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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 is a load independent output 
current and Zero Voltage Switching (ZVS). It I s  
suggested that the proposed CS-PPRI is a vlable 
alternative for realizing electronic ballasts for low 
and high intensity discharge lamps. 

I. INTRODUCTION 

Low and high intensity discharge lamps [l] are universally 
recognized as the most efficient method of illumination. They 
require however, an extra circuitry to regulate the current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthru 
the lamps. Electronic ballasts [l, 23 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 [l, 3.41. An extra bonus 
of a high frequency of operation is the increase in 
illumination per a given electrical input power [3,41. 

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 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 [SI. 

11. TOPOLOGY 

The proposed topology (Fig. 1) is similar to the Push-Pull 
Parallel-Resonance configuration described previously [6]. 
The basic components of this stage are an input inductor 
(Lin), a parallel resonance circuit (Cr, Lr) and symmetrically 
driven switches (Q1, 42). However, unlike the classical 
loading method, the proposed Current-Sourcing Push-pull 
Parallel-Resonance Inverter (CS-PPRI) is serially loaded. 
Serially coupling for a full bridge current fed inverter 
topology was previously described 151. Here we present 
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a method for a series coupling 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 push-pull stage by balancing 
the resistive load seen by each half of the circuit. 

Fig. 1. The proposed Current-Sourcing hish-Pull Parallel- 
Resonance Inverter (CS-PPRI). 

The basic operation of the proposed inverter is described by 
considering the equivalent circuit of the CS-PPRI (Fig. 2) in 
which the load is reflected to the primary and the input 
inductor (Lid is replaced by a DC current source. The latter 
is justified by the fact that in the proposed design [6]: 

where Lr is the resonant inductor. Hence, the AC current 
component thru Lin will be low and therefore the input 
current during a resonance cycle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be consided constant. 
As previously described [6], the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoperation of this stage 

when driven by a switching frequency (fs) which is a lower 

than the resonance frequency (fr), is characterized by two 
distinct modes: the Quasi-Resonance Mode and the Boost 
Mode. For each half switching frequency cycle (fs), the 
resulting voltage waveform across the tank (Vr) will therefore 
be a quasi-sinusoidal shaped signal of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Tu duration and zero 
volt during the boost period T b s t  (Fig. 3). 

4Lin>>Lf (1) 
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-U 16:" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn response zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the voltage across the parallel resonance 
network, the resonant inductor current (iL) and therefore the 

Since the transitions from one mode to the other is carried 
out when the voltage across the tank is nil. the transistors 
(Q1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@) operate under Zero Voltage Switching (ZVS). This 
helps to reduce switching losses zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat high operating frequency. 
The experimental CS-PPRI was tested at a switching 
frequency range of 250 to 450 kHz. 

y.Y_ 
D 

- 

current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthru the load, will be continuous and smooth (Fig. 3). 
- 

" Y . Y  a.  

w . a  

I L  

III. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANALYSIS 

Fig. 2. Simplified equivalent circuit of the proposed CS-PPRI. 

-.,: a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI a A,& 1 4.A a A.& . * 1 
n . w  m U" U.N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. The Quasi-Resonant state. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtank voltage (vr) for the quasi-resonant period (TA, 

Fig. 3) can be derived by solving the following set of 
differential equations: 

Fig.3. Expected wavefom of proposed CS-PPRI. (simulated 
by HSICE, Metasoftware Co.) 

Iin -= ic + iL 2 
1 

vr=- j u t  
Cr 

(2) 

(3) 

(4) 
diL + i L R M  

6 b  = Or T i  
n2 

v r = 4 ,  

which were evaluated by taking into account the boundry 
conditions constraints:v& at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt=O and when t=Tk (Fig. 3). 

COS(6AX) + 1 (5) 1 
6hR*x 

Vr = Sin(6hx) - e 2n2 

where: 

R* - ' - Noxmalized load resistance. Rlod - Load resistor (Fig. 1). 
n - Tums ratio of transformer T2 (Fig. 1). 

WO=- 

-4 

1 Tb 
I h  - Input current (Fig. 2). x = -  t 

At steady state conditions, the average voltage (per cycle) 
across Lin is WID: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlGz 
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Ts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Applying the fact that during the b s t  period 

(Th< t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ) (Fig. 3) vr= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

where: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.14 

1.12 

1.1 

1.08 

1.06 

1.04 

1.02 
1 

fo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=z 
Integrating zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3, 

1 

1.1 1.3 1.5 1.6 1.8 2 

assuming that the SC-PPRI is lossless and [&I 
fs equa&g input to output power, we obtain: 

Fig. 4. The normalid quasi-resonant period ( sh = 2frTx) as a 
x 

function of the normal i i  switching frequency (fo/fs) 
with the normalized load (R*) as a parameter. 

Ii )ocd=- 2 
R* 

where: 

2a Sin(6h)  

.\14m*2 fQ 

fS 

iL- 1- i 
L 

r (9) .. 

f 
I - - 1  

413 



The last expression zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be used to explore the dependence 
of the quasi-resonant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAperiod zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Tu on the switching frequency 
(fs) and load @load) (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). It is evident that under the 
operating conditions discussed here, the quasi-resonant period 
is longer than half the period of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnatural resonant frequency 

(f0). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B. Voltage stress. 

Assuming that the voltage waveform Vr (Fig. 3) could be 
approximated by a sinusoidal wavefom [6], and apllying (7), 
we find the maximun tank voltage (Vrm ) which is the 
voltage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstress of the transistors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Vqm) and the diodes ( V D ~ ) :  

C.  Current stress. Fig. 6.  
The maximum notmalized transistor current (I&> (Fig. 5 )  

was found to be: 

f r 

1 1.2 1.4 1.6 1.8 2 

Normalized diode current (I:,) as a function of the 
normalized switching frequency (fo/fs) with the 

normalized load (R*) as a parameter. 

1 1.2 1.4 1.6 1.8 2 

E"' 

1 1.2 1.4 1.6 1.8 2 

1s  Fig. 7. Normalized r.m.s transistor current (1;r.m.s) as a 
function of the normalized switching frequency (fo/fs) 

with the ~ormalized load (R*) as a parameter. 

Fig. 5.  Normalized transistor current (I ;z" as a function of the 
normalized switching frequency (fo/fs) with the 

normalized load (R*) as a parameter. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N. EXPERIMENTAL RESULTS 

The maximum normalized diode current (IEm) (Fig. 6) was 
derived as: The design parameters of the experimental CS-PPRI were 

Lp12.9 pJ3 (including 1.6 pH of leakage inductor of the 
The transistors' normalized r.m.s. current 1;r.m.s was msformerT2) 

The waveform of the experimental circuit (Fig. 8) were evaluated and is shown in Fig. 7 where: 

Q*r.m.s = 1Qr.m.s WOLr found to be smooth and indicative of ZVS (Fig. 3). The 
in 

* 2  * as follows: 
I;bm = I D m e  = G m  - I loadR (13) Vin44V; Lin= 70 Cp8.24 nF, n=4; f 4 8 7 . 9  ~Hz; 

(14) 
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parasitic oscillation of the current zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthru the switch is partially 
due to a layout modification zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArequired 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. 9) 
were found to be in good agreement with the analytical 
expected values (8). The somewhat larger discrepancy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat high 
frequency ratios (fo/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. 9) and that the magnitude of the output 
current is controlled by the driving switching frequency (fs) 
(Fig. 10). 

The overall efficiency of the experimental CS-PPRI was 
found to be around zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA85% for a power level of 80 Watt. 

(b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 8. Measured waveforms of experimental CS-PPRLVertical 

scales 50V/div, 2Ajdiv in (a) and 0.6 Ndiv in (b). 
Horizontal scales: 500 nS/div. 

2.0 

Fig. 9. The relationship between the normalized output current 
I Lad (equation 8) and the normalized load resistance 
R* (equation 10) as a function of the frequency ratio 
(fO/fS). 

[ ILdl 

S ::: R* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.3 

4 

3 

Fig. 10. The relationship between the normalized output 
current Iioad (equation 8) and the frequency ratio 
(wfs) as a function the normalized load resistance R" 
(equation 10 ). 

V. APPLICATION AS A FLUORESCENT LAMP 
DRIVER 

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. 11. The main difference of this driver 
as compared to the one shown in Fig. 1, is the inclusion of 
an extra capacitor (Cig) at the output side. The purpose of 
this capacitor is to provide initial filament heating path and 
high voltage during the lamp starting period [ 11. The value of 
the extra capacitor (Cig Fig. 11) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be calculated by solving 
the set of non-linear equations for no load condition given in 

VI. 
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. 12. It is thus evident that a first order 
approximation of a fluorescent lamp, when driven by a high 
frequency source, is a pure resistor. The present study reveals 
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that this average resistance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdesribed by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa simple model 
which is readily 

T2 

Fig. 11. Output section of the CS-PPRI (Fig. 1) when used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a 
battery operated fluorescent lamp driver. 

Fig. 12. Measured V-I characteristic of the experimental 
fluorescent lamp (General Electric type F40D/2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) as a 
function the frequency ratio fo/fs (fo/fs range: 1.1- 
1.5). Vertical scale: 50 V/div. Horizontal scale: 0.2 
A/div. Nominal switching frequency 300 kHz. 

The proposed model is based on our observation (Fig. 12) 
that the V-I characteristic of a fluorescent lamp when driven 
by a sinusoidal current is characterized by the following 
relationship: 

1pkmeq + Rs) = vmax (14) 

(15) 

Or: 

fi 1r.m.s- + ~d = Vmax 
where % is the (dynamic) equivalent resistance of the lamp, 
Ipk is the peak current thru the lamp, V- is a constant of 
the lamp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(akin to the breakdown voltage) and RS is a series 
resistance. Equation (15) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be written as: 

(19 
V 

- RS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
R.4 = fiyr:. s 

where Vmax and Rs are constants of the lamp. The 
experimental parameters Vmax and Rs can be evaluated by 
fitting a linear curve to the top of the family curves shown in 
Fig. 12. The line can be defined by two peak points 

(vpk. l.Ipk.l), (v~k.2~Vpk.2) (Fig. 13) to Yield: 

Fig. 13. The propkd model (16) df the V-I characteristic of a 
fluorescent lamp, when driven by a high frequency 
sinusoidal current source. See text for details. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m~7~;?\....;j 
180 

0.35 0.4 0.45 0.5 0.55 

IhPr.m.s [AI 
Fig. 14. The relationship between the (dynamic) equivalent 

resistance of the lamp (Req) and the lamp current 
(r.m.s)). The parametrs (16) of the experimental 

fluorescent lamp (General Electric type F40D/2 
(40W)): Rs = 58.66R. Vmax = 121.5V. 

A simple interpretation to the experimantally derived 
equation (16) is that the familiar low frequency V-I curve of 
the fluorescent lamp [l] represents steady state relationship 
between the voltage across the lamp and the space charge 
along it. At high enough frequency, the space charge density 
does not decay appreciably within one cycle. Consequently at 
high frequencies, the lamp represents a pure resistor whose 
value is a function of the average space charge density. The 
value of this resistor is thus inversly proportional to the 
current thru the lamp (16) and is influenced by the fact that 
the steady state voltage across the lamp drops as the current 
thru it increases [l]. 
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1. 

2. 
3. 

4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

A. Design guidelines. 
The following procedure is suggested for the practical 

design of the CS-PPRI driver for a fluorescent lamp of a 
given input voltage (Vi& current ( I ~ P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and power 

Select the switching frequency (fs) according zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto the 
h p ) :  

transistors and magnetic material available. 

Choose (R*) to be in the range 0.1 to 0.2 (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7). 
Select the ratio (fo/fs) to be in the range 1.1 to 1.5 

(Fig. 7). 
Calculate the appmnt load zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAresistor @load): 

where 9 - the efficiency of the CS-PPRI (0.8-0.85). 
Calculate the natural resonant frequency (fo) from the 

ratio (Wfs). 

Select I 
Calculate U): 

from Fig. 9 for the chosen R*, (fdfs). 

where = 2xfo 

Calculate (n): n = 
I*M Vin 

'"qr.m.s)OoL?. 
1 

C a l c b  (Cr): Cr = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 
Lr WO 

Estimate the current stress of the transistors (IQm) 
and anti-parallel diodes (IDm) from (12). (13) and 
Figs. 5 and Fig. 6. 
Calculate the voltage stress of the transistors (VQm) 
and anti-parallel diode (VM from equation (1 1). 
The design of (Lr) is based on the inductance (Lr), 
maximum voltage (V, ), r.m.s. current (ILr(r.mms) 

and switching frequency (fs): 

Similarily, transformer (T2) design is based on &e 
maximum transformer voltage (VTrmax) and current 

Choose (Lin) such that 4Lin >> Lr. Calculate the 
maximum inductor voltage (VLinmax) and the 

inductor current (ILin(rmm.s)): 

These constraints normally call for an air gapped 
construction. 
The resonant capacitor (Cr) must be capable of 
sustaining the expected maximum voltage (Vcrmax = 
Vm) and should have a low ESR. 

15. 

VI. CONCLUSIONS 

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 
proposed topology permits efficient operation at high 
frequency, possibly to lMHz, with commercially available 
electronic devices and magnetic materials. The proposed CS- 
PPRI is particularly useful as a driver for discharge lamp 
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 (fdfs). a feature that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan 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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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