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has been proposed in [3], as shown in Fig. 1, which is the

class-E amplifier is proposed as fluorescent lamp ballast. The dual circuit of_the conventional ZVS class E amplifier.
ZCS class E amplifier features lower voltage stress across the 1hUS, the switch voltage and current stresses under

switch than the Zero-Voltage-Switching (ZVS) class E Optimum operation for the ZCS class E amplifier are
amplifier. This is an important advantage which allow to  Vsmar 2.89Vcc and Ismax=3.56lcc, whereas for the ZVS

supply the circuit from the American main voltage (Vac=120 class E amplifier were M.= 3.56Vcc and Ismax=2.89Icc.

V), maintaining only one switch for the ballast. The operation A voltage stress decrease of 37.3 % is then obtained thanks
and characteristics of the ZCS class E amplifier as electronic  tg the zero current switching feature.
ballast are analysed in this paper. The presented study

Abstract.- In this paper a Zero-Current-Switching (ZCS)

includes selection of the more suitable resonant tank, power vee
factor correction using the “modified valley fill” technique L o
and parametric analysis of the ZCS class E amplifier. 3 At It %
L
I. INTRODUCTION [
The use of class E amplifiers to implement fluorescent is
lamp ballasts presents several interesting advantages as

high power density, high efficiency and low component Fig. 1. ZCS class E amplifier.

counts. However, the main disadvantage of these
converters is the high voltage stress across the switch
which can reach a value as high as four times the inp

In this paper the operation of the ZCS class E inverter
fluorescent lamp ballast is analysed. The presented
udy is focused on the selection of the resonant tank more

supply voltage. Until now, this disadvantage has limite® .
the input voltage range of the class E amplifiers below 10gPPropriate to_ha_mdle_the fluo_res_cent Iam_ps on the e_ffect of
arameter variations in the circuit operation. A solution to

V, thus avoiding the very high voltage stress across X

switch obtained when supplying from a high main Voltagemcorporate power factor correction feature to the circuit is

For instance, if a class E amplifier is supplied from?/SO Proposed, this solution is based on the modified valley

American main voltage (120 Vrms), the voltage stres#” technique, thus maintaining the simplicity of the circuit
across the switch would beg\,c4*120%1.4142=648 V,
making necessary the use of a switch with a voltage rate
higher than 600 V.
II. PARAMETRIC ANALYSIS
In order to solve this problem, in [1] and [2] the use of The analysis presented in [3] considers only the
two switches in series, a bipolar and a MOSFET, operatingptimum operation of the ZCS class E amplifier, this is,
as one only switch has been proposed. In this way, thRe operation with both zero current and slope switching.
resultant switch could bear a voltage stress up to 2 kVfhis is a very particular analysis, since there exists only
However, with this solution the main problem of theone operation point satisfying this optimum switching.
converter is not resolved, since a considerable high voltaggus, the class E amplifier could easily loss zero current
stress across the switch is maintained. Moreover, an extitching operation if one or more circuit parameters are
floating switch is needed, which is not ground referencedhanged. The use of a diode in series with the switch
making necessary the use of an isolated driver. maintains the ZCS operation within a circuit parameter
range, but the zero slope switching is lost.

An alternative solution to this problem of high voltage |, this paper the circuit shown in Fig. 1, with a

stress across the switch is to operate the switch with Zef@yigirectional current switch formed by a controlled switch

current switching instead of zero voltage switchingih 5 series diode, is analysed under any operation
provided by a conventional class E amplifier. With thiseqngitions, A parametric analysis is performed to
goal, the use of a class E amplifier with a shunt inductor



determine the variation range of the different circuit
parameters maintaining zero current switching operation.

di (at)
d(at)
V,(at) =Vee-wlLl; cosot+ Oswt=w 7

Figure 2 shows the equivalent circuit of the ZCS class () R wire) L

E amplifier used in this analysis. In this circuit the Cr When the switch is in the on state, it behaves as a short

capacitor has been split into two different capacitors: Céircuit then:

which in tuned with Lf and C. The resonant tank Lf-Cf is ' ' _

tuned at the switching frequency F. In this analysis an ideal Vc(wt)__ 0, Wi, < wts 2r (8)

unidirectional switch S1 is considered, which can only v (at) =Vee ot swts<2m (9)

handle current in one direction. In this way, when the

switch is reverse biased it behaves as an open switcHeurrent through inductor L can be calculated as follows:

without regarding the control signal. For this reason, two . I .

different duty cycles are obtained; firstly, the duty cycle i (at) _EJ'«IC v (wt)d(wt) + i (wt.+)  (10)

obtained from the control signal applied to the SW'tCh\é[IhereiL(mCﬂ is the instantaneous inductor current during

which is considered equal to 50 % in this analysis, angq yrn-on transition of the switch, and its value is given
secondly, the duty cycle given by the zero crossing of thﬁy'

v, (wt) = wl =awllcos@t+¢) Oswt<wt, (6)

current switch (D’). Figure 3 illustrates the two different . . N\ A
duty cycles. In this figure the interval timeg,tnd tyg I (at+) =i (ad.7) =1 Rser[Zn@. D )“0] (11)
correspond to the unidirectional switch duty cycle and the =lgsen@p-2rD ')

interval times ¢, and tg correspond to the control signal
duty cycle. The unidirectional switch will start conducting By integrating (10) and using (11), the following
at instant, , referred to the instant timg this angle can expression is obtained:

be expressed as follows: . \V/olo;
IL((’Jt) :7[wt_2n(1_Dl)]+ (12)
wt, = 2m(1-D") @ ol
lgsen(@-2mD') wt, < wt<2m
A. Voltage and Currentin L and in S1 Vee
By inspecting Fig. 2 the voltage and current in the switch  'e(®) = I[M -2n(1-D)]+ (13)
are given by the following expressions: | {sen(o—ZnD‘) -~ senu +¢)} ot <ok < 2T
R c = -
i(at)=1 (ad)—ig(ct) (2)  B. Resonant tank voltages
Ve (at) =Vee— v (w? (3) Since the resonant tank Lf-Cf is tuned at the switching

o . frequency, it behaves as an ideal filter, allowing only the
When the switch is in the off state, it behaves as an op@@yrrent due to the fundamental component of the voltage

circuit. Therefore: v (t) to pass through it. Therefore, the voltage shown as
i.(at)=0, Ewttwt (4)  vy(t) in fig. 2 will be equal to the fundamental component
I (ad)=ig(ad)=1zsen@ +@ ) O<wtswt (5) of v (t). This fundamental component is a sinusoidal
Ve waveform given by the following equation:
Lf Cf C Ir(t) Ve, (@) = pVesen@t+ @ ) (14)

() + "’\Jx(t) -+ whereVg is the voltage amplitude across the load and:
V() Va®  Ve®O| | R 2
L ] “ ] p =41+ XR(? (15)
le® £+
LJXCL
s1 }LVC(U @=@+Y=@p+tan 1DB>(—R ' (16)
Fig?.Z.ZCS Class E amplifier equivalent circuit. Regarding the voltagevc,(t) shown in Fig. 2, its

fundamental component is calculated as follows:
2m(1-D')

V= [V~ ol cost +@)lsenet +@)d(wt)

(7)
T —— WV
ton toff L= 47'[RR [cos@D - -@,) —cos@+ @) + (2D - 4m)seny] -
ton V
t'off _ Yec _ —
© . <=[cos@ - @) - cosp)]

Fig. 3. Current waveform and signal control in the switch. where D=2D". By equalling (17) to the amplitude given
by (14) and solving fo¥/y, :



(18)

%osQD -@—@)—cos@+q)+ (2D - 4m)seny —%E

Equation (18) can also be expressed as follows:

&R [cos@ - @) — Cosp ]
wlL

Vg =

N R
Ve == S-N(D.o.@¢.Rp, L) (19)

where:

(20)
cosD - @ )~ cosp,

cOS@D - 9=, )- cOsk+, ¥ @D~ 4T )senk I L
Since the fundamental component of voltagéut) has

h(D.o..Rp.1)=

gnum = ql Sem"" qO COS§0
Jgen =T, SEIT @+ 1, SENPCOSP + I,y COS* @ 27)
hnum = qO Sem’ - ql COSq)

e, =S, Serf @+ S, senpcosp + S, cos” @
Taking into account the following condition:

Onum _ hnum

gden - hden

which is the same as:

gnumhden_ g derh num: 0

only a sinusoidal term, the cosinusoidal component must by substituting (27), multiplying and expanding:

be equal to zero, this is:
2m(1-D")

0= [Vi(at)cos@t +@)d ()
n 0

1 2m(1-D")

0== J’ §/CC - %cos({d + (P)ECOS@I +@)d(ax)

n 0
By integrating (21) and solving for ry it is finally
obtained:
_ 4RV, [senrpl +senQD —(pl)] (22)
R oL [(2D-4m)cogp +seneD - - @) +senp+q)]

(21)

Equation (22) can also be expressed in the followin

way:
Vy = 4S,Y°° 9(D.9.q. R) (23)

where:
o(D. ¢) = senf, )+ senp -¢, ) (24)

(2D - 4mm)cosy + sengD-@ — @, ¥ sem{+¢@, )
By equalling (20) and (24), substituting=@+y and

expanding, the numerators and denominators of the

functionsg( ) andh( ) can be expressed as follows:
0. = SENPcOSY — serDseny - cosD cogp) + (25)
cosp(sery +serDcosy — cosDSety)
hum =seny(sey — cosDseny +serDcos)) +
cogp(cosD cogy —cosy +serDseny)
Ogen = S€IT @(sENY COS2D — Sen2D cosy —seny + (2D - 4m) cosp) +
senpcosp(cosy + cogp — 2ser2Dseny — 2coD cogp) +
coé glser2D cogy — cos2D seny +seny + (2d - 4m)cogp]

hyen = serf (pgcosp —co2Dcog) —sem2Dseny + 2D seny — 4rrseny — %%
co§§— cogy +sem2Dseny +coDcogp + 2Dseny —4rrseny — % §+

senpcosp(2sen2D cogy — 2co2D seny + 2seny)
By assigning a new notation to each term multiplying
to Serig,Cos¢g, SerpCosp, as follows:
o, =cosy —senDSeny - cosD cosy
g, =seny +senDCosyp - cosD seny (26)
r, =seny cos2D - sen2D cosy —seny + (2D — 4m) cosy
r, =cosy + cosy — 2sen2D seny — 2cos2D cosy
r, =sen2D cosy — cos2D seny + seny + (2d — 41T) cosy
s, =cosy —cos2D cosy —sen2D seny + 2D seny — 4rrseny — %
s, = 2sen2D cosy — 2cos2D seny + 2seny
s, =—cosy +sen2Dseny + cos2D cosy + 2D seny - 4rrseny — %
Equations corresponding to the functiags) and h( )
can be expressed in the following way:

a,sert p+a, serf pcosp +a, senpcos @ +a, cos ¢=0(28)
where:
a; =q;S, ~ I,q,
A =018t S+ LG~ L0 (29)
Q=018 * QoS+ KL~ o
Ay =0pS * o0,
Multiplying both sides of (28) by cds, we obtain:
attan’p+a,tarfp+a, tap+a,=0 (30)

Eividing (30) byas:

a a a
tan’p+—= tarf@+— tap+—>=0 (31)
a3 a3 a3
Sincea; = a3 anddg = dy:
3 aZ aZ
tan’p+—= tarfp+ tap+—==0 (32)
aS aS

Factorising (32), we obtain:
| a
Gan +—2§tar|2 +1)=0
Hang+ *Harfg+y

The first factor contains the real root@ftherefore:
0 a,0 0 a,0 (33)
= —<[= —0
Q arctan%— a1 arctarH— a0
Once thep angle has been obtained, it is possible to
calculate any parameter of the class E amplifier under any
operation condition.

C. Calculation of the D’ duty cycle

The current through the switch is given by (13). The
zero crossing of the switch-diode current occurs for an

angle equal to2 Therefore:
cc
0= ot l(senp-2D ) - senp ) (34)

In this equation the only independent variable is the
duty cycle D'. Consequently, with this equation and by
using numerical methods the duty cycle D' can be
calculated.

D. Voltage and current stresses in the switch

The peak current value is obtained by equalling to zero
the derivative of (13) and solving for the angle. This angle
will indicate the instant of maximum current and is given
by the following equation:



v, O isw(tyA R=0.5
6,, =—cos'F—— +2m (35) (
. Ols XL E— ¢ 025
By using (35) in (13) the maximum value of the switch 02

current is obtained. %115

0.05

Regarding the peak voltage across the switch, the same ‘ ‘
T2 T

procedure is followed with equation (7), in this case the
peak voltage angle is the following: isw(/A R=1
QMV =n-Q (36) 02
E. Average input current 045
0.1
The average current delivered by the power supply to 005
the ZCS class E amplifier is obtained by integrating (4) |
and (13) within a period. The result is given by the TI2 T
following equation: _ R=1.3
oD Ve, I (37) i
T XL 2r{cosp- cosp-2mD 'y D 11 sem(- D 1t )) oa
F. Input and output power and power capability 015
0.1
The input power is given by the following equation: 005
Pin=V_I (38) T/Z .
and the output power can be calculated as follows: Fig. 4. Current waveform across the switch for variations of R.
12 :
Po= 7R R (39)

The power capability is a quantity which evaluate the
ratio of the output power to the voltage and current stresses
and is given by the following expression:

P
Cp=-—— (40)
lemVeu
Icm being the maximum current through the switch and 21
Vem the maximum voltage across the switch. 3
[~R=0.5 =06 07 08091 ~11—12 —13 14 15]

Previous equations were introduced in a Mathematica Fig. 5. Voltage waveform for variations of R.
program in order to evaluate the circuit behaviour under
suboptimum operation and using a diode in series with the [ll. SELECTION OF THE RESONANT TANK
trans_is_tor. Using th_is program the operation of the cla.ss E The acceptance of high load variations is one of the
ampllfl_er under v_ar|at|0ns on the following parameters: Ri portant conditions in order to use an inverter as
L, equivalent series capacitance of the resonant tank C

o .~ “fluorescent lamp ballast. Thus, the inverter must tolerate
switching fr_equency F was performed. In order to 5|mp!|f)1 ad variations from a very high impedance load when the
the analysis, the different parameters were normalis

X . 89mp is not ignited, to the nominal load impedance when
using the optimum values [3]: R=1, F=1, Vcc=l,yq pIamp ig running. According to thz performed
L=(1T+4)/4 y C=16/(2C(1(+12)). parametric analysis for the ZCS class E amplifier, this
. . topology can undergo load variations from the nominal
AS. res_ult of 'ghe performed analysis the fOIIO\"”h.gload down to zero without loosing zero current switching,
variations in the different elements of the class E amplifief,ich is the opposite behaviour as necessary for a lamp
were found to maintain ZCS operation: @R I<F<1.15,  pa|jast. In order to solve this problem an impedance
1<L<1.45 and ¥C<1.28. Figures 4 and 5 illustrate the jhyerter is used, thus reflecting a high load impedance as a
voltage and current waveforms in the switch obtained fogpy |oad impedance towards the ZCS class E amplifier.
variations in R. Similar waveforms can be obtained for thq’here exist two possib”ities in order to imp|ement the
other parameters. impedance inverter: the capacitive impedance inverter
(Fig. 6a) and the LCC resonant tank (Fig. 6b). Both circuits
As conclusion of the performed analysis, the ZCS clasgre yseful to perform the impedance inversion. However,
E amplifier can accept quite well parameter variationyo calculate the resonant tank elements two conditions
particularly in the load resistance R, without loosing ZCSyyst also be satisfied: a) to achieve lamp ignition and b) to
operation, provided that a diode is used in series with thgpply the lamp at nominal power. For the LCC resonant
transistor. These results are similar to those obtained in [flnk, when trying to satisfy both conditions at constant
for the ZVS class E amplifier. switching frequency, the following constrain is obtained

[6]:




— V. SIMPLIFIED DESIGN OF A ZCS CLASS E
Vi=42RR (41) AMPLIFIER
Where V; is the fundamental component of the voltage )
applied to the resonant tank, i8 the lamp power and.Rs The procedur_e_ to_calculate the different components of
the equivalent series resistance of the resonant tank afitf class E amplifier is the following:

load.
1. Calculation of the ZCS class E amplifier elements

loaded a series resonant tank

Calculation of the capacitive impedance inverter
elements

Calculations of the valley fill arrangement elements

For the following operation conditions: 32 W,
R =132 Q, main voltage of 120)s and minimum lamp
ignition voltage of 350 V, the constrain given by (41) can
not be satisfied. Therefore, the LCC resonant tank can not

be employed. . . .
ploy The input specifications to calculate the different

The capacitive impedance inverter avoid this constraiff/€ments_are the following: ¥127 Vrms, pP=32 W,
Besides, it presents a higher voltagsost ratio than the =132, F=100 kHz and quality factor Q=10.
LCC resonant tank, since the series capacitor is in series . . . . .
with the load instead of the input power supply as in the USiNg the equations given in [3] the following results
LCC resonant tank. Therefore, the capacitive impedancieré obtained: &63.11Q, L=547 pH, Cr=2.521 nF y
inverter is chosen as the more appropriate resonant tank tg=273.11pH.

this topology.
In order to calculate the elements of the capacitive

Lr crs L Crs impedance inverter, this circuit was simplified assuming an
W‘T ° equivalent series circuit. Based on the circuit analysis, the
RL cmT RL relationship between the capacitive impedance inverter and
[eg

a series resonant tank are obtained as follows:

: ) : oW . R XC?
Fig. 6. Impedance inverters. (a) capacitive impedance inverter, (b) = L P (42)
LCC resonant tank. ¢ R+ (XC, + XC,)?
2 2
IV. POWER FACTOR CORRECTION XCse= " (R + xc, xC, + xC2) (43)

RY +(XC, + XC,)’

Where Re and XCse are the equivalent series resistance
nd series capacitance and are known valugss e
quivalent lamp resistance and xX@nd XGs are the
eactances of £and G respectively.

In order to simplify the structure of the presented
ballast, the modified valley fill technique [4] is proposed to,
incorporate power factor correction feature to the ballas
Figure 7 illustrates the final schematic diagram of th
proposed electronic ballast including the modified valley

fill circuit. This technique consists of charging the filter Solving (42) and (43) for Xgand XG,, the values of
capacitor (§ by using an extra winding in the resonanty, . capacitors can be obtained. In ’this example the

tank (Lr,). The voltage across 4is rectified by means of - A, _
the diode . In order to avoid capacitor; @llowing line following values are obtained:£766 pF and (=1.77

voltage, diode Bis used. In this manner, the main supply
only deliver energy to the circuit when the main voltage is

glr?zr?rert:]:r?t ;IOES; 3378:2 (;ac?g(s:gotacggi? r\f\%s improve the input power factor was calculated to provide a
9 9 pacito voltage across the capacitor

provide a higher input power factor, but also a higher Iam;\)/cleﬂ*1 4142+0 3826=68.71 V. The obtained value
current crest factor. Consequently, a trade-off between —an ' ' ’
. . was L,=30 uH.
power factor and lamp current crest factor is obtained. In
order to attain a middle point for these two parameters a
ratio between the peak line voltage and vOltage of
VaefV~=0.3826, what corresponds to a line curren
conduction angle of 135 degrees within each line half cycl
was selected.

The auxiliary winding in the resonant inductor used to

Finally, capacitor Cf was selected of u& and the
Iswitch employed was and IGBT IRGBC30UD2 with a
goltage rate of 600 V.

VI. EXPERIMENTAL RESULTS

Vac L— Oif Pogo, X e 1% [Lamp Figure 8 shows the voltage and current stresses in the
T Sell& % %, Dyt Co switch, and the main voltage and current obtained with the
e P proposed electronic ballast. The maximum voltage stress
iy S, across the switch is 540 V and the measured input power
E| factor and total harmonic distortion were PF=97% and
THD=25%.

Fig. 7. Electronic ballast based on the class E amplifier.
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Figure 9 illustrates the lamp current waveform. The
measured efficiency was 70 % and the measured lamp
current crest factor was 1.8.

VII. CONCLUSIONS

In this paper the ZCS class E amplifier is proposed as
fluorescent lamp electronic ballast featuring low voltage
stress when compared to the ZVS class E amplifier. With
this goal a parametric analysis of the ZCS class E amplifier
was performed and the use of a capacitive impedance
inverter as resonant tank was suggested. For the parametric
analysis of the ZCS class E amplifier a diode in series with
the switch was considered. With this analysis the variation
range of the different circuit elements assuring zero current
switching was determined and the important equations to
evaluate the operation of the ZCS class E amplifier under
any operation condition were derived. The power factor
correction feature was implemented by using the modified
valley fill technique.

Based on the presented study, electronic ballast for a
32W compact fluorescent lamp was designed and
satisfactory experimental results were obtained. With the
proposed circuit an electronic ballast able to be supplied
from the American main voltage (Vcc=180 V) and using
only one switch with a voltage stress below 600 V can be
implemented.
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