circuit to dc voltage. Wro = 1 ) (11)
From the power-transfer point of view, the basic equivalent L, ccfcé/

circuit can be simplified to that of Fig. 1(b) in which the network

at the secondary is reflected to the primary. Note that the input3) For any given loadR,), the output voltage can be con-
F:apacitanCeCfin of Fig. 1(a)] is eliminated in Fig. 1(b) since trolled by shifting the frequency above or belaw,. This

it does not affect the power transfer of the PT except for the is, in fact, the method used in inverters and converters op-
ESR effect that is treated in Section VI below. The values of erating in frequency-shift control mode.

the reflected resistand@?, ), reflected capacitance’;) and 4y For any given loadR, ), the fraction of power transferred

reflected output voltagéeV;,,,) will be to the load at the resonant frequency will depend on the

R, ratio of R/ to R,,, [Fig. 1(c)].
R, == (1) O . .
o 2 5) Maximum power will be delivered to the load wh&tj =
' —n2C @ R,,. SinceR! is convex, twoR! (and hence twaR,)
o ° satisfy the maximum power condition.
V= Vout 3) 6) Atmaximum output powefR! = R,,) the PT efficiency
out n will be 0.5.

Further simplification can be achieved by converting the par- 7) Maximum efficiency is obtained at the peak/@f.
allel networkR’ , C’ to a series network [Fig. 1(c)] in whichthe ~ 8) Smc_e maximum efficiency point correspor_1d_s to the
series resistancRB!’ and series capacitancg’ are defined as maximumR{ it also corresponds to a local minimum of
R output power (per a given input voltage).
RII - _ "o 4
° 1+ (wC!'R.)? )
C” — Cl 1 + (wcéRlo)2
T WOk

wherew is the operating frequency.

IV. DETAILED ANALYSIS
(5) A Operating Frequency and Output to Input Voltage Ratio
The output to input voltage ratie; (Fig. 1) was found to be

Vvout _ 1
lIl. AN INTUITIVE ANALYSIS ka1 = Vin VY (12)
Examination of the dependenceBf andC”’ on R! reveals Where
some interesting and important features.&svaries from 0 to
oo, R varies from zero back to zero with a maximugyj,,, at W\ 2 R
1 Y:{1—cl< > -1 +R’,"}
R ==—. 6 Wrs g
o= e ) 2
On the other hand, over the entire rangelY)f series capaci- n Wrs C < w >2 1l 4 w ¢ (13)
tanceC?/ varies from infinity back to the value af’. w Q | \wrs wrs @m
Based on this simple observation some general conclusions ,
can already be drawn. c= G (14)
1) For a given reflected loaf], maximum output voltage Cr
will be obtained at the resonant frequengy (Fig. 1) Q =wrsCoR, (15)
1 1
_ w=— 16
“m = L Cog @ em=0CR, (16)

whereC,, is the series value df, andC// Q is the electrical quality factor an@,,, is the mechanical
.o quality fgctor. o _
_r-o (8) Equation (12) implies that,; has a maximum valuéta1,,)
Cr+C3 whenY has a minimum value. Therefore, the frequency ratio
2) The range of the series resonant frequency is dictatedday /w,-s corresponding tdk2;,, can be found by setting the
the range ofC” derivative of the function (13) to zero. This was carried out two
ways: by an exact and by an approximate analysis.

Cog =

Wrs < Wm < Wro ©) Exact analysis was based on the solution of the derivative of
wherew, , is the resonant frequency at short circiit, (= the third order equation (13), which can be presented by the
0) canonical form

1 ; 1 1 1 1
Wrs = ——— (10) 4 |+ 1—=|2>— —5=0 17)

L.C, 2Q2 1 2Q2, ¢ 202
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Fig.3. Maximum value of the output to input voltage rdtiq ., , output power
Fig. 2. Normalized operating frequengy, corresponding to the maximum in per unit system®> and efficiencys as a function of the electrical quality
output to input voltage ratio as a function of the electrical quality fa@@nd factor( for ¢ = const and},, = const.
capacitance ratiofor mechanical quality facta®,, > 10 (w.s is the resonant
frequency in short circuit mode). . o . .
Taking the derivative of (20) and equating it to zero, we solved

the equation for the frequency ratig, /w.s, corresponding to

where the maximum value of output to input voltage rakiq.,,
2
2 w
_(¥Ym C (w—") Q?
w—<w ) : (18) Omo_ gz A D iy Drgin? g,

rs w C’ 2 C!

TS o1 + (Z.:_nz) Q2 o

The frequency rati,,, /w,.s corresponding to the maximum (21)

value ofks; (k21.m), @s a function ofy, @,,, ande, was found

from (17) and (18) applying the “Mathematica” softwargvhere ¢, is the phase angle of the parallel circui,C;
package [15]. This dependence is plotted in Fig. 2. It shosig. 1(b)] at the frequency,,, corresponding to the maximum
that an increase @) from zero to infinity shiftsv,,,fromw,, to  value of the output to input voltage rathg;,

wro @S expected. The curves are valid for a large range,pf

(10 to 1000). By inserting the values of,, /w,., into (13) and Om = tan™! (Q Zm) =tan ! (w,,C'R)).  (22)
applying (12) we found the relationships between,,, and "
circuit parameters), Q,,, andc (Fig. 3). Applying (14) we derive from (21) the expressiongf, /w;

The results of the exact analysis are based on numerical ¢&l2 form convenient for calculation
culations and are therefore presented by tables and graphs. Fhe _
results of the approximate analysis given below are presenteq,
in closed form equations and hence could be more convenient 5
i i ioni 1 1 1 1 1
for design p_roc_edures. The approx_lmatlon is based on the fact 05 (14=——)+1/0.25 (1+== =) +—. (29)
that the derivatives of some terms in (17) with respect are c @Q c Q Q
smaller than others and hence could be considered constant. ) _
Note that the values ab,,/w,s obtained by the approxi-

Taking into account the fact that near resonance the terrrr]nate analysis are independent/df, / . [the terms including

2 i : i .
{(w/wre) 1} is changing much more rapidly as ?funCt'OI}Em/R’ in (20) were reduced during the mathematical transfor-
of (w/wys) than doegw/w,s), we replace here the first Ordermationo]

multipliers(w/w..s) and(w,.s /w) in (13) by as yet unknown con- By inserting (22) into (13) and applying (12), (14)~(16) and

stants (22), we present a convenient expression for calculating the
maximum value of the output to input voltage transfer ratio
w 1 wes k
g= and — = . (29) Foim
Wrs g w 1 1
ko1m = = .
Hence, (13) can be transformed into 2T oS om + T~ COSPm+ grgaan
(24)
2 2
yv=J1—_¢ < w ) 14 R, An approximate expression &f,,, under no load condition is
Wrs R obtained from (13) and (23)
2 2 Qm
c w gc (kQIm)nal(m,d = — (25)
— -1 =5 . (20
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Detailed comparison between simulation, exact analysis and P
approximate formulas fo€ in the range of 0.01-10@,,, in Qm
the range of 10-1000 andin the range 0.5-50 reveal that the 0.30 F
maximum discrepancy is smaller than 4.5%. In most operational : —
regions, however, the agreement was found to be better than 020 + / \
0.1%. We believe therefore that the approximate (closed form) : ‘/ \\
equations derived in this study are more than sufficient from the E / \
engineering point of view. 0.10 ¢ / \
B. Output Power and Efficiency 0

The output powel’, can be calculated from 0 0.2 0.4 0.6 0.8 1

n
P — (k21m%n)2 (26)
° R, Fig. 4. Output power in per unit syste®) as a function of the efficiency

. . L ). is th hanical quality f .
or in per unit system [taking into account [(14) and (15)] Q. Is the mechanical quality factor)

pr— P, ck31m 27) It is clear that maximum output powé?’ = corresponds to the
° " Paus  Q efficiencyn = 0.5 and hence

where Py, is the base power unit P* 2 0.25Q,,. (35)

Pyas = Vin/Cr /L. (28) Insertingn = 0.5 into (30) we find the following equation for
Efficiency can be found from [11] the power peak points:
R// 2 Qm 1 N
__ o 29 Q" — 5 Q+ 5 = 0. (36)
"= R+ R, (29 e () ()

whereR! is the reflected load resistance in the equivalent seri

circuit R'C" [Fig. 1(C)]. This equation has two solutions

Apply@ng (4) gnd (14)—(16)_we transform (29) to ob'Fain the 0, = 1 (37)
expression for, in a form that is convenient for calculation o o\ 2 wn )2
1 2c (7) - (wm)
n= (30)

1+ 5 [i+(“’)2Q] Qm Qu\> (W \?| [ @rs
W o-[E 8 ()] @) e
2c 2c Wrs Wm
The values ofP} andn, calculated from (27) and (30) as a
function of the electrical quality facto) for ¢ = const and We simplify these solutions taking into account the following
Q.. = const, are plotted in Fig. 3. These graphs reveal three @¢nditions:
tremes. Two of them correspond to the equal-height peaks of the __ (Qum/2¢)? is usually much larger thafw,, /wys)?;

output power”’; = P7,,. The third extreme point corresponds  __ ihe value of(), is practically very large and therefore
to the maximum efficiency),,, and a local minimum per unit (Wi Jwrs)? & 1+ (1/c) [see (21) and Fig. 2].

output power( Py )y, . Under these conditions we obtain

To derive the location of these extreme points we find first .

the relationship between the output powtrand efficiencyy. Q1= — (39)

Applying equations (27) and (29) df’ andn and taking into @m

account (4), (22) and (24) we obtain O ~ Qm ' (40)
c+1

2 (w 2
. 1+Q (r)

Now we consider the extreme point corresponding to the

o = 6 [ 4 2Ru R, \2 (31) maximum value of the efficiency,,. Analysis of (30) shows
TR T (Rz’) thatn = 7,, when
R 1 w
— =--1 2 =1 41
7 =7 (32) Q" (41)
from which i.e., whenyg,, = 7 /4 [see (22)]. The values @, /w,s andQ
p 1 oo\ 2 corresponding te,,are defined from (21) and (41)
¢ =c §+Q<wm>] (33) y .
n rs m =4/1 + — (42)
Wrs V 2c

Inserting (33) into (30) we find (Fig. 4) .

o ==, (34) A

(43)
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Inserting (42) and (43) into (30) we obtain the expression ol

the maximum efficiency o0—t
1 L
T = —— —. 44) v,
1+ o 1+ % °

Inserting (44) into (34) we obtain the output power at the pOilﬂg_ 5. Connection of a matching inductdr,,, in parallel to the output

corresponding to the maximum value of the efficiengy terminals of PT.

2c4/1+ %
(P ) = 5 (45) us
2¢cy/1+ 4
(1R o
\ w 1
In the case tha),, > 2¢ the equation can be simplified to 0.8

Qm
1 0.6} ]
(P 5 26 [14 5. (46) C aCoR-INONL N\ |
c 0.4 g
0.2 ]

C. Output to Input Voltage Ratio and Efficiency —~—
Dependence between the output to input voltage ratig, 0 I S ]
and efficiencyy is found in the same manner as above. From 0.001 0.01 0.1
(22) and (24) we define %
0
2
1+ (Q ZTW) Fig. 6. Ratio of efficiency values expected without a matching inductor
kotim = (47)  Lom(n) to the efficiency with an inductony; ) as a function of?,, / R/, and
c w. 2 wC'R!.
1+ om0 |:1 + (Q w_:;) :| °one
Inserting (47) into (30) we obtain andR! [Fig. 1(c) and (b)] have identical values and hence equa-
b tion (29) of the PT efficiency is reduced to a following form:
= ——— (48) X
1 ( W) = 52
+(Q2 gy (52)

The value ofk,1,, corresponding to the efficiency peak point

(1= 1), defined asks1,m )., , is found from (41) and (48) The ratio between the efficiency values in the two cases:

without and with the matching inductat,,; (n andng) is

(k21m )., = V210m (49) found from (52), (29) and (4)
or taking into account (44) P 1+ ’f.‘,j; B 1 53
NG ne o 1+ E 1+ (WOIRY)?] 1 @GR
(k21m )y, ® ————" (50) ’ I+ ay
e S o o
Qum This relationship is shown in Fig. 6. We see that in genegral
ng but for smallR,, /R, andwC” R/ values, we findy ~ nr,
V. PT WITH A MATCHING INDUCTOR CONNECTED IN It should be noted that the matching inductgy;, operating
PARALLEL TO THE OUTPUT TERMINALS in the resonant mode with',, decreases the output to input
The current of the output capacitanc€g, [Fig. 1(a)] is voltage transfer ratic:,,

lowering the efficiency since it passes throu§ly . Hence, the (ot )1 2 11 (54)

overall efficiency of a PT can be improved by compensating
the reactive current of’, by an inductorL,,; connected in
parallel to the output terminals of PT (Fig. 5).

For a perfect compensation

To conserve the same output voltdgg,, input voltageV;,, of
PT must be increased.

L. = 1 51 VI. THE EFFECT OF THEESROF THE INPUT AND OUTPUT
mt = —5 A (51)
w?C, CAPACITORS

wherew = w,. is the operating frequency. The losses in the re- A modified equivalent circuit of a PT, taking into account the
sistor R,,, are lower in this case and therefore the efficiency dbsses in the input and output capacitars, andC,, is pre-
PT will be higher. In such a case, the equivalent resistai{es sented at Fig. 7(a). It includes parallel resistanges, .. and
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@ Fig. 8. Circuit connection when extracting PT parameters.
R, L GC;
o———AMA— N —] . y . — . .
_>iL c putting R, .., [instead ofR]] into (4). The resulting resistance
r . . .
° R/ ... consists of two components connected in series
T 2 Rt;lres1 v, 1
Vin Cn par Rein par H:, o out Rg.resl _ . Ro.r]ezs (61)
Ro res2 + Rco.par
o RII
Rg.resZ = 1?{%' (62)
® + &

Fig. 7. Equivalent circuits of a piezoelectric transformer (PT) taking intd € first componentRy ..., ) is the equivalent load resistance

account ESR losses in the input and output capacitors: (a) general model;flile the second compone(k!/ ) is the loss resistance of

o0.res2
after reflecting the parameters of the secondary circuit to the primary a ; ; <n
followed by a parallel to series transformatidi;.. yor = Cin; Co.par = Co. fife capacitoC, . If we neglect, at this stage, the losse

we find the efficiency of a PT from the following equation:

Rco.par Which can be found from the following approximate W esl
equations: Ul T (63)
Rcin.par & 21 (55) Clearly,n, is lower than in ideal case whé®c, por = 0.
(wWCin)? Bein.ser Taking into account that the input capacitari¢g does not
R N 1 (56) affect the power transfer of the PT we find the input power of a
Corar = (502 Reo ser real PT applying (57) and (63)
whereRcin ser 1S the equivalent series resistance (ESR)of P, V2
andRc., ... is the ESR of”,. Hence, the losses in the input and Py = PR (64)
output capacitors can be expressed as *
V2 Hence, the efficiency of the PT including the losses due to the
Poin = in (57) ESR ofCj, will be
RCin.par 1
V2 . n= —""3 . (65)
— ou 1 Vi
Feo RCo.par (58) No P,Rcin.par
whereV;,, andV,,,; are rms of the input and output voltage.
Due to Rco.par, the total resistance, s at the output of VIl. EXPERIMENTAL
the PT becomes smaller Philips piezoelectric transformer (RT 358 x 2 PXE43-S)
Ry pos = Rolico par 59) with thickness polarization [11] was investigated experimen-

Ry + Reopar tally. The values of the equivalent circuit components [Fig. 1(a)]

Inserting R,.,... (instead ofR,) into (15) we find the new Were obtained by applying the circuit shown in Fig. 8 and with
value of the quality facto€), and after using the data of Figs. 2ih€ help of a network analyzer (HP4395A). The outer shunt re-
and 3 we obtain new valuesof, /w,, andks.,,. The corrected sistor ¢ inserted in se_rles with the PT input terminals is in-
terms are only slightly different from the values of the idedfnded to sense the primary current of the PT when the output
case WherRc, pa, = c0. The output poweP, is calculated as Side is under short circuit conditions.
before from (26), but its value is a little lower due the decrease 1€ parameters of the PT equivalent circuit [Fig. 1(a)] were

in ko, extracted by applying the measurement method _de;cribed
To derive the expression for the corrected efficiency, we rB&10w. The procedure assumes thab,,, Cin, > Ry, which is
flect R, andC, to the primary a gqod approximation for the PT under study. The dielectric ca-
pacitanceC’;,, andC, values are measured by a low frequency
R .. = RO-;%. (60) LCR meter.
' n The proposed procedure is based on two measurement sets:

Next we convert the parallel netwo®, ..., C! ... to ase- short and open circuit at the output of the PT. When the output

0.Tes

ries network [Fig. 7(b)] and calculate the seriesresistdtjce, is shorted, the resonant frequengy, (10) is found and the
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Fig. 9. Circuit diagram of the experimental setup. Fig. 10. Maximum value of the output to input voltage ratio

(Vout/Vin )mand the output poweP, as a function of the load resistanBe:

transfer function ofv: /V (Fig. 8) atw = w,, is measured circles—experimental results; lines—theoretical prediction.
2/ V1 . = Wrs .

Since this ratio is due to the voltage dividey, R,, .
agreement was found between the experimental results and the

\£] _ Ry (66) corresponding values predicted by the equations derived in this
Vi Ry+Rpn study for the voltage gain and output power (Fig. 10).

the equivalent mechanical resistari¢g can now be extracted.
Next, by measuring the bandwidth (BW) around the series res- VIIl. CONCLUSION
onance peak, the mechanical quality facfoy, is calculated The proposed method applies the equivalent circuit of the
frs Wysly PT and the results are dependent on the values of the model
Qm = BW Rf+—Rm (67) parameters. It should be pointed out that PTs, in general, ex-
) ] i hibit nonlinearity as well as temperature dependence. Conse-
L, is computed from (67) and applying (10);. is extracted qyently, the model parameters need to be extracted under the
as well. Next, when the output is under open circuit conditiofhiended operating conditions. The experimental setup of Fig. 9
wr, (11) is measured and by substituting (2) into (11) the outpgiercomes the output power imitation of common network an-
transfer ration is calculated. alyzers by providing a synchronized high power driver to feed
~ Applying the above procedure, the parameters of the expgfa pT, This solution is less costly than a high frequency high
imental PT were found to bef,, = w,./2r = 100.68 kHz, ower amplifier that could be used, of course, for the same pur-
fro = wro/2m = 102.18 KHZ, Ry, = 100.5 Q, L, = 170 mH, pose. The narrow bandwidth of modern network analyzers, as
G = 14.7pF,Cyy, = €, = 500 pF andn = 0.988. the HP4395A, overcomes the distortion and hence a class D am-
The circuit diagram of Fig. 9 was constructed and used t0 &jifier with a simple filter is sufficient for all practical purposes.
amine the mpt_Jt to output transfer function charactgrlsnc_ of the Tpe generic equations developed in this study reveal some
PT as a function of the load resistange. A half bridge in- njyersal relationships between key parameters of a PT. These
verter was used to drive the primary of the PT &@id Ly and  ppysical trade-offs can be used two ways: to optimize the design
Cf_ filter was used to smooth the S|gna_\l toan apprommate SinYr a PT for a given application (see the Appendix) and/or spec-
soidal waveform at the PT input terminals. This method Coulﬂ/ing the desired PT to fill given tasks. From the engineering

generate a high voltage sinusoidal signal at input terminal Ghint of view it is clear that the range for high efficiency opera-
the PT. The RF output of the network analyzer was used to feggh tor a PT is:

the gate driver after passing a high-speed comparator to obtain

a square wave signal. The transfer functions were measured by ¢ < Q< Qm . (68)
the A/ R function of the analyzer (Fig. 9). It should be noted that Q@m ct+l

the inputimpedance of andR? is 502 and therefore series 1000ver this range the voltage transfer ratio is bound as follows:
kQ resistors were used to avoid loading of the PT output and to 0.5Q

reduce the signal level to the safe range for the analyzer. In this 0.5 < kot < ————r. (69)
way, when the load resistanég, was smaller then 100(kthe Vele+1)

input to output transfer function was derived frdm /Vg. For Connection of a matching inductdr,,; in parallel to the
higher than 1008 loads, the series resistances were replaceddatput terminals of PT will increase the efficiency, but will de-
higher values. Since the analyzer was calibrated with the seresase the output to input voltage ratio. The results displayed
resistors (throughput), any error in the dividers was canceledFig. 6 can be used to estimate the improvement in efficiency
out. that can be gained by incorporating the compensating inductor.
The experiments were carried out for a load resistalige Trade-off between cost and performance can be examined.
range of 1002 to 540 K). Each measurement point was taken As an example of the type of information that can be ob-
at the frequency of maximum output voltalg,; ... Excellent tained by applying the results of this study, we considered in
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the Appendix the case of a PT for fluorescent lamp drive. We 7) The mechanical quality fact@p,,, applying (44):
assumed an 18 W lamp, driven by a PT that is fed by a 150

Vrms voltage (other specifications given in the Appendix). By O = m__ g, /1 n 1 . (76)
applying the procedure outlined in the Appendix, we calculated 1= 1m 2¢

the target PT parameters for this application. Obviously, many8) Resistance®,, from (16);

types of PT structures may comply with these target parame- " |
ters, but once the desired parameters are defined, the search for R P 77)

the device is unequivocally defined. It is clear that at this stage " Qm

of the PT technology, one may not be able to order a PT 3¢- . A .

cording to exact specifications. Even so, the required spec{j}&fl—Ote that the equations of step 3) implies that — n..) is

cations, derived by above procedure, can help to select catalog

products. The expressions developed in this study can then be 1< (1—1m) < V2. (78)

applied to examine the expected performance when the available

PT is used. Itis thus concluded that the generic closed-form famjs limits should be taken into account in the beginning of the

mulas, developed in this study, could be highly valuable whefesign when the values of.* and 7, are specified.

studying, specifying and designing practical PTs applications. As a numerical example, we consider the case of an 18 W

lamp driven by a PT that is fed by a 150 Vrms source. The
APPENDIX target specifications are assumed to be as folldwg; = 16
SPECIFYING A PT FOR A FLUORESCENTLAMP W, Vyut.nom = 70 Vrms, PT efficiency 90%y,., = 100 kHz.

Similar to the case of electromagnetic transformers, the re-10 COMPly with (78), the parameteh™was set to bé, = 14.
quirements of each application will dictate the parameters OIS COrresponds to an open circuit voltage of 980 Vrms. In a
the optimal PT. In the following we propose a method for Speg_ractlc_al appllcatlon,_ a lower ignition voltage can be obtained
ifying a PT used in a ballast for fluorescent lamps. The startify Setting the operating frequency to be above the resonant fre-
points of the design are: the nominal output powgrthe input  dUency per (12), (13). Following the procedure outlined above,
rms voltagéV;,,, the output rms voltage for the nominal load rethe target PT parameters for this application were calculated to
sistance {,.;) and under no load condition®, noroaq), the P& fm =126.59Q, L, = 87.9mH, €. = 28.8 pF, C, = 5.13
series resonant frequengy;. For the nominal load resistance,”F’” = 0.367.

the PT should operate in the extreme point of the characteristic>F |CE simulation was used to verify these numerical results.
(Fig. 3) corresponding to the maximum efficiengy: the value 't Was found that the calculated PT parameters meet the exact

of 7., should also be specified. design requirements.
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