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SELF-OSCILLATING CONSTANT-CURRENT
GAS DISCHARGE DEVICE LAMP DRIVER AND METHOD

Reference to Related Application

The present application is the subject of Provisional Application Serial No.
60/384,079 filed May 31, 2002.

Field of the Invention

The present invention relates to the field of power switching inverters. More
particularly, the present invention relates to a method and apparatus for generating a
high frequency AC current for driving linear or nonlinear loads, and in particular for

non-thermionically driving gas discharge device lamps.

Background of the Invention

Several types of switch mode converters and inverters are currently widely used
for DC-to-DC, DC-to-AC, AC-to-DC and AC-to-AC power conversion. Certain loads
need special drive signals in order to optimized their performance and maximize the
system’s efficiency. For example, fluorescent lamps need to be driven by a source that
has a high output impedance to stabilize their operating point, and by high frequency
sign to increase their light output. Accordingly, an inverter driving a fluorescent lamp
must have a current source nature (as opposed to voltage source characteristic), such
that thé magnitude of its output current is relatively independent of the resistance of the
lamp. One way to implement a high output impedance driver is to apply an
electromagnetic ballast that is based on a large inductor, which is placed in series with
the power line voltage. An alternative and preferred approach is to generate a high

frequency signal by a switch mode inverter since the efficacy of the lamp increases
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when driven by a high frequency current. A typical prior art solution is illustrated in
Fig. 1.

Fig. 1 depicts a line rectifier (1), a power factor correction section (PFC), a half-
bridge inverter (Q1, Q2) that is operated by a gate drive and a controller that generates
the gate signals. The requirement for a high impedance drive is accomplished by
placing an inductor (Ls) in series with the lamp. At high frequency, the inductor
exhibits a relatively high impedance that controls the magnitude of the current that is
fed to the lamp. The purpose of the capacitor Cs is DC decoupling while Cp is used to
generate a high voltage needed for igniting the lamp. The high peak voltage that is
required for igniting the lamp is generated by driving the inverter during the start up
stage, by a frequency that is close to the resonant frequency formed by the resonant
network Ls, Cp. As a result, the voltage across the resonant capacitor Cp will build up
to help ignite the lamp. The effect of the blocking capacitor Cs on the resonant
frequency is small since its capacitance is much larger than that of Cp. Once the lamp
ignites, the drive frequency is changed to the normal operating frequency. The
electronic ballast of Fig. 1 can be used to drive a number of lamps. Each lamp will have

to have its interface network including Cs, Ls and Cp.

The commercial realization of the electronic ballast of Fig. 1 is rather costly
since there is a need for a dedicated controller as well as a gate driver for both the high
side and low side switches of the half bridge. Furthermore, in a multi lamp
configuration there is a need to add an interface network (Ls, Cs, Cp) for each lamp. A
lower cost solution that is based on a self-oscillating inverter is depicted in Fig. 2. In
this prior art approach, the circuit acts as an oscillator, generating its own drive signals
to the gates of the power MOSFET switches. Consequently the Bill Of Material (BOM)
of this ballast is far lower than that of Fig. 1. However, the driver of Fig. 2 needs to be
designed for each particular power level. For example, L. S. Nerone (“A mathematical
model bf the class D converter for compact fluorescent lamps,” IEEE Transactions on
Power Electronics, Vol. 10, No. 6, 708-715, 1995) teaches how to select the
components of the self-oscillating driver for a given (single) lamp. R. K. Pavao et al.

(R.K. Pavao, F.E. Bisogno, A.R. Seidel, R.N. do Prado, “Self-oscillating electronic

PCT/US03/15394
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ballast design based on the point of view of control system,” Industry Applications
Conference, 2001. Thirty-Sixth IAS Annual Meeting. Conference Record of the 2001
IEEE , Vol. 1, 211 -217 , 2001 ) describes a self-oscillating ballast for a single
fluorescent lamp. The drawback of the self oscillating ballast, according to the design
known in the art (Fig. 2), is that it is specific to a single lamp, requiring a ballast per
lamp. Since, however, many applications call for multi-lamp fixtures, it would be
highly advantageous to have a self-oscillating fluorescent lamp driver that can operate a
number of lamps. This will reduce dramatically the cost and will increase the reliability
of the system. Furthermore, it would be also highly advantageous if the same
fluorescent lamp driver can operate one lamp or more. This will lower the number of
models that need to be manufactured and stocked, decreasing thereby the production,
storage and distribution cost of the product. It will be further be highly advantageous if
the same driver circuit will be able to operate a number of lamps with no need to add
component per lamp. It will also be advantageous if the efficiency of the driver is kept

high when operating one, two or any number of lamps (up to some practical limit).

All of the methods described above have not yet provided a simple and
economic way for constructing a self-oscillating fluorescent lamp driver that can ignite

and operate one or more lamps while maintaining low cost and high efficiency.

It is the objective of the present invention to provide a method and apparatus for
a self-oscillating inverter to produce a high frequency current that will be constant and
independent of the load i.e. the number of lamps operated by it (up to some practical

limit).

It is another objective of the present invention to provide a method and
apparatus to maintain high efficiency of a fluorescent lamp driver when operating a

single or a number of lamps.

It is yet another objective of the present invention to provide a sufficiently high

ignition voltage that will ignite the lamps connected to the driver.

PCT/US03/15394
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It is still another object of the present invention to extend the reliability of

fluorescent lamp drivers.

Other objects and advantages of the invention will become apparent as the

description proceeds.
Summary of the invention

The present invention is directed to a high frequency ac current-sourcing driver
that can feed electrical loads with a constant current that is independent of load
resistance. The driver is a self-oscillating inverter that includes a resonant network
comprising a resonant capacitor Cr and a resonant inductor Lr. A Current Comparing
and Toggling Circuit CCTC is used to generate the control signals of the inverter’s
power switches. Also included in the system is a DC blocking capacitor that prevents

the DC voltage from reaching the resonant network.

The load is connected in parallel to the resonant capacitor Cr and will typically
include (but not limited to) a number of serially connected fluorescent lamps.
According to this invention, and based on the disclosed original analytical derivation,
the components of the resonant network and the CCTC are selected such that the circuit
will oscillate at the desired pre-selected switching frequency and will feed the required

current to the load.

The CCTC can be realized by a multi-winding transformer or by an electronic
circuit of various optional designs. Its purpose is to flip the control signals of the power
switches whenever the input signal drops to the level of the desired output current.

This, according to the present invention will cause the driver to behave as a current

source.

PCT/US03/15394
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Brief Description of the Drawings

The above and other characteristics and advantages of the invention will be
better understood through the following illustrative and non-limitative detailed
description of preferred embodiments thereof, with reference to the appended drawings,

wherein:

Fig. 1 (prior art) illustrates a high-frequency electronic ballast for fluorescent

lamps based on a forced driven half bridge inverter;

Fig. 2 (prior art) illustrates a high-frequency electronic ballast for fluorescent

lamps based on a self oscillating inverter;

Fig. 3 illustrates a high-frequency electronic ballast for fluorescent lamps based
on a self oscillating inverter according to a preferred embodiment of the present

invention;

Fig. 4 illustrates the development of an equivalent circuit of the resonant

network of Fig. 3 according to Norton’s theorem;
Fig. 5 depicts the basic voltage and current waveform of the driver of Fig. 3;

Fig. 6 illustrates a high-frequency electronic ballast for fluorescent lamps based
on a self oscillating inverter according to a preferred embodiment of the present
invention in which the inverter is a half bridge topology and the CCTC is realized by a

transformer;

Fig. 7 illustrates a high-frequency electronic ballast for fluorescent lamps based
on a self oscillating inverter according to a preferred embodiment of the present

invention in which the inverter is a full bridge topology and the CCTC is realized by a

transformer;
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Fig. 8 depicts a high-frequency electronic ballast for fluorescent lamps based on
a self oscillating inverter according to a preferred embodiment of the present invention
in which the inverter is a half bridge topology and the CCTC is realized by an analog

electronic circuit and the gate drive is via a transformer;

Fig. 9 depicts a high-frequency electronic ballast for fluorescent according to a
preferred embodiment of the present invention in which the inverter is a half bridge
topology, the CCTC is realized by an analog electronic circuit and the gate drive is via
a dedicated IC;

Fig. 10 illustrates a high-frequency electronic ballast for fluorescent according
to a preferred embodiment of the present invention in which the inverter is a half bridge
topology, the CCTC is realized by an analog electronic circuit that includes a blanking

pulse;

Fig. 11 shows a high-frequency electronic ballast for fluorescent according to a
preferred embodiment of the present invention in which the inverter is a half bridge

topology and the CCTC and gate drivers are combined and implemented as a dedicated

IC;

Fig. 12 shows a high-frequency electronic ballast for fluorescent according to a
preferred embodiment of the present invention in which the inverter is a half bridge

topology and the CCTC is implemented by a micro-controller;

Fig. 13 illustrates a high-frequency electronic ballast for fluorescent according

to a preferred embodiment of the present invention which includes an over voltage

protection circuitry; and
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Fig. 14 depicts a high-frequency electronic ballast for fluorescent according to a
preferred embodiment of the present invention which includes an over voltage

protection circuitry that will latch when activated.

Detailed Description of Preferred Embodiments

The present invention is directed to a high-frequency self-oscillating current-
sourcing inverter. Fig. 3 illustrates a driver according to a preferred embodiment of this
invention. It includes an inverter and a resonant network. The inverter drives an
inductor Lr that is placed in series with a capacitor Cr to which the load (one lamp or
more) is connected in parallel. The driver may also include a blocking capacitor Cs
whose purpose is to pass only the ac current to the load while filtering out the de
component. The capacitor is needed when the inverter’s output includes a dc
component such as in the case of a half bridge inverter. The capacitance of Cs is
normally much larger than that of Cr so as to reduce the ac voltage drop across it. It can
thus be assumed to a good approximation that the resonant frequency of the inverter is

1

W=

current of the resonant network and generates the control signals of the inverter’s

. A Current Comparing and Toggling Circuit CCTC measures the input

power switches.

When properly designed per the disclosed theory, the switching frequency of
the inverter will be equal to the resonant frequency. In such a case, as shown below, the
resonant circuit acts as a current source, delivering a constant current to the load
independent on the resistance of the load. The magnitude of the current, as a function of
circuit parameters, is clearly revealed by transforming the generic half bridge inverter
and resonant network into an equivalent circuit according to Norton’s theorem (Fig. 4).
When the circuit is driven at resonant frequency, the impedance of the parallel resonant
network (Lr, Cr) is infinitely high and consequently, all the current of the equivalent

current source is flowing into the load. That is, the equivalent circuits reveals that Io is

PCT/US03/15394
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a function of the resonant elements only and independent of the load resistance R. From

Fig. 4:

The characteristic impedance Z; is defined as:

L
Z. = |-—L 2
=9, (2)
10
It is thus found that, at the resonant frequency, the output current to the load (Io)
is equal to ;‘“ and independent of R. It is also observed that when R is very large (e.g.
the fluorescent lamps resistance prior to ignition), the voltage across C; will become
very large (Figs. 3, 4). Hence, the driver is capable of automatically self-generating the
15 high voltage needed for igniting fluorescent lamps.
The input impedance Zj, of the loaded resonant section (Figs. 3, 4) is:
2 .
. R —®°LCR + joL+R
Zi = joL+ = 3
in = JOL T ORCH1 JORC+1 3)
20

and in the case that the circuit is driven at the resonant frequency (® = @q )

joL = @

in = TN 1
joRC+1],_, j£+1
r
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Consequently, the input current to the resonant section (I;,) will be:

. R
\Z Izt Raz
=5 =vy L — =22y (s)
Zin JZ; Z;
5 and the magnitude of I;, will:
JRZ+Z,2
[lin| = Vin - O
r

Based on (6), one can now derive the output voltage (V,) to input voltage (Vi)

transfer ration;

n. YV =—bR (8)

Which implies:

\A

R
_Z )]

<

n

It should be noted that when \\//° >1 (arelatively low bus voltage as compared

in

to the voltage drop across the serially connected lamps) then R > Z .

The phase of the input current I;,, referred to the input voltage is found by

dividing the input voltage by the impedance Z:



WO 03/103117

_R‘—J
Vini Z Vi
I — r =i R(l—j-—ij (10)
n Zr 1 Zrz
from which:
-1 _Z,
5 =t -— - (11
Pp=1g ( R ] (11)

For V, >V, ¢ is small, and since:

e=tge one finds (pz—%r— (12)

10

PCT/US03/15394

Applying the first harmonics approximation, Vi, (Fig. 5) is the first harmonic

components of the square-wave generated by the switches of the half bridge inverter

(Vinv). Consequently, the angel ¢ is the phase shift between the inverter’s square wave

and the input current. The magnitude of the input current (I) at the commutation time is

15 found with reference to Fig. 5 as follows:

The peak value of the input current is:

2 2
Iin max = Vin max “R;er— (13)
r
For Vo>V, =  Z2<R2 (19
20

Hence:
R
z,2

Iin max = Vin max

. R Z
Ix = Lin max SIN® = Vip max ?("“L) = Vin max Z_.

10

(16)
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Applying (1):
V-
Ix = mZmax = Lo max a7
r

This original and innovative analytical result imply that a constant current,
namely a load independent operation, can be achieved by forcing a commutation of the
input square wave when the instantaneous input current drops again to the level of the

maximum output current (Fig. 5).

If Vj, is derived from the square wave of a half bridge and Cs is a blocking

capacitor, (Fig. 3) then:

In case of a full wave inverter the amplitude of the Vin will be twice higher.
The former equation is based on the first harmonic approximation that is justified by

the fact that the resonant network will filter out the higher harmonics of the square

wave.

It follows then:

R 2 R
= Vous =—5 (19)

Zr2 T Zl'

Linmax = Vinmax

One optional way to realize the CCTC is by means of a multi winding
transformer (Fig. 6). In this case, the transistors of a half bridge inverter are driven by a
transformer (T) that includes at least three windings. Two windings (n21, n22) are
shunted by Zener diodes, to fix the gates’ voltages, and are connected to the gates of the
power MOSFETS. The third winding (nl) is placed in series with inductor Lr.

Consequently the current flowing through that winding is the current coming out of the

11
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half bridge circuit. The mechanism of commutation of the two transistors, in this case,
is similar to that known in the art for a self-oscillating inverter (L. S. Nerone , “A
mathematical model of the class D converter for compact fluorescent lamps,” IEEE
Transactions on Power Electronics, Vol. 10, No. 6, 708-715, 1995). The commutation
instance is triggered by the interaction of the current building up in the magnetization
inductance of the transformer T and the input current that passes through the third
winding of the transformer T (nl1). In particular, the commutation process is initiated
when the two are equal. It should be noted that shape of the input current is sinusoidal
whereas the magnetization current increases linearly due to the fixed voltage impoﬂsed

by the Zener voltage (Fig. 5).

The magnitude of the intersection current (I,) referred to the windings n2 of the

transformer (Fig. 5, 6):

Ve % n (20)

Iy =
m

where: V; is the clamping Zener diode voltage, Ly, is the magnetization inductance of

the transformer as measured at the n2 windings, T; is the period of the oscillation and

To achieve constant load current of the resonant half bridge, according to this

invention, we set:

Vin max _ Vbus2 _ V. Ty n

= = = 21
Ix = lomax Z, nZ, 4L, 21

Hence, to achieve a constant load current I,, one needs to choose Lm according

to:

12
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L, = V,Tgn (22)

4 IO max

where T = —f}— =2n,/L,C, (23)

S

while complying with equation (1).

It is thus evident that the self-oscillating current-sourcing inverter built according
to this invention will posses many desirable characteristics when used as a fluorescent

lamp driver. These include, but are not limited to:

» The ability to drive one or a number of lamps with same driver.

e Simplicity and low cost due to the fact that there is no need to add more
components as for driving additional lamps.

e Ability to generate high ignition voltage sufficient for cold ignition (no need to
warm up filaments, e.g.; non-thermionic), and consequently,

e Ability to run a fluorescent lamp even if one or two of its filaments are broken.

e Ability to operate number of lamps in series even if the bus voltage is low, and
consequently,

e Ability to use low voltage transistors for the half bridge.

e Increasing the efficacy of fluorescent lamp by driving them at high frequency.

e Lowering the component count of a fluorescent lamp driver and hence

increasing the reliability of the system.

A skilled person will recognize, other additional implementation of proposed
invention are clearly possible. Fig. 7 depicts, for example, an implementation of
proposed invention in which the inverter is built around a full bridge topology. This
implementation will be useful for high power cases in which the total power delivered

to the lamps exceeds the practical capability of the half bridge configuration.

Fig. 8 illustrates another possible implementation of present invention in which a

dedicated discrete analog controller circuit realizes the CCTC. In this case, the ramp

13
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signal is realized by a capacitor (Ccharge) charged by a constant current (Icharge) and
the commutation is forced by a flip-flop (FF1) whenever the sense voltage that
represent the input current is equal to the ramp signal. An auxiliary circuit ( one shot
OS1 and transistor Q3) is then used to discharge the capacitor Ccharge at the
commutation instance. The Power MOSFET gates are driven by a transformer that is

fed by the complementary signals of FF1.

Fig. 9 shows another optional version of the driver shown in Fig. 8 in which the
gate driver are implemented by a dedicated IC (HB DRIVER) .

Fig. 10 shows yet another optional embodiment of present invention in which the
input current is compared to the trigger current per his invention (Iomax) and a
blanking pulse (Tp) is used to prevent false triggering. The width of the pulse should

be approximately one quarter of the switching cycle.

Fig. 11 depicts an additional optional implementation of present invention in which
the controller is realized as an IC (CONTROLLER). This can improve the overall
performance from the economical and performance points of view. For example, as
shown Fig. 11, over voltage protection can be implemented by sensing the voltage of
the resonant capacitor (via a capacitor divider, OV) and shutting off the circuit

whenever the voltage exceeds a predetermined value.

Fig. 12 demonstrates an optional digital implementation of the driver’s controller

in which the algorithm of commutation per this invention is realized as a software

program.

Fig. 13 illustrates one optional embodiment of the invention when applied as a
fluorescent lamp driver, including a starting circuit and over voltage protection.
Feeding to the commutation transformer T initial pulsed via a Diac circuit sub circuit
starts the oscillation. A resistor Rd3 charges a capacitor Cd until the trigger voltage of
the Diac is reached. At this point, the Diac breaks down and a pulse is fed to an

auxiliary winding n3 of the transformer T. This starts the oscillation of the circuit. If the

14
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trigger failed, the Diac will keep generating pulses until the inverter starts to self
oscillate. Prior to lamp ignition, or if lamps are broken or not inserted in circuit, the
self-oscillating current-sourcing fluorescent lamp driver of this invention will develop a
high current through the resonant elements. If this extra stress lasts for an appreciable
length of time, the circuit may be harmed. The driver is protected against this over
current by the circuit elements Dpl, Dp2, Z1, Rp2, Cpl, Cp2 and TRI. Since the
voltage across Cs is proportional to the resonant current, it is used as a measure of the
current in circuit. The ac voltage across Cs is rectified, filtered and then applied to
trigger the transistor that, when turned on, will block the oscillations. As will be
apparent to persons trained in the art, proper selection of the values of the protection
components will determine the length of time that the ignition state will persist before
the driver shuts off, and the length of time before it turns on again. Another mode of
protection is obtained (Fig. 14) by adding a pull down diodes Dp3 and a thyristor
(SCR). In this case, once fired the SCR will hold in ‘on’ state by the charging resistor
Rd. The circuit will reset only when disconnected from power. In the embodiment

shown in Fig. 14, the overvoltage protection circuit will latch when activated.

The above examples and description have of course been provided only for the
purpose of illustration, and are not intended to limit the invention in any way. As will
be appreciated by the skilled person, the invention can be carried out in a great variety
of ways, employing more than one technique from those described above, all without

exceeding the scope of the invention.

15
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WHAT IS CLAIMED IS:

1. An AC driver circuit for providing an improved
output current regulation to a gas discharge load, said
driver circuit comprising:

a square wave inverter circuit for generating a square
wave voltage,

a resonant circuit including a series inductor and
capacitor, said capacitor being connected across said load,

a current comparing toggling circuit (CCTC) for
sensing current to said resonant circuit and commutating
the inverter state whenever the input current to said
resonant network is equal to a selected current of said
load.

2. A high frequency alternating current driver
circuit for a gas discharge device load comprising:

an inverter for generating a square wave voltage
output,

a resonant network including a series inductor and
capacitor, said load being connected across said capacitor,
a current comparing toggling circuit for sensing
instantaneous current to the load and forcing conversion of
the input square wave when said instantaneous input current
drops to the level of the maximum output current.

3. An AC driver circuit for non-thermionically
driving a gas discharge load, comprising:

a switch mode inverter for generating a square wave
voltage output,

a resonant network including a series inductor and
capacitor, said capacitor being connected across said load,
and

means for causing the frequency of said inverter to be

equal to the resonant frequency and said resonant circuit

16
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and act as a current source for delivering a constant
current to said gas discharge load independent of the

resistance of said gas discharge load.

4. An AC driver circuit for driving a gas discharge
load comprising:

a switch mode inverter circuit having commutable
states for generating a square wave voltage,

a resonant circuit including a series inductor and
capacitor connected to said switch mode inverter, and means
connecting said gas discharge load across said capacitor,

a current comparing and toggling circuit for
commutating the inverter state whenever the input current
to said resonant circuit is equal to a selected level of

current to said load.

5. The driver circuit defined in claim 4 wherein

said selected level is the maximum current to said load.

6. The driver circuit defined in claim 4 wherein
said current comparing and toggling circuit includes a

transformer.

7. The driver defined in claim 4 wherein said

inverter is a half bridge.

8. The driver of claim 4 wherein said inverter is a
full bridge.

9. The driver of claim 4 wherein said current

comparing and toggling circuit includes an analog

controller.

17
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10. The driver defined in claim 4 in which said
current comparing and toggling circuit includes a

microcontroller.

11. A method of non-thermionically driving a gas
discharge load with a constant current that is independent
of load resistance comprising: providing a self-oscillating
inverter, providing a resonant network including a resonant
inductor and a resonant capacitor connected across said
load, a current comparing and toggling circuit for sensing
the current input to said resonant network and commutating
the inverter state whenever the input current to said
resonant network is equal to a selected current of the
load.

12. The method defined in claim 11 wherein the step
of sensing current in said resonant circuit includes a

transformer.

13. The method defined in c¢laim 11 wherein said

inverter includes a half bridge.

14, The method defined in c¢laim 11 wherein said
inverter includes a full bridge.

15. The method defined in claim 11 wherein said
current comparing and toggling circuit includes an analog

controller.
16. The method defined in c¢laim 10 wherein said
current comparing and toggling circuit includes a

microcontroller.

17. A high frequency AC current sourcing driver

circuit for driving electrical loads with a constant

18
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current that is independent of load resistance comprising
a self-oscillating inverter circuit including power
switches and a resonant network including a resonant
inductor and a resonant capacitor, a current comparing and
toggling circuit for sensing current in said resonant
network and generating control signals for said power

switches.

18. The drive circuit defined in claim 17 including
a DC blocking capacitor series circuit with said resonant

network.

19. The driver circuit defined in claim 17 wherein

said load is a plurality of gas discharge tubes.
20. The driver circuit defined in claim 17 wherein

said gas discharge device load includes at least three

serially connected fluorescent tubes.

19
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