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Current-Sourcing Push-Pull Parallel-
Resonance Inverter (CS-PPRI): Theory and
Application as a Discharge Lamp Driver

Michael Gulko and Sam Ben-Yaakov, Member, IEEE

Abstract— A novel topology, current-sourcing push-pull
parallel-resonance inverter (CS-PPRI) was investigated
theoretically and experimentally. The proposed power stage
is built around a current fed push-pull inverter. The main
features of the proposed inverter are: a load independent output
current and zero voltage switching (ZVS). It is suggested that the
proposed CS-PPRI is a viable alternative for realizing electronic
ballasts for low and high-intensity discharge lamps.

I. INTRODUCTION

OW- and high-intensity discharge lamps [1] are univer-
sally recognized as the most efficient method of illumina-
tion. They require however, an extra circuitry to regulate the
current thru the lamps. Electronic ballasts [1], [2] are useful
not only to enable operation from a battery source, but also to
facilitate dimming, to reduce the overall size of the “ballast”
and to eliminate line frequency flickering [1], [3], [4]. An
extra bonus of a high frequency of operation is the increase in
illumination per a given electrical input power [3], [4], [3].
Discharge lamps are an example of a family of loads that
call for a current source rather than a voltage source drive.
The direct approach for handling these design problems is
therefore to develop a current sourcing inverter rather than
using a voltage source in series with a ballast. The objective
of this study was to examine this approach by investigating a
novel modification of the current fed inverter topology [6].

II. TopoLOGY

The proposed topology (Fig. 1) is similar to the push-
pull parallel-resonance configuration described previously [7].
The basic components of this stage are an input inductor
(Lin), a parallel resonance circuit (C,, L,) and symmetri-
cally driven switches (Q;,Q2). However, unlike the classi-
cal loading method, the proposed current-sourcing push-pull
parallel-resonance inverter (CS-PPRI) is serially loaded. Serial
coupling for a full bridge current fed inverter topology was
previously described [6]. Here we present a series coupling
method which is suitable for push-pull stages. In the proposed
CS-PPRI (Fig. 1), load coupling is carried out via a current
transformer which includes a split primary. The purpose of
this configuration is to retain the symmetrical operation of the
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Fig. 1. The proposed current-sourcing push-pull parallel-resonance inverter
(CS-PPRI).

push-pull stage by balancing the resistive load seen by each
half of the circuit.

The basic operation of the proposed inverter is described by
considering the equivalent circuit of the CS-PPRI (Fig. 2(a))
in which the load is reflected to the primary and the input
inductor (L;,) is replaced by a dc current source. The latter is
justified by the fact that in the proposed design [7]

4Lin > L, 0
where L, is the resonant inductor. Hence, the ac current
component thru L;, will be low and therefore the input current
during a resonance cycle can be considered constant.

As previously described [7], the operation of this stage
when driven by a switching frequency (f;) which is a lower
than the resonance frequency (f,.), is characterized by two
distinct modes: the quasiresonance mode and the boost mode
(Fig. 2(b), (c)). For each half switching frequency cycle (fs),
the voltage waveform across the tank (V;.) will therefore be a
quasisinusoidal shaped signal of (7)) duration and zero volt
during the boost period T},00st (Fig. 3).

In response to the voltage across the parallel resonance
network, the resonant inductor current (i) and hence the
current thru the load, will be continuous and smooth (Fig. 3).
Since the transitions from one mode to the other is carried
out when the voltage across the tank is nil, the transistors
(Q1,Q2) operate under zero voltage switching (ZVS). This
helps to reduce switching losses at high-operating frequency.
The experimental CS-PPRI was tested at a switching frequency
range of 250 to 450 kHz.
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Fig. 2. Simplified equivalent circuit of the proposed CS-PPRI (a) and general
representation for the resonance mode (b) and the boost mode (c).

III. ANALYSIS

A. Assumptions

Analytical expressions of the basic parameters of the CS-
PPRI were developed under the assumptions that the switches,
diodes and transformers are ideal, the input inductance of L,
is much larger than the tank inductance of L, and that the
parasitic inductances and capacitances are negligible small.

B. Basic Voltage and Current Waveforms

The expression for the tank voltage (v,) at the quasiresonant
period (Fig. 3(a)) and (T, Fig. 3) can be derived by solving

the following set of differential equations
%n =ic+ir @
w=g / icdt @

dip | . Ricad
’Urerﬁ +1L7 @)

The general solution of the set of differential equations (2—4)
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Fig. 3.  Expected waveforms of proposed CS-PPRIL (Simulated by HSPICE,
Meta Software Co.).

has the form
—Jg-“*“ Roa Iin
v, = e 2058 [ Ay sin(wpt) + Az cos(wyt)] + %7 (5
where
Rigad Load resistor (Fig. 1)
n Turns ratio of transformer 75 (Fig. 1)
Iin Input current (Fig. 2(a))
1
Wo =
VL. Cy
1\2
)
_n* [L,
Rload Cr '
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The integration constants A; and A, are found by the bound-
ary conditions constrains which require that v, = 0 at ¢t = 0
and when ¢ = T) (Fig. 3). Applying these relationships, the
tank voltage (v,) is found to be

- RloadIin COS('!?)\) —e®
T o2 sin(dy)
cos(dax) + 1] ©6)

) e sin(drx)
_eo®

where

N
- ViRme

Iy = w,. T

1
R* = 6 — Normalized load resistance
t

= —.
T
At steady-state conditions, the average voltage (per cycle)
across L;, is zero

Ty
2 2,

= —dt = 0.

Ts./o 3 )]

Applying the fact that during the Th,o0st period {Th < ¢ < L&}
(Fig. 3) v, = 0

Vvin*

o« fu [
R ®)

where

Wo
f o — g

Integrating (8), assuming that the CS-PPRI is lossless and
equating input to output power, we obtain

Il*oad
1
_ 2 %‘9_/\) fo 3
TR o
(ﬂARaE) SlH(ﬁ)‘) + 2(}05(19)\) (ea + 6_0‘) s
where
Tioaa = Jioad(cms) %‘/é—: — Normalized load current.

The relationship between the quasiresonant period (73),
the major parameter of the inverter and the frequency ratio
(fo/fs) is derived by applying the fact that during the boost
period (Thoost, (Fig. 3)), inductor L, and resistor B—jﬁd are
shorted (Fig. 3(b)) and hence the inductor current iy through
this network is decaying exponentially

IL2 _ Thogst

(10
Ipa
where I75 and I3 are the boundary inductor currents (Fig. 3)

and 7 = Rr"d -the time constant of —I%mL circuit (Fig. 3(b)).
Utilizing the fact that the resonant inductor current (iz) is
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Fig. 4. The normalized quasiresonant period (%} = 2f,Ty) as a function

of the normalized switching frequency (%)with the normalized load (R*)
as a parameter.

symmetrical Ir3 = —1I;; (Fig. 3), from (2) and (3), we find

an
. _ I 1 9rR* R cos(dy) — e*
L= 2a sin(dy)
asin(dyz)
5

X (cos(ﬂ,\x) —

+ 2‘12(7‘9*1) + sin(ﬁ,\m)ﬂ.

Applying now (11), the fact that the boundary conditions are:
i, = Ifq att=0($=0) and ¢, =IL2whent=T>‘(a:= 1)
(Fig. 3) and the exponential behavior of the inductor current
(¢z) (10), the frequency ratio (f,/fs) is expressed as

fo_ 2 [1,
ol

x(_@—
2-

The last equation can be used to explore the dependence
of the quasiresonant angle (¥, = w,Th) on the switching
frequency (fs) and load (Rjoaq) (Fig. 4). It is evident that un-
der the operating conditions discussed here, the quasiresonant
period is longer than half the period of the natural resonant
frequency (f,)-

an

2

R*?)sin(9\) + ﬁ—"f—d(cosw)‘) —e %)\ o
R*2)sin(9,) — 22B2 (cos(dy) — e2)
(12)

C. Voliage Stresses

Assuming that the voltage waveform v, (Fig. 3) could be
approximated by a sinusoidal waveform [7], and applying (8),
we find the maximum tank voltage (V,.,,,) which is the voltage
stress of the transistors (V) and the diodes (Vp,)

Vll'lﬂ- R* fO

VQm = VDm - ‘/7'm - 2a fs

(13)

D. Current Stresses

The maximum normalized transistor current I7,,, (Fig. 5(2))
was found to be
wo Ly 2 ol 1l 1
= Rz ——
Vi o load (2 + Zsin(dy)

Ly = Igm
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Fig. 5. Transistors and diodes current stresses as a function of the normalized

switching frequency -% with the normalized load (R*) as a parameter. (a)

Normalized transistor current (175, ). (b) Normalized diode current (17, ).
(c) Normalized rms transistor current (Iérms)A

*2

x [(2 — R*?)sin(d,) + IR

(cos(9x) — e“")] ) .

(14)

The maximum normalized diode current (I},,,,) (Fig. 5(b)) was
derived to be

wol

Vin

The transistors’ normalized rms current I, .. was evaluated

and is shown in Fig. 5(c) in a normalized form (Iérms)

woLy
Vi

Ibm = Ipm—— = Iy, — [ia R*. (15)

IZgrms = IQrms (16)
IV. EXPERIMENTAL RESULTS

The design parameters of the experimental CS-PPRI were
as follows: Vi, =24 V; L;, =70 uH; C, = 8.24 nF; n = 4;
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Fig. 6. Measured waveforms of experimental CS-PPRI Vertical scales (a)
50 V/div, 2 A/div and (b) 0.6 A/div. Horizontal scales: 500 nS/div.

fo = 487.9 kHz; L, = 12.9 pH (including 1.6 pH of leakage
inductor of the transformer 13).

The waveforms of the experimental circuit (Fig. 6) were
found to be smooth and indicative of ZVS (Fig. 3). The
parasitic oscillation of the current thru the switch is partially
due to a layout modification required to facilitate current
measurements (an extra loop at the drain of one of the
transistors). It should be pointed out though, that a slight
parasitic oscillation does not interfere with the inherent ZVS of
the proposed CS-PPRI. The smooth operation of the CS-PPRI
dispose of the need to use snubbers or clamps.

The output current for various load resistances (Fig. 7) were
found to be in good agreement with the analytical expected
values (9). The somewhat larger discrepancy at high-frequency
ratios (f,/ fs) is due to conductive losses which increase as the
boost period is becoming longer. Since parasitic losses were
ignored in the present theoretical analysis, one would expect an
inconsistency between the analytical and experimental results
when the losses are high.

The theoretical and experimental results clearly point out to
the fact that the proposed CS-PPRI is operating as a current
source (Fig. 7) and that the magnitude of the output current is
controlled by the driving switching frequency (f,) (Fig. 8).
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Fig. 8. The relationship between the normalized output current I . (9)

and the frequency ratio (%) as a function of the normalized load resistance
R* (12).

The overall efficiency of the experimental CS-PPRI was
found to be around 85% for a power level of 80 Watt.

V. APPLICATION AS A DISCHARGE LAMP DRIVER

A. Fluorescent Lamp

The current sourcing nature of the proposed CS-PPRI makes
it a viable alternative for fluorescent lamp driver. The proposed
modification for a battery operated fluorescent lamp driver
is shown in Fig. 9. The main difference of this driver as
compared to the one shown in Fig. 1, is the inclusion of an
extra capacitor (Cjg) at the output side. The purpose of this
capacitor is to provide initial filament heating path and high
voltage during the lamp starting period [1]. This conduction
path facilitates a current flow through the filaments (/3),
lowering thereby the voltage required for igniting the lamp.
Cold ignitions, i.e., without pre-heating the cathodes is highly
undesirable since it shortens the fluorescent lamp life [1]. The
capacitor (Cjg) and the reflected resonant inductor (L,) form
a series-resonant circuit which generates high voltage (Vig)
necessary for lamp ignition [1]. After ignition, the series-
resonant circuit (n?L,Cjy) is heavily damped by the low
impedance of the operating fluorescent lamp. This reduces the
capacitor’s current and prevents the cathodes from overheat-
ing when the fluorescent lamp is in operating. However, if
dimming is desired, a residual heaters’ current is necessary
to prevent lamp quenching [4]. The value of the auxiliary
capacitor (Cig, Fig. 9) can be calculated by solving the set

T

Fig. 9. Output section of the CS-PPRI (Fig. 1) when used as a bat-
tery-operated fluorescent lamp driver.

of non-linear equations for no load condition [8]

2 A A
. 4cos5(1— 2
(ﬁ) _ ZCT _ cosz( - cosZ) (172)
Wser n Cig ,\[(.7/\&) — 1:‘
4nViy cos %
Vig = 5 (17b)
(1- A)z [(“’ﬂ.) - 1:|
™ “’ser
Ih(rms) = ws;gVigCig (17C)
where,
Vig lamp ignition voltage,
Jsig ignition switching frequency,
Rrms filament heating current during ignition,
Weyp = 27 fo,
A= wsigT)‘
1

W, = ——F—.
ser n ,—chig

As previously documented [1], [3], fluorescent lamps exhibit
a resistive nature at high frequencies. This can be clearly
seen by examining the experimental lamp voltage and current
depicted in Fig. 10(a). It is thus evident that a first order
approximation of a fluorescent lamp, when driven by a high-
frequency source, is a pure resistor.

B. Design Guidelines

The following procedure is suggested for the practical de-
sign of a battery operated CS-PPRI based driver for fluorescent
lamps. It is assumed that the following parameters are given:
input voltage to the driver (Vi,), lamp current (Ilamp(ms)),
lamp power (Plamp), and the recommended ignition peak
voltage (Vig,, ) for a given heating current(Zy .., ):

1) Select the switching frequency (fs) according to the

transistors and magnetic material available.

2) Select If, 4 and calculate (n) (17a, b, ¢)

1
= - 5 —,
TVin ﬁIhgrms2Iload -1
Vigpx Tiamp ;)

Observe that the normalized output current (I}

load) TUST
be confined to the range

Thamp s
\/§Ih(rms)

to ensure a positive (n). The larger the normalized output
current (I};_,) the smaller the (n). It is recommended to

Ilzad >
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Fig. 10. Experimental waveforms of discharge lamps when driven by pro-
posed CS-PPRI. (a) Fluorescent lamp (General Electric type F40D/2-40 W).
Vertical scales: 50 V/div and 0.2 A/div. Horizontal scale: 800 nS/div. (b)
Metal halide discharge lamp (Sylvania type H38AV-100/DX-100 W ). Vertical

scales:

3)

4)

5)

6)

80 V/div and 1 A/div. Horizontal scale: 1 ps/div.

limit (I} 4) to no more than 5, since a large (I} _,)
will increase the boost period Jff—" (Fig. 8) and will
therefore increase switching losses (Fig. 5a, b, c).
Calculate the apparent lamp resistance (Rjamp)
Plam
Ry, = P
e nllzamp(rms)

where nth efficiency of the CS-PPRI (0.8-0.85).
Calculate (R*)

. _ Rlampliamp )
=
‘/mnlload

The current sourcing nature of the CS-PPRI is effective
when the normalized load (R*) is less than 0.3 (Fig. 7).
If the calculated R* is larger than 0.3, the design steps
need to be iterated by reducing Iy, (step 2) and
repeating steps (2 and 4).

Select the ratio %’2 from Fig. 8 for the chosen I},
and the calculated R*.

Calculate the natural resonant frequency (f,) from the

ratio (J;—:)

7) Calculate (L,) (9)

* .
Iloadvvm

r = .
27rfonIlamp(,m,)

8) Calculate (C,) (5)

1
Cr= L.(2nf,)?

9) Calculate the auxiliary capacitor (Cig) (17)

TVinCr

Ciy =
g .
nVigpk

10) Calculate the ignitiion switching frequency (f,,,) (17)

_ ﬁlh(ms)

fSig - 27rCigVigpk'

11) Estimate the current stress of the transistors (Ig,,) and
antiparallel diodes (Ip,,) from (14), (15) and Figs. 5a
and 5b.

12) Calculate the voltage stress of the transistors (V) and
antiparallel diode (Vp, ) from (13).

13) The structural design of (L,) is based on the required
inductance (L,), maximum voltage (V,._ ), rms current
(IL (s, and switching frequency ( fs) 9, (13)

2 Vin(I5 0q) 2 R* 2
Tirmey = \/(Ilamp(,m,)") + (0-5—27(}# .

These constraints normally call for an air gapped
construction for L,.

14) Similarly, transformer (7%) design is based on the
maximum transformer voltage (V... ) and current
(Itrimy) ). (13), (14)

Vin 2 Riamp
1% = Iy —0.5(I R
Trmax 2 fo [r ( Qm ( loa.d) ) n2

ITr(,ms) = ILr(,ms)-

15) Choose (Li,) such that 4L;, > L,. Calculate the
maximum inductor voltage (Viin_... ) and the inductor
current (ILin(ms))

=

VLinmu = ;m -V
Tt = Ty = Ll0iad
iN(rms) in(dc) 27rfoL‘r

These constraints normally call for an air-gapped con-
struction for Li,.

16) The resonant capacitor (C,.) must be capable of sustain-
ing the expected maximum voltage (Ve, = = V;,)
and should have a low ESR. Silver mica capacitors are
recommended.

17) The auxiliary capacitor (C'g) must be capable of sus-
taining the expected maximum voltage (V¢,, = Vigpk)
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C. Design Example

The fluorescent lamp used in this investigation was a 40 W
General Electric type F40D/2 with Plapmp = 40 W. Vip = 24
V, Dampeney = 045 A, Vig,, = 160 V, I, = = 0.46 A,
fs =300 kHz, n = 9, I}, = 2.4, Riamp = 2263 Q,
R* = 0.2,(f,/fs) = 1.1, fo = 330 kHz, L, = 6.8 uH,
Cr = 342 nF, Cy = 1.8 nF, f, = 361.5 kHz, Iqm =
64 A, Ipn, =44 A, Vg, = Vp, = 81V, the transistors
were type IRFP250, the diodes were type MUR140, Vi, =
8LV, Itrppsy = 42 A, Vo, = 15V, Irp,,,, = 42 A,
Lin = 27.2 /J,H, VLintx =17 V, ILin(rms) = 196 A. The
magnetic materiel of the inductors (L, ), (L;,) and transformer
(T2) was 3F3 (Fhilips). Vcr,... = 81 V. C, and Cjz were
Silver Mica capacitors.

D. Metal Halide Discharge (MHD) Lamps

Recently, there has been an increasing interest in MHD
lamps which are highly efficient and have a desirable lu-
minance spectrum [5]. MHD lamps belong to the class of
high—pressure discharge lamps [9] in contrast to fluorescence
lamps which are low pressure lamps [1]. The main differ-
ence in the electrical characteristics between the two group
are related to the ignition voltage requirements (which are
beyond the scope of this paper) and the susceptibility of the
high-pressure discharge lamps to acoustic resonance [9]. The
acoustic resonance is related to the dimension of the arc and
the internal pressure [10]. As a result of the vulnerability of
the lamp to internal pressure waves, the possibility of driving
commercial MHD lamps is limited to some acoustic-resonant
free frequency windows. It has been shown though, that at
excitation frequencies above ca. 100 kHz, MHD lamps are free
of the acoustic resonance problem [5]. This was verified in the
present study by driving a commercial MHD lamp (Sylvania
type H38AV-100/DX-100 W) by the proposed CS-PPRI that
was operated at 300 kHz. It was found that at this frequency the
operation is stable while the lamp characteristic is practically
purely resistive (Fig. 10(b)).

VI. CONCLUSION

The results of the present study suggest that the CS-PPRI
is a viable alternative for the realization of high-frequency
current sources. The inherent ZVS characteristic of the pro-
posed topology permits efficient operation at high frequency,
possibly to 1 MHz, with commercially available electronic
devices and magnetic materials. The proposed CS-PPRI is
particularly useful as a driver for low and high- pressure
discharge lamps which need to be fed by a current source.
The advantage of this approach over previously described
topologies is that it eliminates the need for an extra (inductive
or capacitive) ballast. That is, there is no need to generate a
much higher voltage and then to limit the current by a series
impedance. In the proposed CS-PPRI the current is a function

of the frequency ratio (f,/fs), a feature that can be used to
realize a fluorescent lamp dimmer. The proposed model for the
resistance of a fluorescent lamp can be useful in the design of
electronic ballasts for these non linear devices.

The main limitation of the proposed CS-PPRI is the rel-
atively high-voltage stress on the main switches. Since the
maximum voltage is at least 7V}, [7] practical considerations
would therefore limit the input voltage to about 150 V when
current MOSFET devices are used.
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