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Abstract -The Resonant Forward-Flyback (RFF)
inverter is presented, analyzed theoretically and
tested experimentally. It is shown that the inverter
can be designed to operate under Zero Voltage
Switching (ZVS) conditions and that it acts as a
current source, features that are highly compatible
with HID lamp ballasting. The design guidelines
and the detailed analytical expressions developed in
this study were verified by computer simulation and
hardware implementation. The experimental results
or the study demonstrate that the arc of small 3SW
and 70W MHD lamps can be stabilized by the
proposed RFF ballast when operated at the 300kHz
to 400kHz switching frequency range and applying
about 20% FM modulation. Considering the fact
that the proposed ballast includes only one
switching device, one magnetic component and one
resonant capacitor, the RFF inverter is most likely
the simplest ballast topology possible. Fig. 1. The proposed Resonant Forward-F1yback (RFF) inverter

topology.

I. INTRODUCI'ION

II. mE FORW ARD-F1.. YBACK TOPOLOGY

The proposed power stage (Fig. l) includes a switch (Q)
with a built-in anti-parallel diode (D), a resonant capacitor
(Cr) and a transformer (T) that feeds the load (Rload) via a

series inductor (L). In an attempt to make the ballast as
simple as possible we consider the transformer and inductor as
one element. That is, the combined magnetic device is viewed
as two loosely coupled inductors wound on one core. This
integrated magnetic structure can be represented by the
coupled inductors model (Fig. 2) which is characterized by
two inductors related by a coupling coefficient (K).
Alternatively, the magnetic structure can be represented by the
engineering model (Fig. 3) -widely used in power electronics
-that comprises an ideal transformer (T), magnetization
inductance (Lm) and primary and secondary leakages (Llkgl

and Llkg2). In conventional applications of the couple

inductor model (Fig. 2) one normally assumes that mutual
inductances are symmetrical (i.e. Ml2 = M2l) which leads to

a unequivocal distribution of the leakages between the two
windings. This representation is strictly correct for air core
transformers but not necessary valid for ferrite (or other high
permeability) core transformers. Consequently, the simplistic
model of Fig. 2 is inappropriate and we therefore apply in
this study the model of Fig. 3.

High Intensity Discharge (HID) arc lamp is considered to
be one of best the artificial light sources available [I]. In
particular, the advanced Metal Halide Discharge (MHD) lamp
seems to offer the best combination of high efficacy, good
color rendition and long service life. Consequently, MHD
lamps are considered good choice for future applications that
call for high intensity light sources. Among these are
applications that require good focusing capability such as
projectors and automotive headlight. The main drawback of
HID lamps is the rather involved gear that is needed for their
safe and reliable operation [2]. This becomes especially
elaborate when the primary power source is of low voltage
such as is the case in automotive applications.

The objective of this study was to investigate the Resonant
Forward-Flyback (RFF) inverter topology, introduced here,
and to assess its applicability to realize a low voltage ballast
for HID lamps. We begin by a thorough theoretical analysis
that reveals the main characteristics of the inverter. These are
then applied to design a ballast for low power MHD lamps
that includes a built-in cold ignition capability. Finally, we
present experimental results obtained when driving a resistive
load, a 7OW and a 35W MHD lamp with the proposed RFF
ballast.
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Fig.2. Coupled inductor representation of the integrated
magnetic component used to realize the transformer and

inductor of Fig. I.

Fig. 4. Simplified equivalent circuit of the proposed RFF.

The gate drive can then be applied to turn on the MOSFET
under Zero Voltage Switching (ZVS) condition. Considering
the fact that the resonant capacitor (Cr) reduces the dv/dt

across the switch at turn off, both turn on and turn off are in
fact carried out under ZVS. This reduces the switching losses
and thereby allows operation at high switching frequencies.

Fig.3. Leaky transformer representation of the integrated
magnetic component used to realize the transformer and

inductor of Fig. 1.

The basic operation of the RFF inverters are analyzed by
considering the simplified model of Fig. 4 in which the
secondary leakage and load are reflected to the primary and the
magnetization inductance (Lm) is replaced by a current source.

The latter is justified under the assumption that the impedance
of Lm is much larger than the total reflected impedance of the

secondary: leakage plus the load.
The RFF inverter has two operational modes: the boost

mode and the resonance mode (Fig. 5). During the boost
mode either the switch or the diode are conducting (Fig. 5a).
In this time interval ( TA < t < Ts, Fig. 6) the capacitor (Cr)

is shorted to ground (Fig. 5a) and the current niload through

reflected branch increases exponentially. When the gate drive
of the MOSFET is released (Fig. 6, t=T s), the inductive
branch and the capacitor form a resonant network (Figs. 5b )
which forces the voltage across the switch (vr) to follow a
sinusoidal waveform during the resonance phase (0 < t < TA,
Fig. 6). In a properly designed RFF inverter, the sinusoidal
waveform will eventually return to zero level after which the
anti-parallel diode will catch (Fig. 6, t=TA).

-

(b)

Fig. 5. Simplified equivalent circuit of the proposed RFF for the
boost mode (a) and the resonance mode (b).
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where

Llkg2

~-
Llkgl -

Cr-

Reflected secondary leakage inductor (Fig. 4).

Leakage inductor of the primary (Fig. 4 ).

Resonant capacitor (Fig. 4).

Rr = ¥ -Reflected load resistor (Fig. 4).
n

n -Turns ratio (Fig. 1).
Rload -Load resistor (Fig. 1 ).

Vin- Input voltage (Fig. 1).
ni1oad -Reflected load current (Fig. 5).
Im -Amplitude of the current source (Fig. 4 ).

The general solution of the set of differential equations (1-3)
has the form:

~t

-2Lr
Vr = [At sin(ffirt) +A2COs(ffirt)]e + Vin + Rrlm

(4)

Fig. 6. Expected waveforms of proposed RFF. (Simulated by
PSPICE, MicroSim Corporation, evaluation version
6.0). See Fig. 5 for notations.

ill. THEORETICAL ANAL YSIS

A. Assumptions

Analytical expressions of the basic parameters of the RFF
inverter were developed under the assumptions that the
switch, diode, capacitor and inductors are ideal, the inductance
of Lm is much larger than the inductance of leakage inductor
and that the parasitic inductances and capacitances are
negligible small.

The integration constants At and A2 are found by the
boundary conditions which require that Vr = O at t = O and

when t = TA (Fig. 6). Applying these relationships, the
capacitor voltage (vr) is found to be:

B. Basic voltage and current wavefonns

Vr= (Vin+RrIm}The expression for the capacitor and switch voltage (vr )
during the resonance period TA. (Fig. Sb, 6) can be derived by
solving the following set of differential equations:

(5)(1)iCr = Im + nitoad

(2)

~A.R*
a=

~

~A. = ror TA.

R * = ~ -Nonnalized load resistance.

t
x=-

TA.

d(Im+niload) + ~ ~ + niloadRr + vr

dt n2 dtVin=Llkgl

(3)
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At steady state conditions, the average voltage (per cycle Ts)
across Cr is Vin:

Ts
1

Vin =T Jvrdt
s O

where

i' -the load current (i}oad) during the resonance period (Fig.

Sb and Fig. 6).
"

i -the load current (iload) during the boost period (Fig. Sa

and Fig. 6).(6)

[I.*oad]

3.0
Applying the fact that during the TA < t < T s period (Fig. 6)

vr=O:

~

2.5 ~

--

~--'-

~

~

1
a. &

JVin =-. f vr dx
1tR O

(7)
2.0 -
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-1.3
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ooi:t

wrere:

i -!.!?Q
o -21t

fs -Switching frequency.

0.5Integrating (7), assuming that the proposed inverter is
loss less and equating input to output pow~ , we obtain:

~~

0 -I. ! 0.1 0.15 0.2 0.25 0.3 0.35

[R*]

1
2

-1
Fig. 7. The relationship between the normalized output current

Iioad (equation 8) and the normalized load resistance R*

f
as a function of the frequency ratio ( t ).

(8)

* nlload (r.m.s)Itoad = y Normalized load current.
-1n.
~

ltoad (r.m.s) -rrns load current.

,
The load current during the boost period (i) is derived by
utilizing the fact that during the boost period (TA. < t < T s)

~the leakage inductors Llkgl' 2 and the reflected load
n

resistor (Rr) are connected across the input voltage (Vin) (Fig.
Sa) and hence the load current (i1oad) is rising exponentially
from 12 to 11 (Fig. 6):characteristic impedance of the LrCr

resonant circuit.

The theoretical results clearly point out to the fact that the
proposed inverter is operating as a current source (Fig. 7) and
that the magnitude of the output current is controlled by the
driving switching frequency (fs).

The relationship between the resonance period (TA), the
major parameter of the inverter, and the frequency ratio (folfs)
is derived by applying the fact that, at steady state, the
average value (per cycle Ts) of the load current (iload, Fig. 6)
is zero:

where 12 and I1 are the boundary load currents (Fig. 6) and

t = ~ is the time constant of LrRr circuit (Fig. Sa).

The load current during the resonance period (i) is derived
from (1) and (2)

." ~~ !m
1 = -

n dt nTs [ TA Ts

]IIOadav=t fitoaddt=t Jidt + fi"dt =0
s O s 0 iA Applying now (5), (10) and (11), the fact that the boundary

II II
conditions as: i = II at t = 0 (x = 0) and i =12 when t = TA

(x = 1) (Fig. 6) and integrating (9), the frequency ratio (fdfs)

is expressed as:
(9)
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.2 ( "1 .2 ~ R a

(R -2)Sin(~A) + ~ Cos(~).)-e )

!2--1-
-*

fs 1t R

1
a --In

2 .~ *2

-2)Sin(f}A.) -~

(X

(12)

The last equation can be used to explore the dependence of the
resonance period (TA) on the switching frequency (fg) and load

(Rload) (Fig. 8).

(14)

[~]
1.6 -.1 I , I! I I I I !

.

~:

1.~~

By controlling the switching frequency (fs) such that
f
-7: » lone can generate high voltage peaks at the primary

that will translate at the secondary to a high enough ignition
spikes. This methodology was used in the experimental HID
lamp driver.

! II. .

No zvs i

~ j

"Trn':"TTT-'

1.5

D. Switching losses

1.4 -
Switching losses ofMOSFET transistors can be expressed as:"""

./
:L:

.-""'~../;~ ;:/ .
.:

:.

1.3 (15)

1.2 .. " where
RDS(on) -static drain-source on-state resistance.

IQrms -fIllS transistor current.
~~~~~~

0.1 0.15 0.2 0.25 0.3 0.35 0.4

[ R*]

1.1

Fig. 8. The nonnalized resonance period ( ~ = 2fr TA.) as a
1t

f
function of the normalized switching frequency ( t )

with the nonnalized load (R *) as a parameter .

c. Peak Voltage

Assuming that the voltage waveform Vr (Fig. 6) can be
approximated by a sinusoidal waveform, the maximum tank
voltage (V rm) which is the voltage stress of the transistor
(V Qm) and the diode (V Dm) was found to be:

where fo is the resonant frequency.

The last equation holds for both the loaded and unloaded RFF
inverter. In the unloaded case, that is before the Hill lamp
strikes, the resonant frequency is:

*
Fig. 9. Normalized r.m.s transistor current (lQrms) as a function

f
of the normalized switching frequency ( t ) with the

normalized load (R*) as a parameter.
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The transistor's rms current (IQrms) was evaluated and is

shown in Fig. 9 in a normalized form IQrms

(16)

Zr = ~ -characteristic impedance of the LrCr resonant

circuit.

Fig. 11. Measured waveforms of experimental RFF inverter

when loaded by a resistive load (Rload = 52.Q).Vertical
scales: 20V/div, 2A/div. Horizontal scales:
500 nS/div. Switching frequency 326kHz.

Since the losses of MOSFET switches (PSloss) are
*

proportional to the transistor's rIDS current, the higher IQrms,

the lower will be the efficiency of the inverter .

Good agreement was found between the analytical expression
derived in this study, PSPICE simulation and experimental
results. The overall efficiency of the experimental RFF
inverter was found to be around 70% for a power level of
70 Watt.

IV .EXPERIMENTAL RESUL TS

The design parameters of the experimental RFF inverter were
as follows:
Vin= 12V, Lm = 4.8~H, Cr = 226nF, Lr = 0.4~H, n = 16,

fs = 327kHz (for a resistive load), fs = 364 kHz (for a 70W

MHD lamp), Rload = 52.O., Rlamp = 120.0. (OSRAM type

HK1/T-70W/WDL), the MOSFET transistor in all
experiments was IRFP250.

The experimental RFF inverter (Fig. 10) was used to drive
a resistive load of 52.0. and a 70W MHO lamp (OSRAM type
HK1rr-70W/WDL). By readjusting the resonant capacitor
(Cr) to 120nF and increasing the switching frequency to
375kHz the output power level of the experimental ballast
was reduced and was then used to drive a 35W MHO lamp
(Philips type CDM-T 35W/83). PM modulation was used to
overcome the acoustic resonance problem [2, 3]. The
modulating frequency was 1kHz and the carrier deviation was
about :t10%. Typical experimental results are given in Figs.
11-13.

Fig. 12. Measured waveform of drain-source transistor voltage
( v r .) during MHD lamp start-up period

Ig
(V lam p .= 2030V). Vertical scales 20V/div.

Ig

Horizontal scales: 5J1S/div. Switching frequency

44kHz.

Fig. 13. Experimental FM modulated waveforms of metal halide
discharge lamp (OSRAM type HKlrr-70W/WDL) when
driven by proposed RFF inverter. Vertical scales:

SOV/divand lA/div. Horizontal scale: l~S/div. Median

switching frequency 364 kHz.

Fig. 10. The proposed RFF inverter when used as a battery
operated MHD lamp ballast.
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v. DESIGN GUIDELINES

The following procedure is suggested for the practical design
of a battery operated RFF inverter based driver for HID lamps.
It is assumed that the following parameters are given: input
voltage to the driver (Vin), lamp current (1Iamp(rms»' lamp

power (Plamp), maximum drain-source voltage of the
transistor (VDSS) and recommended ignition peak voltage
(Vigpk) for cold ignition of HID lamps:

1
Calculate (Cr): Cr = ~9.

10. Choose (Lm) such that Lm > 10Lr
11. Calculate the ignition switching frequency (fSig):

21tfounfs' =
19 2~

1t+
nVin1.

2.

Select the switching frequency (fs) according to the
transistors and magnetic material available-

,
Calculate the apparent lamp resistance (Rlamp):

PlarnpRlamp = 2

1liamp(rms)

12. Calculate the voltage stress of the transistors (VQm) and
anti-parallel diode (V Dm) from equation (13), where
fo = fOun.

13. The resonant capacitor (Cr) must be capable of sustaining
the expected maximum voltage (V Crmax = V Qm) and
should have a low ESR. Polypropylene capacitors are
recommended.

where 11 -the efficiency of the RFF inverter (0.65-0.7).

Vig~kCalculate (n): n = VDSS -Vin3.

VI. CONCLUSIONS

Select Iioad from Fig. 7. It is recommended to limit Iioad
*

to no more than 2, since a large Iload will increase the
boost period (fo/fs) (Fig. 7) and will therefore increase
switching losses (equations (15, 16) and Fig. 9).

4.
The RFF inverter presented and analyzed in this study was

found to act as a current source which is highly compatible
with HID lamps. Furthermore, the inverter can generate high
voltage spikes sufficient for cold ignition. When properly
designed the RFF inverter operates under ZVS conditions
which allows operation at high switching frequency. This
feature is advantageous when designing a ballast for low
power HID lamp of small dimensions and hence highly
undamped acoustic resonance peaks at the kHz region. The
experimental results of this study demonstrate that the arc of
small 70W and 35W MHD lamps can be stabilized by the
proposed RFF ballast when operated at the 300kHz to
4OOkHz switching frequency range and applying about 20%
PM modulation. Considering the fact that the proposed
ballast includes only one switching device, one magnetic
component and one resonant capacitor, the RFF inverter is
most likely the simplest ballast topology possible.

o

Calculate (R*): R* = Rlampllamp(nns)
*

nVinlloOO

5.

The current sourcing nature of the RFF 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 increasing Iioad (step 4) and repeating
step 5.

6. Select the ratio ~ from Fig. 7 for the chosen Iioad and

*
the calculated R .
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8. Calculate (Lr):

IioadVinLr = n21tfoIlamp(r.m.s)
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