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Abstract

In this paper a Zero-Current-Switching (ZCS) class-E
amplifier is proposed as fluorescent lamp ballast. The
ZCS class E amplifier features lower voltage stress across
the switch than the Zero-Voltage-Switching (ZVS) class E
amplifier. This is an important advantage, which allows
to supply the circuit from the American main voltage
(Vac=120 V), maintaining only one switch for the ballast.
The operation and characteristics of the ZCS class E
amplifier as electronic ballast are analysed in this paper.
The presented study includes the selection of the best
suited resonant tank and a parametric analysis of the ZCS
class E amplifier.

Keywords: Electronic Ballast, ZCS, Class E Amplifier,
Mathematica.

Resumen

En este articulo se propone el uso del amplificador clase
E conmutado a corriente cero (CCC) como balastro
electrénico para ldmparas fluorescentes. El amplificador
clase E CCC presenta un esfuerzo de voltaje en el
interruptor mds bajo que el amplificador clase E
conmutado a voltaje cero (CVC). Esta es una ventaja
importante que permite alimentar al circuito desde el
voltaje de linea americano (Vac=120 V), manteniendo
solo un interruptor en el balastro. En este articulo se
analizan la operacion y caracteristicas del amplificador
clase E CCC operando como balastro electrénico. El
estudio incluye la seleccion del tanque resonante mds
apropiado y un andlisis paramétrico del amplificador
clase E CCC.

Palabras clave: Balastros Electrénicos, CCC, Amplificador
Clase E, Matematica. )

1 Introduction

The use of class E amplifiers to implement fluorescent
lamp ballasts presents several interesting advantages as
high power density, high efficiency and low component
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 input
supply voltage. Until now, this disadvantage has limited
the input voltage range of the class E amplifiers below
100 V, in order to avoid a high voltage stress across the
switch obtained when supplying from a high main
voltage. For instance, if a class E amplifier is supplied
from American main voltage (120 Vrms), the voltage
stress across the switch would be
Vemax=4%¥120%1.4142=648 V, which means that a switch
with a voltage rate of 1200 V must be used.

In order to solve this problem, in (Liitteke and Raets,
1986) and (Liitteke and Raets, 1987) the use of two
switches in series, a bipolar and a MOSFET, operating as
one only switch has been proposed. In this way, the
resultant switch could bear a voltage stress up to 2 kV.
However, with this solution the main problem of the
converter is not resolved, since a considerable high
voltage stress across the switch is maintained. Moreover,
an extra floating switch is needed, which is not ground
referenced, making necessary the use of an isolated
driver.

An alternative solution to this problem of high voltage
stress across the switch is to operate the switch with zero
current switching instead of zero voltage switching
provided by a conventional class E amplifier. With this
goal, the use of a class E amplifier with a shunt inductor
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has been proposed by Kazimierczuk (1981), which is the
dual circuit of the conventional ZVS class E amplifier.

Thus, the switch voltage and current stresses under
optimum operation for the ZCS class E amplifier are
Vima— 2.862Vce and Ismax=3.562Icc, whereas for the
ZVS class E amplifier were V.,= 3.562Vcc and
Ismax=2.862Icc. A voltage stress decrease of 19.65 % is
then obtained thanks to the zero current switching feature.
Therefore, this topology is an interesting option when the
feeding voltage is the american main voltage (Vcc=180
V) because allows the use of switches with a rated voltage
of 600 V.

In this paper the operation of the ZCS class E inverter
as fluorescent lamp ballast is analysed. The presented
study is focused on the effect of parameter variations in
the circuit operation and on the selection of the resonant
tank best suited for handling fluorescent lamps.

2 Parametric Analysis

The analysis presented by Kazimierczuk (1981) considers
only the optimum operation of the ZCS class E amplifier,
this is, the operation with both zero current and zero slope
switching. This is a very particular analysis, since there
exists only one operation point satisfying this optimum
switching. Thus, the class E amplifier could easily loss
zero current switching operation if one or more circuit
parameters are changed. The use of a diode in series or in
parallel with the switch maintains the ZCS operation
within a circuit parameter range, but the zero slope
switching is lost (Kazimierczuk, 1989). A unidirectional
switch will be employed in the proposed topology,
implemented by using a diode in series with the switch. In
this way, the parasitic capacitance will be lower than that
existing in a bidirectional switch (which uses a diode in
parallel), thus obtaining a reduction in the switch losses.
In this paper the circuit shown in Fig. 1, with a
unidirectional current switch formed by a controlled
switch with a series diode, is analysed under any
operation conditions. A parametric analysis is performed
to determine the variation range of the different circuit
parameters maintaining zero current switching operation.

VCC
Lf Cf C Ir(t)
I/
IL(t) AN '+\) Yo -
VL(t) Vel Ve(® R
Ic(t) I+

}LVC(O

Fig. 1. ZCS Class E amplifier equivalent circuit
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Fig. 2. Current waveform and signal control in the switch

Figure 1 shows the equivalent circuit of the ZCS class
E amplifier used in this analysis. In this circuit the
resonant capacitor Cr has been split into two different
capacitors: Cf which is tuned with Lf and C . The
resonant tank Lf-Cf is tuned at the switching frequency F.
The quality factor [Q=1/w R Cf)] is designed high
enough to allow the output current to be assumed
sinusoidal. In this analysis an ideal unidirectional switch
S1 is considered, which can only handle current in one
direction. In this way, when the switch is reverse biased it
behaves as an open switch without regarding the control
signal. For this reason, two different duty cycles are
obtained. Firstly, the duty cycle obtained from the control
signal applied to the switch, which is considered equal to
50 % in this analysis, and secondly, the duty cycle given
by the zero crossing of the current switch (D). Figure 2
illustrates the two different duty cycles. In this figure the
interval times t’,, and t’,x corresponds to the
unidirectional switch duty cycle and the interval times t,,
and t. correspond to the control signal duty cycle. The
unidirectional switch will start conducting at instant ot, ,
referred to the instant time t,, this angle can be expressed
as follows:

wt,=2r(1-D") (D

Furthermore, the switch is assumed ideal, this means
that parasitic capacitances are neglected, the switch
behaves as a short circuit and open circuit during the on
and off states respectively, and the turn-on and turn-off
transitions are instantaneous.

2.1 Voltage and Current in L and in S1

By inspecting Fig. 1 the voltage and current in the switch
are given by the following expressions:

(@)= (o) ~ier) @

v.(oty=Vee—v, (wr) 3)

When the switch is in the off state, it behaves as an open
circuit. Therefore:

i(ot)=0, O<ot<wt, @
i (@)= i(o)=Isen(er+¢) O<amt<at,
(
5)
v,‘(a)t)za)L%I‘(%t)*):a)LlR cos(wt+¢) 0<awt<aot, (6)
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v(ot)y=Vec—wLl cos(wt+¢) 0<wt<awt, (7)

When the switch is in the on state, it behaves as a short
circuit, then:

v(ot)=0, wt,<ot2zr (@8)
v(wt)y=Vcec ot <ot<2rx 9

Current through inductor L can be calculated as follows:

i ()= ﬁ L‘” v, (@f)d(ot)+i,(ot,+) (10)

where ir(wt.+) is the instantaneous inductor current
during the turn-on transition of the switch, and its value is
given by:

ij(ot+)=i,(ot,~)= Lsen[27(1- D')+ ¢ ]

an
= I, sen(¢ —2zD")

By integrating (10) and using (11), the following
expressions are obtained:

. Ve \
i, (o) = —Q)F%[wt —27(1- DY)+ -

Iysen(¢ —272D") ot <wt <2x

i(wt) = %[wt —2x(1- D))+ (13)

I, {sen(¢ —272D") —sen(wt + ¢)} wt, <ot <2x

2.1.1 Resonant Tank Voltages

Since the resonant tank Lf-Cf is tuned at the switching
frequency, it behaves as an ideal filter, allowing to
circulate only the current given by the fundamental
component of the voltage vi(t). Therefore, the voltage
shown as v(t) in fig. 1 will be equal to the fundamental
component of vi(t). This fundamental component is a
sinusoidal waveform given by the following equation:

ve(@r) = pVy sen(ar + %) (14)
where Vy is the voltage amplitude across the load and:

XC*?

= (15)

p =11+

p=P+w=¢+ tan_'(—)%g) (16)

Regarding the voltage vei(t) shown in Fig. 1, its
fundamental component is calculated as follows:

22(1-D")
v, = J.[V“, ~ oL, cos(ot + ¢)]sen(a)t + ¢, )d(ot)
oLV,
V, = IR [cos(ZD —¢—@,)—cos(¢+¢,)+ (2D —-4r)sen (//]~
T

RA
T

[cos(D —@,)—cos ¢1]

(17)
where D=2nD’. By equalling (17) to the amplitude given
by (14) and solving for Vg :

V, = 4V, R L [COS(D“¢1)—Cos¢I]

oL [coS(ZD ~¢—¢)—cos($ +¢,)+(2D —4r)seny — 4”123}

.
(18)
Equation (18) can also be expressed as follows:
4VLLR

VR = ol h(D’¢,¢],l//,R,p,L) (19)
where:
KD, ¢, v, R p,L)= cos(D~¢,)—cos 4,

C0S(2D— ¢ — §,) —cos(¢ +8,) + (2D A4 )sen( ) - 42{29

(20)

Since the fundamental component of voltage v (ot) has
only a sinusoidal term, the cosinusoidal component must
be equal to zero, this is:

22(1-D")

0= j V. (at)cos(at + ¢, )d(wr)
T 0

1 27(1-D")

0= I [VM _ oLy cos(wt + ¢)} cos(wt + ¢, )d(ot)
T R
ey

By integrating (21) and solving for Vg, the following
expression is finally obtained:

4RV, [seng, +sen(D - ¢))]
wl [(ZD —4r)cosy +sen(2D — ¢ — ¢,) +sen(p + ¢, )]
(22)

Ve

Equation (22) can also be expressed in the following
way:

4RV,
Vi = L g(D,¢.4,v,R) (23)

where:

B sen(¢,)+sen(D—g))
" (2D —47x)cos w+sen(2D - ¢ —¢,)+sen(d + ¢,)
24
By equalling (20) and (24), substituting ¢,=¢+y and
expanding, the numerators and denominators of the
functions g() and () can be expressed as follows:

g(D.¢)
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Lm = Seng(cosy — senDseny — cos Deosy) +
cos g(seny + senD cosy — cos DSeny)
Hys = SeRG(sen1Y — cOs Dseny + senD cosiyr) +
cos g(cos D cosy — cosy + senDseny)
Lon = SeMP(seny cos 2D — sen2Dcosy ~ seny + (2D - 4x)cos ) +
seng cos g(cosy + cosy — 2sen2Dseny — 2 cés 2Dcosy) +
cos” ¢[.s‘en2D cosy — cos2Dseny + seny + (2d ~ 47) cos t//]
4zRp

by, = senzqé(cosy/ —cos2Dcosy — sen2Dseny + 2Dseny — 4aseny — TJ +
(&)

0052(_ cosy + sen2Dseny +cos2Dcosy + 2Dseny — dmseny - ‘sz) "
@,

seng cos p(2sen2 D cosy — 2cos2Dseny + 2seny)
(25)
By assigning a new notation to each term multiplying
to Sen’d,Cos’d, SendCosd, as follows:

q, =cosy —sen DSeny — cos D cosy

q, =seny +sen DCosy — cos Dseny

r, =seny cos2D —sen2Dcosy —seny + (2D — 4x) cosy
r, =cosy +cosy —2sen2Dseny —2cos2Dcosy

¥, =sen2Dcosy ~cos2Dseny +seny +(2d —4r)cosy

s, =cosy —cos2Dcosy —sen2Dseny + 2Dseny — 4z seny — 4:}%

s, =2sen2Dcosy —2cos2Dseny +2seny

5, =—cosy +sen2Dseny +cos2D cosy + 2D seny — 4 seny — i;r;l%p_
(26)

Then, equations corresponding to the functions g(') and
h() can be expressed in the following way:

Lo =4, SENG + g, COSP

Cum =T, S€N° @ + 1, sengcosd + r, cos” ¢ @7

Bym =4 SENP —q, COSP

hy, =S, sen’ @+ S, sendcosd + S, cos’ ¢
Taking into account the following condition:

gnum —_

gden hden
which is the same as:

num

gnumhden - gdenhnum = O
by substituting (27), multiplying and expanding:

a, sen’ ¢+, sen” pcosd + o, sengcos’ ¢+ cos’ =0

(28)
where:
a; =45, —1q,
@, =4,85 +4,5, +1,4q, —r4g,
a, =q,8, +q,8 trq, —rd,
Xy =445, T 54,
29

Multiplying both sides of (28) by cos™ ¢, we obtain:
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atan’ ¢ + aytan’ ¢+ atang + a, =0 (30)
Dividing (30) by o :
a a a
tan’ g + —>tan ¢+ —tang+—-=0 3
a3 a} 3
Since a; = o3 and oy = oy:
3, %, 4 @,
tan’ g+ —=tan’ @+ tang +—— =0 (32)
a a

3 3

Factorising (32), we obtain:

O R
tan¢+a tan“¢+1) =

3

The first factor contains the real root of ¢, therefore:

aZ a()
¢ = arctan| —— | = arctan| — —
a, a,

Once the ¢ angle has been obtained, it is possible to
calculate any parameter of the class E amplifier under any
operation condition. »

2.2 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 to 27, Therefore:

(33)

Ve

_ e, (34)
2XLAD'

0 [R(sen(¢ - 27rD') —sen(¢)

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.

2.3 Voltage and Current Stresses in
the Switch

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

1 cc

Oy =—cos” I XL

-¢+2r (35

By using (35) in (13) the maximum value of the
switch current is obtained.

Regarding the peak voltage across the switch, the
same procedure is followed with equation (7), in this case
the peak voltage angle is the following:

O =7—¢ (36)
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2.4 Average Input Current

The average current delivered by the power supply to the ZCS
class E amplifier is obtained by integrating (4) and (13) within a
period. The result is given by the following equation:

leoe DA I,
cc= +
XL 27r(cos¢ —cos(¢p—2zD")+2D' nsen(g —2D' 7:))
(37)
2.5 Input and Output Power and
Power Capability
The input power is given by the following equation:
Pin=V_1I, (38)
and the output power can be calculated as follows:
I, ‘
Po= —25 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:

Po

- ](.'A/IVCA/I

Cp (40)

being Icy and Vey he maximum current and voltage
through the switch respectively.

Previous equations were introduced in a Mathematica
program (see appendix A), in order to evaluate the circuit
behaviour under suboptimum operation and using a diode
in series with the transistor. Using this program the
operation of the class E amplifier under variations on the
following parameters: R, L, equivalent series capacitance
of the resonant tank C and switching frequency F was
performed (see fig. 1). Note that changes in Lf or Cf are
reflected as changes in capacitor C, and thus considered
as variations in C. In order to simplify the analysis, the
different parameters were normalised using the optimum
values previously calculated in by Kazimierczuk (1981):
R=1, F=1, Vee=1, L=(n*+4)/16 y C=16/2n*(*+12)).

The algorithm performed by the Mathematica program
shown in Appendix A can be summarised in the following
steps:

1.  Supply the values of the different circuit
elements and per unit specifications

2. Calculate the phase angle between load voltage
and control signal (), given by (33)

3. Calculate the duty cycle

4. Calculate maximum switch voltage and current

5. Calculate the average input current consumed by
the ZCS class E amplifier

6. Display results and plot switch waveforms

As result of the performed analysis the following

variations in the different elements of the class E

amplifier were found to maintain ZCS operation: 0<R<I,
1<F<1.15, 1<L<1.45 and 1<C<I1.28. Figures 3 to 7
illustrate the results obtained from the performed analysis
for variations in the load resistance R. Figure 3 shows the
switch current waveform, Fig. 4 illustrates the switch
voltage waveform, Fig. 5 shows the maximum voltage
and current stresses and finally, Fig. 6 represents the load
voltage amplitude. Similar waveforms can be obtained for
changes in L, F and C.

isWityA R=0.5
025
02
0.45
0.1
0.05
T2 T
isw(t)/A R=1
02
015
0.1
0.05
T2 T
isw(t)/A R=1 3
025
02
0.15
0.1
0.05
T2 T

Fig. 3. Current waveform across the switch for variations of

Vc(t)

360

—R=0.5*06"0.7""0.8709 1111213 14 15
Fig. 4. Voltage waveform for variations of R

As conclusion of the performed analysis, the ZCS
class E amplifier can accept quite well a parameter
variation, particularly in the load resistance R, without
loosing ZCS operation, provided that a diode is used in
series with the transistor. These results are similar to those
obtained by Raab (1978) for the ZVS class E amplifier. In
all cases in which ZCS operation was maintained, the
switch voltage stress was higher to that obtained for
optimum operation (zero current and zero slope
switching). The switch voltage stress only decreased
when ZCS operation was lost.
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Fig. 5. Maximum stress voltage and maximum
stress current vs R
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Fig. 6. Load voltage (Vr p/u) vs. R

2.6 Analysis of Losses in the Switch

In the previous analysis the switch was considered ideal,
and only the turn-off losses due to non-zero current
switching were evaluated. These losses are given by the
energy stored in L at the instant of the commutation and
generated during the switch turn-off process. However,
for a real switch, the following energy losses should be
also taking into account:

Conduction losses. Generated by the equivalent
resistance of a saturated MOSFET (R,,) or by the
equivalent voltage source of a saturated power BJT or
IGBT (V).

Transistor turn-on losses. In this particular topology
these losses are given by the parasitic capacitance in
parallel with the switch and it is composed by the switch
output capacitance (Coss), inductor 1. parasitic
capacitance and the capacitance of the drain (or collector)
connections to ground and power supply.

The different losses will be now evaluated.

2.7 MOSFET Conduction Losses
( l)R(on))

The conduction losses due to the equivalent on resistance
of a MOSFET can be easily obtained from the following
equation:

1 g,
PR(an) = ’272: f I (C’)t)2 R dt 41)
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where Roy is the equivalent on resistance and i-(@#) is the
drain current for a duty cycle of 50%.

The drain current is given by the following expression
(Kazimierczuk, 1981):

. V. I«
i,(ot) =—%| ot ——~——coswl —senwt |(42)
oL 2 2

Using ic(wt) in (41) and solving:

V2 2
PR(on) :R()N “‘L[9+17ﬂ'2 -27 - 292” J

2oLy
(43)
Simplifying, we obtain:
R,V (57°
oy = ON—((Z §7L —-18 (44)
2(wl) 2

The term (@L)* can be expressed as a function of the
series load resistance according to the following
expression (Kazimierczuk, 1981):

(wL)* =29.665451R> (45)
Thus, equation (44) can be written as follows:
RV 2(0.112487)
PR(()n) e R2 (46)

Also, the series resistance R can be expressed as a
function of the output power (Kazimierczuk, 1981), as
follows:

2
R =0.058447¢_

sal

(47)

Using (47) in (46) the following expression is finally
derived for the conduction losses:

_ 32.9368R,, P’

(48)
I/(.‘(‘2

Equation (48) yields the conduction losses for a given
MOSFET and a given power and input voltages. For
instance, for a IRF840 MOSFET with R,,=0.85Q , a
power P.=32 W and an input voltage Vcc=180V the
calculated conduction losses are 0.88W.

2.8 BJT or IGBT Conduction Losses

The conduction losses of a BJT or a IGBT can be
obtained from the equivalent on voltage V. by using the
following expression:

1

Pes=5- [ 1.0V der (49)
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where i(at) is the collector current for a 50% duty cycle.
The collector current is given by the following equation:

Vee 3n &
i (o) = ot === -~ Cosawrt — Senot
' oL 2 2
(50)
Using ic(@t) in (49) and solving we obtain:
V..V.
Py = £ (61
ol
Thus, equation (51) can be written as follows:
_ VeeVes
VCE =~ i 4 111D (52)
17.111R

Using (47) in (52) the following expression is finally
obtained:
— VCE })sal (53)
Vee
For a IRGPHS50F, the maximum on equivalent voltaje
is 2.9 V, for Vce=180 V and P=32 W, a power of
Pyce=0.515 W is calculated.

PVCE

As can be seen, the conduction losses are lower for an
IGBT than for a MOSFET. This is a reasonable
conclusion, since the MOSFET losses depends on the
square of the supply voltage, whereas the IGBT losses
depends linearly on the supply voltage. Considering only
the conduction losses, it is more adequate the use of
IGBTs than the use of a MOSFET for the proposed
topology. The main drawback of the IGBTs is the lower
switching frequency range in which they can be operated.
However, this disadvantage is not very important in this
topology since the high parasitic capacitance of the switch
prevents from operating at high frequencies.

2.9 Switch Turn-on Losses

These losses are mainly given by the energy stored in the
parasitic capacitance existing across the switch. These
losses can be expressed as follows:

|

Py = 5 Ve'Crf
where V- is the voltage across the parasitic capacitor at
the turn-on instant, Cp is the equivalent parasitic
capacitance of the switch during the off state and f is the
switching frequency. For an optimum commutation with a
50% duty cycle, the charging voltage of Cp is twice the
supply voltage Vc=2 Vcc. Thus, equation (54) can be
expressed as:

(54)

Py =2Vec’C, f (55)

For an IGBT IRGPHS50F the parasitic capacitance Cp is
Cp=Coss= 340 pF, a switching frequency £=100 kHz and
Vce=180 V the power is Pep=2.2 W.

As can be seen, losses given by C; highly contribute to
the total circuit losses, and it is important to find solutions
to reduce these losses. The parasitic capacitance depends
on the type of switch used, what means that a switch with
the lower Cp should be selected. Another way to reduce
these losses is by operating at a lower switching
frequency.

3 Selection of the Resonant Tank

The capability to accommodate high load variations is one
of the important conditions in order to use an inverter as
fluorescent lamp ballast. Thus, the inverter must tolerate
load variations from a very high impedance load when the
lamp is not ignited, to the nominal load impedance when
the lamp is running. According to the performed
parametric analysis for the ZCS class E amplifier, this
topology can undergo load variations from the nominal
load down to zero without loosing zero current switching,
which is the opposite behaviour as necessary for a lamp
ballast. In order to solve this problem an impedance
inverter is used, thus reflecting a high load impedance as
a low load impedance towards the ZCS class E amplifier.
There exist two possibilities in order to implement the
impedance inverter: the capacitive impedance inverter
(Fig. 7a) and the LCC resonant tank (Fig. 7b). Both
circuits are useful to perform the impedance inversion.
However, to calculate the resonant tank elements two
conditions must also be satisfied: a) to achieve lamp
ignition and b) to supply the lamp at nominal power. For
the LCC resonant tank, when trying to satisfy both
conditions at constant switching frequency, the following
constrain is obtained (Ponce, 1999):

Viz 2PR, (56)

Where V, is the fundamental component of the
voltage applied to the resonant tank, Py is the lamp power
and R,, is the equivalent series resistance of the resonant
tank and load.

For the following operation conditions: P;=32 W,
Rp=132 ©, main voltage of 120V,,, and minimum lamp
ignition voltage of 350 V, the constrain given by (56) can
not be satisfied. Therefore, the LCC resonant tank can not
be employed.

The capacitive impedance inverter avoid this
constrain. Besides, it presents a higher voltage boost ratio
than the LCC resonant tank, since one capacitor is in
series with the load instead of the input power supply, as
in the LCC resonant tank. Therefore, the capacitive
impedance inverter is chosen as the more appropriate
resonant tank for this topology.
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crpT:[ RL
O

(a)
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o—fW‘f\—|
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(b)

Fig. 7. Impedance inverters. (a) capacitive impedance
inverter, (b) LCC resonant tank

4 Simplified Design of a ZCS Class E
Amplifier

The procedure to calculate the different components of
the class E amplifier consists of two steps. Firstly, the
calculation of the ZCS class E amplifier elements, when
loaded with a series resonant tank. Secondly, the
calculation of the capacitive impedance inverter elements.

The input specifications to calculate the different
elements are the following: V=127 Vrms, P;=32 W,
Ry =132, F=100 kHz and quality factor Q=10.

Using the equations given by Kazimierczuk (1981) the
following results were obtained: R;=63.11 Q, 1L.=547 uH,
Cr=2.521 nF y Lr=573.11 pH.

In order to calculate the elements of the capacitive
impedance inverter, the circuit was simplified assuming
an equivalent series circuit. Based on the circuit analysis,
the relationship between the capacitive impedance
inverter and a series resonant tank are obtained as
follows:
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Where Re and XCse are the equivalent series
resistance and series capacitance and are known values,
R, is the equivalent lamp resistance and XC,, and XC; are
the reactances of C,, and C, respectively.

Solving (57) and (58) for XC,, and XC,,,, the values of
the capacitors can be obtained. In this example the
following values are obtained: C,=766 pF and C,=1.77
nF.
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The diagram of the implemented prototype is shown
in figure 8. The switch employed was an IGBT
IRG4BC30UD with a rated voltage of 600 V.
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Fig. 8. Electronic ballast based on the ZCS class E amplifier

S Experimental Results

The designed prototype was implemented and tested with
the following results: Figure 9 shows the current and
voltage stresses in the switch obtained with the proposed
electronic ballast. As can be seen in this figure, the
maximum voltage stress across the switch is 540 V (lower
that the rated voltage of the switch), the oscillations in the
switch voltage waveform are due to the resonance
between the parasitic capacitance and the inductor L. The
current waveform is sinusoidal with =zero current
switching (ZCS) at the turn on and turn off of the switch,
the maximum current troughs the switch is 1.22 A.
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Fig. 9. Switch current waveform (upper trace: 500 mA/div, 5
us/div) and switch voltage waveform (lower trace, 200 V/div, 5
us/div)

Figure 10 illustrates the lamp current waveform; as
can be seen in this figure, the current is symmetrical and
almost sinusoidal. The lamp current waveform can be
improved increasing the quality factor, but the efficiency
will be lower. The measured lamp current crest factor was
1.8 and the measured efficiency was 70 %.
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Figure 10. Lamp current waveform 200 mA/div, 5 us/div

The lower efficiency obtained is mainly due to the fact
that the ZCS class E amplifier presents high losses
generated by the parasitic capacitor across the switch.
Furthermore, for the correct operation of this topology, a
high quality factor is necessary, in this case we use Q=10,
by this reason the losses in the inductors are more
significant . Table I provides an estimation of the main
energy losses in the different components of the ZCS
class E amplifier, expressed as a percentage of the total
input power.

Component % losses
L 6
Lr 6
Turn-on (Cp losses) 12
Turn-off 4
On losses 2

Table 1. Estimated loss distribution in the ZCS class E
amplifier

6 Conclusions

In this paper the ZCS class E amplifier js 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 relevant equations to evaluate the operation of the
ZCS class E amplifier under any operation condition were
derived.

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

Appendix A

MATHEMATICA PROGRAM FOR THE PARAMETRIC ANALYSIS OF THE PROPOSED
TOPOLOGY
(* Input variables, Ce is C *)

Vee=l; (*Source voltage p/u*)

R=1; (*Load series resistance p/u*)

f=1; (*(Switching frequency p/u*)

w=2 Pif, (*Angular frequency*)

L=N[(Pi"2+4)/16]; (*Shunt inductor p/u, optimum value*)

XL=L w; {*Reactance of L*)

Ce=N[16/(2 Pi"2 (PI"2+12))]; (*Excessive capacitance of the resonant tank
cY

Xe=-1/w/Ce; (*Reactance of C or Ce*)

(* Calculation of Phi *)

ro:=N[Sqrt] 1+Xc"2/R"2]];

Psi:=NfArcTan[Xc/R]];

r2:=N[Sin[Psi] Cos[2 D1]-Sin[2 DI] Cos{Psi]-Sin[Psi]+(2 D1-4 Pi) Cos[Psi}};
r1:=N[2 Cos[Psi]-2 Sin[2 D1] Sin [Psi]-2 Cos[2 D1] Cos[Psi]]; .

r0:=N[Sin[2 D1] Cos[Psi}-Cos[2 D1] Sin[Psi]+Sin[Psi] +(2 D1-4 Pi) Cos[Psi}};
§2:=N[Cos[Psi]-Cos[2 D1] Cos[Psi]-Sin[2 D1] Sin{Psi]+2 D! Sin[Psi}-4 Pi
Sin{Psi]-(4 Pi R ro/XL)};

s1:=N{[2 Sin [2 D1] Cos[Psi}-2 Cos[2 D1] Sin[Psi]+2 Sin[Psi]];
80:=N[-Cos[Psi[+Sin[2 DI1] Sin[Psi]+Cos[2 D1] Cos[Psi]+2 D1 Sin{[Psi]-4 Pi
Sin[Psi]-4 Pi R ro/XL];

q1:=N[Cos[Psi]-Sin[D1] Sin[Psi]-Cos[D1] Cos[Psi]];
q0:=N[Sin[Psi]+Sin[D1] Cos[Psi]-Cos[D1] Sin[Psi]];

al3:=ql s2-r2 q0;

al2:=ql sl+q0 s2+12 q1-rl q0;

all:=ql s0+q0 sl+rl q1-r0 q0;

al0:=q0 s0+r0 q1,

phi:=N[ArcTan[-al2/al3}];

phil :=N[phi+Psi];

Vr=N[4 Vec R (Cos[Dl-phil]-Cos[phil])}/XL/(Cos[2
Cos[phi+phil]+(2 D1-4 Pi)Sin[Psi]-4 Pi R ro /XL)];
D2:=D1/2 /Pi; (*Effective duty cycle D2=D'*)
phi:=N[ArcTan[-al2/al3]];

(* Calculation of the Duty cycle*)

Te:=Vce/(2 XL Pi D2)+Vr/R(Sin[phi-2 Pi D2]-Sin[phi]);
Plot[I¢,{D1,Pi/2,1.5 Pi}]; (*Getting the initial condition of the Duty
cycle*)

Ie:=Vee/XL(2 Pi D2)+Vr/R(Sin[phi-2 Pi D2}-Sin{phi});
res=FindRoot[Ic==0,{D1,2}];

D1=Dl/.res,

Print["D2=",N[D2]]

(* Maximum current trough the switch *)

thm=(-ArcCos[Vec R/Vr/XL]-phi+2 Pi);

Temax=N[Vcc/XL(thm-2 Pi(1-D2))+Vr/R (Sin[phi-2 Pi D2]-Sin[thm+phi])};

(* Maximum voltage across the switch*)

thm1=Pi-phi;

Vem=Vee-XL Vr/R Cos[thmI+phi];

(* Average input current *)

Ice=D2"2 Pi Vee/XL +Vi/R/2/Pi(Cos[phi]-Cos[phi-2 D2 Pi]+2 D2 Pi Sin[phi-2
D2 Pi};

(* Input and output power *)

Pin=Vce Icc;

Po=Vr"2/2/R;

Cp=Po/lcmax/Vcm;

(* Calculated values *)

Print["phi=",N[phi]];

Print["D'=",N[D2]J;

Print["Vr=",Vr];

Print["Ismax=",N[Icmax/lcc]];

Print["Vemax=",N[Vem/Vec]];

Print["Icc="N[Iec]};

Print["Pin=",N[Pin}];

Print["Po=",N{Po]];

Print["Cp=",N[Cp]];

(*Ploting the waveforms of voltage and current in the switch *)
Veoff[t_]=If[0<=t<=(2 N[Pi]-N[D1]),Vcc-XL Vr/R Cos[t+phi},0];

ic[t_]=HI(2 N[Pi}-N[D1})<t<2 Pi,Vee/XL (t-2 Pi(1-D2))+Vr/R (Sin[phi-2 Pi D2]-
Sin{t+phi]),0];

tperiod=2 Pi;

Plot[ic[t],{1,0,2 N[Pi]},AxesLabel->{"time","isw(t)/A"},

Ticks->{{{1/4 tperiod, ""},{1/2 tperiod,"T/2"},{3/4 tperiod, ""},{ tperiod,"T"}},
Automatic}, PlotLabel->"Current in the switch”,GridLines->{{ tperiod,1/4
tperiod, 1/2 tperiod, tperiod},None}];

Plot[Veoff]t],{t,0, 2 N[Pi]},AxesLabel->{"time","isw(t)/A"},

Ticks->{{{1/4 tperiod, ""},{1/2 tperiod,"T/2"},{3/4 tperiod, ""},{ tperiod,"T"}},
Automatic}, PlotLabel->"Voltage trough the switch",GridLines->{{ tperiod,1/4
tperiod, 1/2 tperiod, tperiod},None} ];

D1-phi-phil]-
(*Voltage on R*)
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