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The invention relates to a circuit arrangement for operating a discharge
lamp with a high frequency current comprising
- input terminals for connection to a source of low frequency supply voltage,
- rectifier means coupled to said input terminals for rectifying said low
5 frequency supply voltage,
- a first circuit comprising series arrangement of unidirectional means and first
capacitive means coupled to a first output terminal N3 of said rectifier means
and a second output terminal N5 of said rectifier means, .
- inverter means shunting said first capacitive means for generating the high
10 frequency current out of the rectified low frequency supply voltage,
- a load circuit comprising inductive means, second capacitive means and
terminals for lamp connection, said load circuit being coupled to a terminal N1
of said inverter means and to a terminal N2 between the unidirectional means
and the first output terminal N3 of said rectifier means.
15
Such a circuit arrangement is known from published PCT application
WO 92/04808. Because of the coupling of the load circuit between the terminal N1 and
the terminal N2 a high frequency current is drawn from the supply voltage source when
20 the voltage over the first capacitive means, serving as main storage, is higher than the
momentary amplitude of the rectified supply voltage present between terminals N3 and
NS5. This high frequency current improves the power factor of the circuit arrangement.
However, the supply current that is drawn from the low frequency supply voitage
during lamp operation still has a substantial spike near the maximum amplitude of the
25 low frequency supply voltage, when current is being drawn directly as a charging
current for the first capacitive means. For this reason the supply current still has an
undesirably high harmonic content.
i
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ages source having a relatively low harmonic content.

A circuit arrangement according to the invention is for this purpose
characterized in that the dimensioning of the circuit arrangement is such that during
stationary lamp operation the voltage present over said first capacitive means is higher
than the aﬁtplitude of the rectified low frequency supply voltage.

10 As a result of the voltage present over the first capacitive means being
higher than the amplitude of the low frequency supply voltage, cufrent is never drawn
directly from the low frequency supply as a charging current for the first capacitive
means, For this reason the supply current has a relatively low harmonic content.

_ It was found that smooth operation of the circuit arrangement could be

15 realized by incorporating into the circuit arrangement a second circuit comprising third
capacitive means (C1) and connecting terminal N2 to terminal N5. The third capacitive
means are dimensioned such that the voltage over the third capacitive means is higher
than rectified supply voltage during a time interval in each high frequency period and
lower than the rectified supply voltage during the remaining part of each high frequency

20 period. Therefore the third capacitive means are only charged from the power supply
with a series of high frequency current pulses so that the supply current contains no
spikes and has a relatively low harmonic content.

The rectifier means present in the circuit arrangement have to meet less
severe requirements in case the circuit arrangement is further provided with a third

25 circuit comprising further unidirectional means D5 and connected between terminal N3
and terminal N2.

It was further found that embodiments of a circuit arrangement according
to the present invention could be realized in a relatively simple way,'in case tixe
unidirectional means comprise diode means.

30 Good resuits were obtained with circuit arrangements in which the
inverter means comprise a series arrangement of two switching elements and a drive

circuit for generating a drive signal for rendering the switching elements alternately

conductin nonconducting.
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invention further comprises

- sensing means for generating a control signal that varies periodically with a
frequency equal to twice the frequency of the supply voltage,
5 - control means coupled to said sensing means for modulating the frequency of
the high frequency current in dependency of the control signal.
By modulating the frequency in dependence of the control signal, the crest
factor of the lamp current is substantially improved. The control signal can be for
| instance derived from the rectified supply voltage or the high frequency current. In the
10 first case it was found that the lamp current crest factor can be controlled at a relatively
low value when the control means decrease the operating frequency of the inverter
means when the momentary amplitude of the rectified supply voltage increases and
increase the operating frequency of the inverter means when the momentary amplitude
of the rectified supply voltage decreases. In the second case it was found that the crest
15 factor of the lamp current is well controlled at a relatively low value when the control
means decrease the operating frequency of the inverter means when the momentary
amplitude of the high frequency current decreases and increase the operating frequency
of the inverter means when the momentary amplitude of the high frequency current
increases.
20

Embodiments of the invention will be explained in more detail with reference
to a drawing, in which
Fig. 1 is a block diagram of an electronic ballast according to the

25 invention,

Fig. 2 is a simplified schematic diagram of a first ballast circuit according
to Fig. 1,

Fig. 3 is a more detailed schematic diagram of the circuit of Fig. 2,

Fig. 4 is a simplified schematic of another ballast circuit according to Fig.
1, and

Figs. 5 and Sa are simplified schematics of other ballast circuits according
to Fig. 1, and

Fig. 6 is a graph showing variation of certain voltages, present during
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known or easily devised by one of ordinary skill in the art. Power input is from a
standard low frequency AC line 10; such as 120 v, 60 Hz. A filter 11 prevents
conduction of high frequency and RF noise into the line 10. A rectifier 12 is typically
formed as a full-wave bridge rectifier, whose output is rectified half-sine-wave pulses.
The rectifier output is coupled by a coupling circuit 13, typically consisting of one or
two diodes, to an energy storage element 14, such as an electrolytic capacitor, across
which a relatively high DC voltage is maintained. As described below, during normal
operation the voltage across this storage capacitor is greater than fhe peak voltage
appearing at the output of the rectifier 12. |

A high frequency generator 15 changes the DC from the storage device 14
to a high frequency voltage having a frequency typically between 20 and 75 kHz. A -
resonance coupling circuit 16, connected to the generator 15, is arranged to be resonant
at a frequency somewhat lower than the normal range of the high frequency voltage. A
fluorescent lamp 17 is connected to or across a part of the coupling circuit 16. A
control circuit 18, which is preferably formed at least in part by an integrated circuit,
senses voltages or currents at one or more places in the coupling circuit 16, and
provides control signals for the generator 15.

A feedback connection 19 from the coupling circuit 16 to the coupling
circuit 13 causes current to be drawn from the rectifier/filter 12/11 combination during
part of every cycle of the high frequency. Charging current flows to storage device 14
during at least one different part of each cycle of the high frequency. Throughout all of
every cycle of the line input, stored energy in the device 14 is higher than that which
would be obtained by normal charging from the rectifier 12,

In accordance with the invention, the circuit values and operating
frequency range are selected such that the current from the input power line has a
waveform substantially the same as the line voltage waveform, and the control circuit
18 senses a parameter which varies over the course of each line voltage cycle, and
modulates the frequency of generator 15 over the same period in such a way as (o
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One embodiment of the invention is shown in Figs. 2 and 3, in which
corresponding circuit elements have the same identification. This circuit is intended for
use with a 240 VAC, 50 Hz input line, for a lamp ballast in Europe. An EMI filter 21
is connected between the input line terminals and a full-wave bridge rectifier formed by
diodes D1-D4. A fast recovery diode D5 is connected between the bridge rectifier
positive terminal and a junction 2 to which lamp current flows. A fast recovery
isolating diode D6, poled in the same direction, is connected between the junction and a
storage capacitor C4. Transistors Q3 and Q3 are connected in series across capacitor
C4, to form a half-bridge inverter having an inverter output junction 1. The inverter is
driven by a conventional circuit 22.

In this circuit, the lamp current is directly fed from the inverter junction
1, through a coupling capacitor C2 and a coupling network 24, to the junction 2.
During those portions of each high frequency cycle when neither diodes D5 nor D6 are
conducting, all the lamp current then flows through a low-value capacitor C1. A signal
proportional to the instantaneous lamp current is obtained from a current transformer
T2, across whose output winding a low-value resistor R3 is connected. Switching of the
inverter is controlled by a conventional integrated circuit controller 26.

The lamp coupling circuit 24 contains a choke L1 and a starting capacitor C5.
An exemplary circuit of the embodiment of Fig. 3 has the values given below. In this
circuit the capacitor C5 has a sufficient capaéitance, in comparison with C1, that it has
an appreciable effect on the resonant frequency, and current, during normal operation.
This is an effect which is fully understood, and easily computed, by those of ordinary
skill in the electronic ballast art. For simplicity, however, the following discussions of
circuit operation do not refer separately to the effect of C5.

c1 15 of

2 330 nf

Cc4 56 uf

Cs 15 nf R
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At a line voltage of 230 v, this circuit was operated with an inverter frequency varying
between 39 and 54 kHz over the course of each half cycle of the line voltage, the
5 frequency being a maximum at line voltage crossover. Total harmonic distortion in the
line current was 9%, and lamp crest factor was 1.4. Over the range of 207 volts to 264
volts, line current harmonic content remained under 15% except near the low end of the
range.
A preferred embodiment of the invention for use with conventional
10 fluorescent lamp luminaries having removable lamps, and supplied with power
according to U.S. standards, is shown in Fig. 4. A fluorescent lamp LA is energized
from a high frequency half-bridge inverter formed by two transistors Q1 and Q2. The
primary of a load transformer T101 and a current transformer T103 are connected in
series between the output node N1 of the inverter and a series resonant circuit formed
15 by a choke L101 and a tuning capacitor C101., The tuning capacitor C101 is connected
between a'node N2 in the power input section of the ballast, and the ground connection.
A coupling capacitor C102 is connected in this series circuit, between the choke L101
and node N2,
The source of power for the ballast is a 120 V, 60 Hz input AC line. The
20 input line is connected to a conventional bridge rectifier D101-D104 through a fuse F1
and an interference filter 111 including line chokes L102 and a capacitor C103. The
bridge rectifier negative output NS is connected to the circuit ground, and the positive
- output defines a node N3 having voltage vygcr and is connected through a fast recovery
diode D105 to the node N2. A second fast recovery diode D106 is connected between
25 the node N2 and a node N4, which is the high voltage supply point for the inverter
transistor Q1. A storage capacitor C104 is connected across the inverter power input,
between node N4 and the circuit ground. The diodes D105 and D106, and the coupling
from the tuned high frequency circuit to them, act together to provide energy transfer
from the input line to the capacitor C104 at a high frequency rate, and produce an
30 elevated DC input to the inverter as will be explained below.
The fluorescent lamp load is connected across the secondary of the
transformer T101, and a conventional starting capacitor C105 is also connected to the
Janp Slaments DR
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5 resistor R101 connected from its output to its negative input. The negative input is also
connected to a rectifier and RC filter formed by diode D107, resistor R102 and

capacitor C106 which rectify and filter the high frequency components of the lamp

current, leaving the rectified current modulation envelope which varies at the frequency
of the bridge rectifier output (120 times per second). This current-sensing signal is

10 obtained from a low value resistor R103 across the secondary of current transformer
T103.

' The circuits of Figs. 3 and 4 operate in the manner described below with
15 respect to Fig. 4, although powered from different AC line voltages and frequencies,
with different lamp loads, and at different inverter frequencies. This is accomplished by
adjusting the component values, as will be clear to those of ordinary skill in the
electronic ballast art.
The inverter formed by transistors Q1 and Q2 is normally operated at a
20 frequency above the effective resonant frequency of the resonance circuit with a 50%
duty cycle for each transistor. During start-up, the frequency is swept downward toward
the resonant frequency, as is well known. After the lamp has started, the high frequency
current through the inductor L101 (also the primary of transformer T101), causes the
voltage Ve at node N2 to rise and fall, once each cycle of lamp current, between
25 limits shown in Fig. 6 related to the action of the diodes D10S and D106. The voltage
Vaa is the average voltage across C101 during an entire high frequency cycle; this
varies as shown over the course of one line voltage cycle. The voltage Vg, across the
coupling capacitor varies little during the course of one high frequency cycle, but varies
over the course of a line voltage cycle between half the peak line voltage V,,, when the
30 line is at its peak, and approximately zero when the line is near zero.
Circuit behaviour follows the cyclical pattern now to be described, except
that, when the line voltage is near a zero crossing, there may be a difference in the
instant in the high frequency cycle when the inductor current reaches its peak, and the
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During a first stage of each high frequency cycle, immediately after

5 transistor Ql has switched on, because of the substantial inductance of inductor L101
current will still be flowing in a direction from node N2 to node N1. Q2 being switched
off, current during this stage will flow in the "backwards” direction, through the reverse
current diode which forms part of Q1, through C104 in a direction to charge C104,
through the bridge rectifier and input power line (or filter), diode D105 and coupling‘

10 capacitor C102. The inductor current now falls rapidly.

A certain period of time after transistor Q1 has been turned on, current
through the inductor L101 reverses as the circuit enters the second stage of the high
frequency cycle. The voltage at node N2 (which had been held by diode D105 at the
then-existing instantanebus value of the rectified line voltage vpp~y) then starts to rise as

15 capacitor C101 is charged. Capacitor C104 is now discharging through transistor QI,
and inductor L101 current rises at a rate determined by the voltage Vo, across
coupling capacitor C102 (which changes little during one high frequency cycle), the
instantaneous difference in voltage (Ve - Veior) between the capacitors C101 and
C104, the inductance L101 and the effective resistance of the lamp. After the node N2

20 voltage reaches the sum of the voltage Vo across the storage capacitor C104 plus the
diode drop of D106, the circuit enters its third stage. The node 2 voltage remains
constant, and no current flows through capacitor C104. Driven solely by the voltage
across coupling capacitor C102, the still rising inductor current flows through diode
D106.

25 In a fourth stage, immediately after the inverter switches, Q2 being on
and QI off, the voltage driving the tank circuit is reversed because the voltage across
capacitor C101 exceeds that across C102. Current is still flowing through diode D106,
and will flow through capacitor C104 in a charging direction, but at a rapidly falling
rate. When the lamp current reverses, the circuit enters the fifth stage. Diode D106 will

30 cut off, and the voltage across C101 will start falling toward the then-existing rectified
power line voltage. The reverse current will increase with a waveform similar to the
previous positive current increase. No current flows through capacitor C104.

7T T T "Vhen vy reaches the rectified line voltage less the forward drop of
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the sixth stage is reached, and vc,q remains constant. The inductor current

then flows through transistor Q2, the bridge rectifier and the line or line filter, and
through diode D105 and coupling capacitor C102. Immediately after the inverter again
switches, and Q2 is turned off, this current will start to fall sharply as it flows

5 through Q1, in a charging direction through C104, and through the bridge rectifier and
diode D108, thus repeating stage 1 as described above.

The six different stages of one high frequency cycle are only partly
symmetrical. The storage capacitor C104 receives charging current during the first and
fourth stages, immediately following each switching of the inverter, but discharges only

10 during stage two, when the voltage across capacitor C101 is being raised from the value
where diode D105 was conducting to the value where diode D6 conducts. A current
pulse is drawn from the AC line during stages 1 and 6.
As described above, the voltage V¢, across capacitor C102 equals the
difference between the average voltage V,,/2 at node N1 and the average voltage Vo
15 over the course of one high frequency cycle. Vo, and Vo, change greatly over the
course of one half cycle of the power line voltage, and so does the magnitude of the
excursion of the voltage v, across capacitor C101 during a high frequency cycle, but
Ve and Vg, change in a direction opposite to the magnitude change. When the line
voltage vepcr (and correspondingly Vi,q,) are quite low, shortly before the instant of
20 inverter switching the voltage across the inductor and the effective load resistance may
be so low that current through the inductor starts falling before the inverter switches.
D105 conduction is delayed. This is consistent with the desire that line current
waveform be identical to line voltage waveform. At the instant of line voltage
crossover, the voltage v¢o should reach its low limit (diode D105 is about to conduct)
25 just as inductor current reaches zero.

When. the component values and inverter frequency have been properly
selected, the envelope (connected average) of the current pulses through diode D105
match the rectifier output voltage waveform. Except for the high frequency pulsation
which is filtered by the interference filter, to the rectifier the ballast load looks like a

30 pure resistance. Analysis shows that this requires that the value of storage capacitor
C104 be sufficiently high that C,,, does not change appreciably over the .course of a
line voltage cycle. It would seem that this should also cause the lamp current crest
factor to be a minimum, but the reverse is actually true. Both the waveform and the
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5 ballast look resistive, the current modulation envelope through the lamp circuit never

approaches zero, because capacitor C101 is charged and discharged between the power
line rectifier output value vggcr and the voltage Ve, across capacitor C104 once each
high frequency cycle. The unexpected result is that the component of lamp current due
to current through C101 (that is, current flowing during the second and fifth stages

10 described) is maximum when the line voltage is zero, and minimum when the line
voltage is at its peak. At the same time, the envelope of current through diode D105, at
120 Hz, is the same shape as the rectified line voltage.

Applicants have discovered that, in a ballast constructed and operated

otherwise as above, by modulating the inverter frequency with a frequency excursion
15 generally proportional to the load current modulation, the lamp current can be

maintained essentially constant with no significant effect on line current harmonics. To

achieve this result, it is necessary that the storage capacitor have sufficient capacitance

that its voltage does not vary appreciably during one cycle of line voltage, and that the

value of C101 be small enough that current flows through diode D105 only in response
20 to the high frequency current. .

In the preferred embodiment, the filter R102/C106 provides a signal to
the amplifier Al which causes the inverter frequency to vary linearly with the load
current modulation envelope. Maximum frequency, and lamp current, occur at the time
of line voltage crossover.

25 In general, to achieve this desired result, C102 > > C101;
C104 >> C102; and |Z,| > |Z.,|, where |Z,| =V/(L101/C101) and |Z,,]| is the
effective lamp impedance reflected to the primary side of transformer T101.
An exemplary circuit of the embodiment of Fig. 4 used the following component values:

C101 47 nf
30 C102 330 of
C103 470 nf
Cl04 87 uf -
C105 4.7 nf S
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5 be essentially linear. Thus, for a given input power voltage, the circuit values are
correct to provide the desired power to a given load with a nominal input line voltage.
If the load is linear, and its power were permitted to vary according to the
square of the input voltage level (inverter frequency having the same average value over
the course of a line cycle, although being modulated during each 60 Hz line cycle), a

10 standard tolerance of +10% on the line voltage will not affect line harmonics or load
current crest factor. When, according to accepted practice, the ballast control circuit
compensates for changes in line voltage, this compensation may cause the harmonic
distortion of the line current to be greater than could otherwise be obtained because the
average frequency, over one input voltage cycle, is different from that frequency which

15 causes the load on the rectifier to look resistive. However, the overall performance of
the lighting system is optimized by a compromise involving lamp life and efficiency,
ballast cost, and line current waveform.

For example, the circuit of Fig. 4 may operate between a minimum
frequency of about 56 kHz and a maximum frequency of about 80 to 85 kHz.

20 The sensing of lamp current may provide all the correction necessary for
changes due both to the load current variation inherent in the circuit connection to
capacitor C101 and to variation in the average value of the power line voltage.

To achieve dimming of a fluorescent lamp load, or other control
purposes, it may be desirable to vary the duty cycle of the switching transistors from

25 the 50/50% cycle referred to above, in addition to the inverter frequency modulation,
while at the same time keeping lamp crest factor and line current distortion within
acceptable limits.

The configuration and operation of the embodiments shown in Fig. 5 and
Fig. 5a is very similar to that of the embodiment in Fig. 4. However, in the

30 embodiements shown in Fig. § and Fig. Sa the control signal controlling the frequency
of operation of the inverter is derived from the rectified supply voltage.

In the embodiment in Fig. 5, the voltage divider R4/R3 provides a signal,
through resistor R2, to the amplifier A1, which causes the inverter frequency to vary




circuit 13 causes current to be drawn fromthe rectlfler/fllter 12/ 11

conbi nation during part of every cycle of the high frequeng JEN
current flows to storage device 14 during at |east one ile}?I% {%E{é of
edch cycle of the high frequency. Throughout all of every—cyc 2 et

voy tage

5 reflected to the primary side of transformer T1.
An exemplary circuit used the following component values:

|Z4[23 0

One technique for doing this uses the circuit variation of Fig. 5a.

components.

e [

maintained over a period of many line cycles, for example to compensate for a

optimize overall performance to prevent an excessive rise in the voltage across the
storage capacitor C4 when a lamp has been removed, to control lamp current crest
factor, or to affect lamp ignition timing. Frequency control may be based partly or
30 completely on the voltage at node N2, filtered to remove the high frequency

but s]f}é*l‘\e%} G gy in the device 1412s higher than that wh383w99%d be
g ai ned nor,mal charging fromthe rectifier 12. In accordance with the

LVent i O‘H‘eaflbﬁé“g!’ butsin; the oppesite directinactoatherhyidge eepméiqcyutpahgﬂtaae eFared ect ed

such th C p
suet an; PifiGmCHediEfcy Sf oy 56 kit RRAE reglel AT 02 aRNCHERR it
cuit 18 senses As adove;totaciiievdthisdesizéd ABulpVEL X BeCctoaass icxaad | ine
v m)dul ates the frequency of generator 15 over the sane
pefiod i ﬁijuehl%u yhers |Zo| = V(L1/Cl) and |Z,| is the effective lamp impedance

Cl 47nf
C2 330nf
C3 470 nf
10 C4 87 uf
C5 4.7nf e
L1l 0.15mh is Sheet Has Been Replaced

MG

15 For example, the circuit of Fig. 5 may be modified in that the reference
voltage source 14 is varied to maintain the average lamp power approximately constant.

Lamp crest factor and power variation due to line voltage fluctuation can
be reduced by supplying the reference voltage source as a selected fraction of the node
20 N4 voltage, as shown schematically in Fig. Sa. When a change in inverter frequency is

deviation in line voltage, the average ratio of component values to frequency and the
voltage on the storage capacitor C4 no longer causes the inverter/load circuit to present
a resistible equivalent load to the bridge rectifier; and the line current harmonics will
25 rise somewhat. Although at the expense of a filter 16 to eliminate the high frequency
components, sensing the voltage across capacitor Cl, via resistors R3A and R4A, can

In test of a circuit like that of Fig. 5, lamp crest factor remained below
1.6 and line current total harmonic distortion remained below 15% for line voitage

ne




5 maintain the high frequency current through the |anp suhrﬂ'ﬁgx iym.. p—
constan. This directly reduces the |anp crest factor. At th S%%}’%;.Té,’“ He
devi ation of frequency, froma nom nal value which mnim ,_eq -4 GUrrent
har noni e t be so great nor cgnptinued for so long (t nIy a
pqrtloncp}i ;‘i Whalf cycle), that ﬁle current Is di storteagxgﬁclg ively
Ote enbodi nent of i&i Lnvention is shown in Figs. 2 and 3, in which

cdr r espoRERTRNSQf & &Y ighauh campeagationfor &‘5%0#%6 Yeriation, ding current; tetak r cui t

| 9 '”ter}%?ﬂgﬁxerd%ﬂfﬁowwza?b@lo%g)%vp‘c 50 Hz input line, for a lanp ballast in

Edr ope

[—:

(D

B A ma) ™t

It will be clear to those of ordinary skill in the art that many variations of
ballast circuits are possible, in accordance with the spirit of the invention. For example,
§ although it may appear more cumbersome with 1993 technology, it may be possible to
use a different form of frequency generator, such as an inverter using a transformer
with a center-tapped primary, and switching transistors in the classical push-pull
configuration, so long as the load seen by the rectifier can be made to look resistive.
Some other form of oscillator may become desirable. Coupling from the high frequency
10 section to the low frequency section may be through other types of circuit element or
sub-circuit. Many forms of resonance circuit are used for coupling the lamp to the high
frequency source. An entirely new form of coupling circuit may be devised, in which
the lamp frequency is different from that of the high frequency generator; but keeping
the effect that lamp current is influenced by the frequency of the high frequency
15 generator.
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I s connected between the input line term nmm' f wmyave bridge L/
rectifier formed by diodes D1-D4. A fast r QM'B”‘M”QFFI s connected
bet ween the bridge rectifier positive ternmihal® ard & jsungli on 2 to which
| anp cur, f . A fast recovery isolating diode D6, poleg. | sane
did ectioﬁﬁﬁé‘éggﬁlect ed between the jﬁ“nction and a storage Cg‘béj\g‘llbgf 4.
NS st(?(]r‘ ., and (B are connected in series across cgpachi-ob—C4—to-form
a al f - DT inverter having an inverter output j unctrﬁisﬁﬂﬁﬁféﬂ%%@ﬂ ir
i sf driven by a cenventional circuit 22. In this circuit. th&EPMFERXurrent
is§directly fed frqgpdreaksBeerRBeplecefiunction 1, through a coupling capacitor
CA and a coupling n he junction 2. During those portions of
egch high frequencyj%“ t her di odes D5 nor D6 are conducting, all

e | anp current th rough a | ow val ue capacitor Cl. A signal

1. A circuit arrangement for operating a discharge lamp with a high

frequency current comprising
- input terminals (I1,I2) for connection to a source of low frequency supply
voltage,

5 - - rectifier means (12) coupled to said input terminals for rectifying said low

frequency supply voltage,
- a first circuit comprising series arrangement of unidirectional means (D6) and
first capacitive means (C4) coupled to a first output terminal N3 of said rectifier
means and a second output terminal N5 of said rectifier means, '

10 - inverter means (Q3, Q4, DC) shunting said first capacitive means for
generating the high frequency current out of the rectified low frequency supply
voltage,

- a load circuit comprising inductive means (L), second capacitive means (C2)
and terminals for lamp connection, said load circuit being coupled to a terminal

15 N1 of said inverter means and to a terminal N2 between the unidirectional
means and the first output terminal N3 of said rectifier means,

characterized in that the dimensioning of the circuit arrangement is such that during
stationary lamp operation the voltage present over said first capacitive means is higher
than the amplitude of the rectified low frequency supply voltage.

20 2. A circuit arrangement according to claim 1, wherein the circuit
arrangement is provided with a second circuit comprising third capacitive means (C1)
and connecting terminal N2 to terminal N5.

3. A circuit arrangement according to claim 1 or 2, wherein the circuit
arrangement comprises a third circuit comprising further unidirectional means (D5)

25 connected between terminal N3 and terminal N2.

4, A circuit arrangement according to claim 1, 2 or 3, wherein the
unidirectional means comprise diode means.

5. A circuit arrangement according to one or more of the previous claims,




proportional to -tFl s arrp current is obtd fgd ik ELENt
ﬁmgmﬁmﬁ”m‘mﬂ wi ndi ng a | ow val 4e resk@ﬁ[,%:aég s
g thenl nyer '

transf-orner T2, ac
connected. Switchin r is controll ed by =aTtonvent+oreat

I nt egr C4 it controller 26. The |anp coupling circui tains a
?n;choke liiiﬁfatbnldéqiﬁ}sjt arting capacitor . An exenplary circui ta%ﬁétlﬁgy

nmbodi : | 3 _has the values qiven below. In thi.s circuit the
apacip@%}&agﬂ %g‘%"g?'sﬁ‘m’cﬁ%ws%aég%ﬁs?‘éﬁé'&m?'ﬁ 0 mawr@ﬂﬂl \ﬁ‘ef“ﬁ'“ 1, that it
has anQRIQeendhl driefdirat (DC) tfdnegerneﬁﬁngatdri_fvegguﬂn@y ,rerﬁleﬁln%?!l{er ent, during
hormal operation. This is an effect which is fully understood, and easily
E onput Bitching eleraends alternately canducting and pencopductingct roni ¢ bal l ast art. For

e e T

5 wherein the circuit arrangement further comprises

- sensing means for generating a control signal that varies periodically with a
frequency equal to twice the frequency of the supply voltage,

- control means coupled to said sensing means for modulating the frequency of
the high frequency current in dependency of the control signal.

10 7. A circuit arrangement according to claim 6, wherein the control signal is- -
a measure for the momentary value of the rectified supply voltage and the control
means decrease the operating frequency of the inverter means when the momentary
amplitude of the rectified supply voltage increases and increase the operating frequency
of the inverter means when the momentary amplitude of the rectified supply voltage

15 decreases.

8. A circuit arrangement according to claim 6 or 7, wherein said sensing
means comprises means for sensing the voltage present between terminal N3 and
terminal NS and means for filtering high frequency components from said voltage.

9 A circuit arrangement according to claim 6, wherein said sensing means

20 comprises means for sensing said high frequency current and the control signal is a
measure for said high frequency current,

10. A circuit arrangement according to claim 9, wherein the control means
decrease the operating frequency of the inverter means when the momentary amplitude
of the high frequency current decreases and increase the operating frequency of the

25 inverter means when the momentary amplitude of the high frequency current increases.
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c2 330 nf 4 56 [err]f C5 15 nf 6

1.7 mh R3 2.4 [err] At aline voltage of 230 v, this circuit”was
operated with an inverter frequency varying between 39 and 54 kHz over the
course o f cycle of the |line,xoltage, the
Irse opgRasfshre’ cy 1g0' tag 30.03.1994
ABSTRACT

Circuit arrangement.

THIS SHEBT HAS BEEN
REPLACED

An electronic circuit arrangement for operating a discharge lamp, having

a full-wave rectifier, a storage capacitor charged to a voltage greater than the peak of
the rectifier output, and an isolating diode between the rectifier and the diode. An
inverter is connected to the energy storage capacitor, and has a high frequency inductive

5 load circuit connected between the inverter output and a junction between the isolating
diode and the storage capacitor. A capacitor, connected to the junction in parallel with a
series circuit formed by the isolating diode and storage capacitor, forms a high
frequency resonance circuit with the inductive load circuit. Current is drawn from the
rectifier only as a series of pulses at the inverter frequency.

10
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distortion in the line current was 9% and |anp crest factor was 1.4. Ove
the’'range of 207 volts to 264 volts, line current harnonic content remai néd

under 15% except near the | ow end of the range. A pref errgioenhs
thﬁ{;nventlon for use with conventi fluorescent |a um —'T§§SﬁﬁﬂNn

frequency being a maxinum at |ine voltage crossover. Total harnonic é{/
;

rempvabl e | anps, and supplied with r according to U IS
sho in Fig. 4. Afluorescent {anp LA is energized froma high frequency
hal §- bridge inverter formed by transistors QL and 2. The primary of a
|l oa§l transformer T101 and areufrenf transformer T103 are connected in
serjes between the output nodef N1l pf the inverter and a series resonant
cirguit formed by a choke L?gﬁ and} a tuni ng capacitor Cl101. The tuning
cappcitor Cl101 is connected

.
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between a node N2 in the power input section of the ballast, and the ground
connection. A coupling capacitor Cl02 is connected in this series circuit,
between the choke L101 and node N2. The source of power for the ballast is
OV, 60 Hz input ACline. The input line is connecte fpsasﬁm.
brydge rectifier D101-D104 through ?use F1 and an |nterferenQ@;_
ingluding line chokes L102 and a ¢ itor Cl103. The bri
nediati ve output N5 is connected to the circuit ground, and the positive
outjput defines a node N3 having voltage v[err] and is connected through a
fagt recovery diode D105 to the node N2. A second fast recovery di ode D106
i s gconnect ed between the—nnde.bp and a node N4, which is the high voltage
sugply point for the ijnverter tltansistor QL. A storage capacitor Cl04 is
conect ed across the ilnverter g er i nput,

.
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bet ween node N4 and the circuit ground. The di odes D105 and D106, and the
coupling fromthe tuned high frequency circuit to them act together to
provi de energy transfer fromthe input line to the capaC|t0fH$%# at—a-—hi-
frequency rate, and produce an el evated DC input to the i 1=LE HAS| BEENe
expl ai ned bel ow. The fl uorescent I31 | oad is connected a ACED
secondary of the transfornmer T101 d a conventional starting capacitor

Clh_05 is al so cor filanments. 7
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The inverter is controlled by a driver circuit 110, which in turn is
contralled by a high frequency signal froma voltage cont+olled-oscillator
112 whose frequency is deternined by the output of a diffSHENSHEAT BAFBEEN ér
Al . The anplifier Al has its positive input connected tola_refEPerd®

vol tage source 114, and has a fee k resistor R101 connected fromits
output to its negative input. Th ative input is also connected to a
rectifier and RC filter formed by diode D107, resistor R102 and capacitor
Cl06 which rectify and filter the high frequency conponents of the |anp
chirrent, leaving the_rectified current nodul ati on envel ope which varies at
the frequency of theShridge rectifier output (120 tinmes per second). This
cErrent-sensing signai)is obtained froma | ow val ue resi stor RL0O3 across

D102

N3
=C103-
D103 I ol

D105

the seconda:-y—gf_c.u.c_rl r,casnsfor mer T103.
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The circuits of Figs. 3 and 4 operate in the manner described bel ow with

respect”to Fig. 4, although powered fromdifferent AC |i . a
frequencies, with different lanmp |oads, and at different |iTRI@SHEET HAS BEEN |-
frequencies. This is acconplished by adjustlng t he conponent VBFRLEEEDas |

will be clear to those of ordinary Il in the electronic ballast art. The
i nverter fornmed by transistors QL @ is normally operated at a
frequency above the effective resonant frequency of the resonance circuit
with a 50% duty cycle for each transistor. During start-up, the frequency

I s swept downward toward the resonant frequency, as is well known. After

the | anp has—s+ated—the high frequency current through the inductor L101
(also the primary of transflorygqer T101), causes the voltage V[err] at node
N2:to riseland fall, once cycle of lanp current, between
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limts shown in Fig. 6 related to the action of the diodes D105 and D106.
The voltage V[err] is the average voltage across Cl01 during an entire high

frequency cycle; this varies as shown over the course of ope.line voltage
cycle. The voltage V[err] across the coupling capacitor vafiTégs PHEET BAS BEEN

during the course of one high freqwir?y cycle, but varies ¢ver tR¥ELAGER se
of a line voltage cycle between hal he peak |ine voltage V[err] when the
line is at its peak, and approximately zero when the line is near zero.

Crcuit be e cyclical pattern now to be described, except
that, whenjthe line voltaaeIQQ near a zero crossing, there may be a
difference|in the instant +=®he high frequency cycle when the inductor
current reaches its peak, and the
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REPLACEMENT SHEET 8 period of time when charging current flows to capacitor

Cl04 is del ayed. For sinplicity, the effect of Cl05 is ignogg®d siHHeTHSSBEBX
change the general way in which the circuit operates, but jonly akhexe

preci se values of current and voltage. During a first stageof—eachThigh
frequency cycle, imediately after? ?nsi_stor QL has sw tched on, because
of the substantial inductance of q{l tor L101 current will still be
flowing in a direction fromnode N2 to node N1. @2 being swtched off,
current during this ' stage will flow in the "backwards” direc n, through
the reverse current diode which fornms part of QL, through Cl0Fin a

direction to charge C104,
L
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through the bridge rectifier and i Wr filter), di odcéeg%%s*a
and coupl i ng capacitor C102. The i hdélY JtEEHEUHALREENMQw f al I s rapidly. A :
certain period of time after translstor REELMHED been |t ur nee—s

t hrough the inductor L101 reverses as the circuit enterg
of the high frequency cycle. The voltad&é at node N2 (whijc
di ode D105 at the then-existing instantaneous value of fh
vol t age VABBTRAMIEN starts to rise as capacitor Cl01 isjcha
Cl04 is n W dj schar t hrough transistor QL, and i ndugct

ri ses at tmg\‘ﬂﬁgned by the voltage V[err] acrosfh
C102 (whi ch changes little during one high frequency cycre
i nstant aneous difference in voltage (V[err] - V[err]) bet ween the
capacitors Cl01 and Cl104, the inductance L101 and the effective resistance
of the lanp. After the node N2

rg; lled

An electronic circuit arrangement for operating a discharge lamp, having

a full-wave rectifier, a storage capacitor charged to a voltage greater than the peak of
the rectifier output, and an isolating diode between the rectifier and the diode. An
inverter is connected to the energy storage capacitor, and has a high frequency inductive
load circuit connected between the inverter output and a junction between the isolating

~ diode and the storage capacitor. A capacitor, connected to the junction in parailel with a
series circuit formed by the isolating diode and storage capacitor, forms a high
frequency resonance circuit with the inductive load circuit. Current is drawn from the
rectifier only as a series of pulses at the inverter frequency.

Figure 4
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vol t age reaches the sum of the voltage V[err] across the &t@g;@g@;:g@ﬂ@c& %%FT
{104 plus the diode drop of D106, the circuit enters its third stage. ”F
‘node 2 vol tage renmains constant, and no current flows thr¢ugh capagi tor

. Cl04. Driven solely by the voltage across coupling capacifo @102—,‘ t he"

~&till rising inductor current flows t hrough diode D106. |h a-foucth stage
imrediately after the inverter switches, @ being on and;fl off, the
voltage driving the tank circuit is reversed because the!-»ﬂel-;-a.g-e_au.oss.__”_._
capaci tor Cl01 exceeds that across Cl02. Current is still flow ng through
di ode D106, and will flow through capacitor Cl04 in a charging direction,
but at a rapidly falling rate. Wien the | anp current reverses, the circuit

enters the fifth stage. Diode D106 will cut off, and the voltage across
Cl01 wll start falling toward the then-existi tLed
9 LONGWER FACTOR CoRmetTiRE EEREUEY

The invention relates to a;ircuit arrangement for operating a discharge
lamp with a high frequency current éomptising

- input terminals for connection to a source of low frequency supply voltage,
- rectifier means coupled to said inpixt terminals for rectifying said low
frequency supply voltage,
- a first circuit comprising series arrangement of unidirectional means and first
capacitive means coupled to a first output terminal N3 of said rectifier means
and a second output terminal NS of said rectifier means,
- inverter means shunting said first capacitive means for generating the high
frequency current out of the rectified low frequency supply voltage,
- a load circuit comprising inductive means, second capacitive means and
terminals for lamp connection, said load circuit being coupled to a terminal N1
of said inverter means and to a terminal N2 between the unidirectional means
and the first output terminal N3 of said rectifier means.

Such a circuit arrangement is known from published PCT application
WO 92/04808. Because of the coupling of the load circuit between the terminal N1 and
the terminal N2 a high frequency curreat is drawn from the supply voltage source when
the voltage over the first capacitive means, serving as main storage, is higher than the
momentary amplitude of the rectified supply voltage present between terminals N3 and
NS This high frequency current improves the power factor of the circuit arrangement.
However, the supply curreat that is drawn from the low frequency supply voltage
during lamp operation still has a substantial spike near the maximum amplitude of the
low frequency supply voltage, when current is being drawn directly as a charging
current for the first capacitive means. For this reason the supply current still has an
undesirably high harmonic content.




power line voltage. The reverse current will increase with a S
simlar to the previous positive current increase. No curren HFFb\st Thro@gggr
capacitor Cl104. Wien V[err] reaches the rectified |line voltdge[tess tfe —mm

forward drop of 9 di ode D105, the sixth stage is reached, . _
remai ns constant. The inductor current then flows through trlansi stor Q,

the bridge rectifier and the line or line filter, and through
and coupling capacitor C 102. Immediately after the invert

swtches, and Q2 is turned off, this current will start to talT smarpty—as
it flows

The present invention has for its object to providé a circuit arrangement,
that during stat{onary lamp operation draws a current from the low frequency supply
source having a relatively low harmonic content.

A circuit arrangement according to the invention is for this purpose
characterized in that the dimensioning of the circuit arrangement is such that during
stationary lamp operation the voltage present over said first capacitive means is higher
than the amplitude of the rectified low frequency supply voltage.

As a result of the voltage present over the first capacitive means being
higher than the amplitude of the low frequency supply voltage, current is never drawn
directly from the low frequency supply as a charging current for the first capacitive
means. For this reason the supply current has a relatively low harmonic content.

It was found that smooth operation of the circuit arrangement could be
mhzed by incorporating into the circuit arrangement a second circuit comprising third
capacitive means (C1) and connecting terminal N2 to terminal N5. The third capacitive

- means are dimensioned such that the voltage over the third capacitive means is higher
than rectified supply voltage during a time interval in each high frequency period and
lower than the rectified supply voltage during the remaining part of each high frequency
period. Therefore the third capacitive means are only charged from the power supply
with a series of high frequency current pulses so that the supply current contains no
spikes and has a relatively low harmonic content.

The rectifier means present in the circuit arrangement have to meet less .
severe requirements in case the circuit arrangement is further provided with a third
circuit comprising further unidirectional means D5 and connected between terminal N3
and terminal N2.

It was further found that embodiments of a circuit arrangement according
to the present invention could be realized in a relatively simple way, in case the
unidirectional means comprise diode means.

Good results were obtained with circuit arrangements in which the
inverter means comprise a series arrangement of two switching elements and a drive

circuit for generating a drive signal for rendering the switching elements alternately
conducting and nonconducting.



through QL, in a charging direction through Cl104, and through ﬁ[{)m;;\lp{nf‘c;%? SHEET
rectifier and di ode D105, thus repeating stage 1 as descri begl qve. _The —
six different stages of one high frequency cycleare only partly vt
sy.metrical. The storage capacitor Cl04 receives charging cwrenﬁ duri né%?‘
the first and fourth stages, i mediatelBy follow ng each swtgthing-.of the

I nverter, but discharges only during stage two, when the vol {age across
capacitor Cl01 is epreferredi smbdimentnof heirceit arangearcat sbicoringiDdhewas

conduct i n%étco.thﬁl&ﬁal_ue where di ode D6 conducts. A current pulse is drawn
fromthe FHTCURAFT RPRBSes 1 and 6. As described above, the volt age

Vierr] across copadhé fleafslfof pEitdating o dmudl Sibfdl WL Saled idallg wAM£S age
voltage V[err] at node N1 ang t he average voltage \a/'Fer , ove? t he course
of one high fr dieauercy equall to.twidedhe frequedcy/pthe]supplyrvgltags, eat | y over the
' - control means coupled to said sensing means for modulating the frequency of
the high frequency current in dependency of the control signal.

. By modulating the frequency in dependence of the co_mxol signal, the crest
factor of the lamp current is substantially improved. The control signal can be for
instance derived from the rectified supply voitage or the high frequency current. In the
first case it was found that the lamp current crest factor can be controlled at a relatively
low value when the control means decrease the operating frequency of the inverter
means when the momentary amplitude of the rectified supply voltage increases and
increase the operating frequency of the inverter means when the momentary amplitude
of the rectified supply voltage decreases. In the second case it was found that the crest
factor of the lamp current is well controlled at a relatively low value when the control
means decrease the operating frequency of the inverter means when the momentary
amplitude of the high frequency current decreases and increase the operating frequency
of the inverter means when the momentary amplitude of the high frequency current
increases.

Embodiments of the invention will be explained in more detail with reference
to a drawing, in which

Fig. 1 is a block diagram of an electronic ballast according to the

invention, .
. Fig. 2 is a simplified schematic diagram of a first ballast circuit according
to Fig. 1, |

Fig. 3 is a more detailed schematic diagram of the circuit of Fig. 2,

Fig. 4 is a simplified schematic of another ballast circuit according to Fig.
1, and

Figs. 5 and 5a are simplified schematics of other ballast circuits according
to Fig. |, and

Fig. 6 is a graph showing variation of certain voltages, present during



course of one half cycle of the power line voltage, and s -

magni t ude of the excursion of the voltage V[er-r]gacross C pggﬂ{%ﬁmﬁwls%ﬂ
during a high frequency cycle, but V[err] and V[err] change}in a directio
opposi te to the nagnitude change. Wen ghe |ine voltage Vjerdr]8 fadti! 1393
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known or easily devised by one of ordinary skill in the art. Power input is from a

standard low frequency AC line 10, such as 120 v, 60 Hz. A filter 11 prevents

conduction of high frequency and RF noise into the line 10. A rectifier 12 is typically

formed as a full-wave bridge rectifier, whose output is rectified half-sine-wave pulses.

The rectifier output is coupled by a coupling circuit 13, typically consisting of one or
two diodes, to an energy storage element 14, such as an electrolytic capacitor, across
which a relatively high DC voltage is maintained. As described below, during normal

| operation the voltage across this storage capacitor is greater than the peak voltage
appearing at the output of the rectifier 12.

A high frequency generator 15 changes the DC from the storage device 14
to 2 high frequency voltage having a frequency typically between 20 and 75 kHz. A
resonance coupling circuit 16, connected to the generator 15, is arranged to be resonant
at a frequency somewhat lower than the normal range of the high frequency vbltage. A
fluorescent lamp 17 is connected to or across a part of the coupling circuit 16. A
control circuit 18, which is preferably formed at least in part by an integrated circuit,
senses voltages or currents at one or more places in the coupling circuit 16, and
provides control signals for the generator 15.

A feedback connection 19 from the coupling circuit 16 to the coupling
circuit 13 causes current to be drawn from the rectifier/filter 12/11 combination during
part of every cycle of the high frequency. Charging current flows to storage device 14
during at least one different part of each cycle of the high frequency. Throughout all of
every cycle of the line input, stored energy in the device 14 is higher than that which
would be obtained by normal charging from the rectifier 12.

In accordance with the invention, the circuit values and operating
frequency range are selected such that the current from the input power line has a
waveform substantially the same as the line voltage waveform, and the control circuit
18 senses a parameter which varies over the course of each line voltage cycle, and
modulates the frequency of generator 15 over the same period in such a way as to
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from a nominal value which minimizes line current harmonics, need not be so great nor

continued for so long (that is, only a portion of a line half cycle), that line current is
distorted excessively.

One embodiment of the invention is shown in Figs. 2 and 3, in which
corresponding circuit elements have the same identification. This circuit is intended for
use with a 240 VAC, 50 Hz input line, for a lamp ballast in Europe. An EMI filter 21
is connected between the input line terminals and a full-wave bridge rectifier formed by
diodes D1-D4. A fast recovery diode D5 is connected between the bridge rectifier

positive terminal and a junction 2 to which lamp current flows. A fast recovery

isolating diode D6, poled in the same direction, is connected between the junction and a
storage capacitor C4. Transistors Q3 and Q3 are connected in series across capacitor
C4, to form a half-bridge inverter having an inverter output junction 1. The inverter is
driven by a conventional circuit 22.
In this circuit, the lamp current is directly fed from the inverter junction

1, through a coupling capacitor C2 and a coupling network 24, to the junction 2.
During those portions of each high frequency cycle when neither diodes DS nor D6 are
conducting, all the lamp current then flows through a low-value capacitor C1. A signal
proportional to the instantaneous lamp current is obtained from a current transformer
T2, across whose output winding a low-value resistor R3 is connected. Switching of the
inverter is controlled by a conventional ixitegrated circuit controller 26.

The lamp coupling circuit 24 contains a choke L1 and a starting capacitor CS.
An exemplary circuit of the embodiment of Fig. 3 has the values given below. In this
circuit the capacitor CS has a sufficient capacitance, in comparison with C1, that it has
an appreciable effect on the resonant frequency, and é.urrent, during normal operation.
This is an effect which is fully understood, and easily computed, t;y those of ordinary
skill in the electronic ballast art. For simplicity, however, the following discussions of
circuit operation do not refer separately to the effect of CS.

Cl 1S nf
C2 330 nf
C4 56 uf

CS5 1S of
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A preferred embodiment of the invention for use with conventional
fluorescent lamp luminaries having removable lamps, and supplied with power
according to U.S. standards, is shown in Fig. 4. A fluorescent lamp LA is energized
from a high frequency half-bridge inverter formed by two transistors Q1 and Q2. The
primary of a load transformer T101 and a current transformer T103 are connected in
series between the output node N1 of the inverter and a series resonant circuit formed
by a choke L101 and a tuning capacitor C101. The tuning capacitor C101 is connected
between a node N2 in the power input section of the ballast, and the ground connection.
A coupling capacitor C102 is connected in this series circuit, between the choke L101
and node N2.

The source of power for the ballast is a2 120 V, 60 Hz input AC line. The
input line is connected to a conventional bridge rectifier D101-D104 through a fuse F1
and an interference filter 111 including line chokes L102 and a capacitor C103. The
bridge rectifier negative output N5 is connected to the circuit ground, and the positive
output defines a node N3 having voltage Vg and is connected through a fast recovery
diode D105 to the node N2. A second fast recovery diode D106 is connected between
the node N2 and a node N4, which is the high voltage supply point for the inverter
transistor Q1. A storage capacitor C104 is connected across the inverter power input,
between node N4 and the circuit ground. The diodes D105 and D106, and the coupling
from the tuned high frequency circuit to them, act together to provide energy transfer
from the input line to the capacitor C104 at a hiéh frequency rate, and produce an
elevated DC input to the inverter as will be explained below.

The fluorescent lamp load is connected across the secondary of the

transformer T101, and a conventional starting capacitor C105 is also connected to the
lamp filaments.
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resistor R101 connected from its output to its negative input. The negative input is also
connected to a rectifier and RC filter formed by diode D107, resistor R102 and
capacitor C106 which rectify and filter the high frequency components of the lamp
current, leaving the rectified current modulation envelope which varies at the frequency
of the bridge rectifier output (120 times per second). This current-sensing signal is
obtained from a low value resistor R103 across the secondary of current transformer
T103.

_ The circuits of Figs. 3 and 4 operate in the manner described below with
respect to Fig. 4, although powered from different AC line voltages and frequencies,
with different lamp loads, and at different inverter frequencies. This is accomplished by
adjusting the component values, as will be clear to those of ordinary skill in the
electronic ballast art.

The inverter formed by transistors Q1 and Q2 is normally operated at a
frequency above the effective resonant frequency of the resonance circuit with a 50%
duty cycle for each transistor. During start-up, the frequency is swept downward toward
the resonant frequency, as is well known. After the lamp has started, the high frequency
current through the inductor L101 (also the primary of transformer T101), causes the -
voltage v, at node N2 to rise and fall, once each cycle of lamp current, between
limits shown in Fig. 6 related to the action of the diodes D105 and D106. The voltage
Vo is the average voltage across C101 during an entire high frequency cycle; this
varies as shown over the course of one line voltage cycle. The voltage V0, across the
coupling capacitor varies little during the course of one high frequency cycle, but varies
over the course of a line voltage cycle between half the peak line voltage V,,, when the
line is at its peak, and approximately zero when the line is near zero.

Circuit behaviour follows the cyclical pattern now to be described, except
that, when the line voltage is near a zero crossing, there may be a difference in the

instant in the high frequency cycle when the inductor current reaches its peak, and the
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simplicitydl',' Jlgfeffect of C105 is ignored; it does not change the general way in which
the circuit operates, but only affects precise values of current and voltage.

During a first stage of each high frequency cycle, immediately after
transistor Ql has switched on, because of the substantial inductance of inductor L101
current will still be flowing in a direction from node N2 to node N1. Q2 being switched
off, current during this stage will flow in the "backwards” direction, through the reverse
current diode which forms part of Q1, through C104 in a direction to charge C104,
through the bridge rectifier and input power line (or filter), diode D105 and coupling'
capacitor C102. The inductor current now falls rapidly.

A certain period of time after transistor Q1 has been turned on, current
through the inductor L101 reverses as the circuit enters the second stage of the high
frequency cycle. The voitage at node N2 (which had been held by diode D105 at the
then-existing instantaneous value of the rectified line voitage vyge-y) then starts to rise as
capacitor C101 is charged. Capacitor C104 is now discharging through transistor Ql,
and inductor L101 current rises at a rate determined by the voltage V,p across
coupling capacitor C102 (which changes little during one high frequency cycle), the
instantaneous difference in voltage (Ve = Veio) between the capacitors C101 and
C104, the inductance L101 and the effective resistance of the lamp. After the node N2
voltage reaches the sum of the voltage vc;,,. across the storage capacitor C104 plus the
diode drop of D106, the circuit enters its third stage. The node 2 voitage remains
constant, and no current flows through capacitor C104. Driven solely by the: voltage
across coupling capacitor C102, the still rising inductor current flows through diode
D106. _

In a fourth stage, immediately after the inverter switches, Q2 being on
and Q1 off, the voltage driving the tank circuit is reversed because the voltage across
capacitor C101 exceeds that across C102. Current is still flowing through diode D106,
and will flow through capacitor C104 in a charging direction, but at a rapidly falling
rate. When the lamp current reverses, the circuit enters the fifth stage. Diode D106 will |
cut off, and the voltage across C101 will start falling toward the then-existing rectified
power line voltage. The reverse current will increase with a waveform similar to the
previous positive current increase. No current flows through capacitor .C104.

When .v¢yq reaches the rectified line voltage less the forward drop of
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diode D105, the sixth stage is reached, and v, remains constant. The inductor Surrent
then flows through transistor Q2, the bridge rectifier and the line or line filter, and

through diode D105 and coupling capacitor C102. Immediately after the inverter again
switches, and Q2 is turned off, this current will start to fall sharply as it flows
through Q1, in a charging direction through C104, and through the bridge rectifier and
diode D10S, thus repeating stage 1 as described above.

The six different stages of one high frequency cycle are only partly
symmetncal The storage capacitor C104 receives charging current during the first and
fourth stages, immediately following each switching of the inverter, but discharges only
during stage two, when the voltage across capacitor C101 is being raised from the value
where diode D105 was conducting to the value where diode D6 conducts. A current
pulse is drawn from the AC line during stages 1 and 6.

As described above, the voltage V0, across capacitor C102 equals the
difference between the average voltage V,0/2 at node N1 and the average voltage Vg
over the course of one high frequency cycle. Vg and Vo change greatly over the
course of one half cycle of the power line voitage, and so does the magnitude of the
excursion of the voltage veig across capacit;ar C101 during a high frequency cycle, but
Veios and Ve change in a direction opposite to the magnitude change. When the line
voltage vgser (and correspondingly V) are quite low, shortly before the instant of
inverter switching the voltage across the inductor and the effective load resistance may
be so low that current through the inductor starts falling before the inverter switches.
D105 conduction is delayed. This is consistent with the desire that line current
waveform be identical to line voltage waveform. At the instant of line voltage
crossover, the voltage v,q, should reach its low limit (diode D105 is about to conduct)
just as inductor current reaches zero.

When' the component values and inverter frequency have been properly
selected, the envelope (connected average) of the current pulses through diode D105
match the rectifier output voltage waveform. Except for the high frequency pulsation
which is filtered by the interference filter, to the rectifier the ballast load looks like a
pure resistance. Analysis shows that this requires that the value of storage capacitor
C104 be sufficiently high that C,, does not change appreciably over the course of a
line voltage cycle. It would seem that this should also cause the lamp current crest

factor to be 2 minimum, but the reverse is actually true. Both the waveform and the
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approaches zero, because capacitor C101 is charged and discharged between the power
line rectifier output value Vgecr and the voitage Vo, across capacitor C104 once each
high frequency cycle. The unexpected result is that the component of lamp current due
to current through C101 (that is, curreat flowing during the second and fifth stages
described) is maximum when the line voltage is zero, and minimum when the line
voltage is at its peak. At the same time, the envelope of current through diode D105, at
120 Hz, is the same shape as the rectified line voitage.

Applicants have discovered that, in a ballast constructed and operated
otherwise as above, by modulating the inverter frequency with a frequency excursion
generally proportional to the load current modulation, the lamp current can be

' maintained essentially constant with no significant effect on line current harmonics. To
achieve this result, it is necessary that the storage capacitor have sufficient capacitance
that its voltage does not vary appreciably during one cycle of line voltage, and that the
value of C101 be small enough that current flows through diode D105 only in response
to the high frequency current.

In the preferred embodiment, the filter R102/C106 provides a signal to
the amplifier A1 which causes the inverter frequency to vary linearly with the load

current modulation envelope. Maximum frequency, and lamp current, occur at the time"
of line voltage crossover,

In general, to achieve this desired resuit, C102 > > C101;
C104 > > C102; and |Z,| > |Z,,], where |Zy] =V/(L101/C101) and |Z,,]| is the
effective lamp impedance reflected to the primary side of transformer T101.
An exemplary circuit of the embodiment of Fig. 4 used the following component values:

c1iol 47 nf
C102 330 nf
C103 470 nf
Cl104 87 uf

C105 4.7 nf
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The above analysis was all based on the assumption that operation would

be essentially linear. Thus, for a given input power voltage, the circuit values are

correct 1o provide the desired power to a given load with a nominal input line voltage.

If the load is linear, and its power were permitted to_vary according to the
square of the input voltage level (inverter frequency having the same average value over
the course of a line cycle, although being modulated during each 60 Hz line cycle), a
standard tolerance of +10% on the line vbltage will not affect line harmonics or load

.current crest factor. When, according to accepted practice, the bailast control circuit
compensates for changes in line voltage, this compensation may cause the harmonic
distortion of the line current to be greater than could otherwise be obtained because the
average frequency, over one input voltage cycle, is different from that frequency which
causes the load on the rectifier to look resistive. However, the overall performance of
the lighting system is optimized by a compromise involving lamp life and efficiency,

ballast cost, and line current waveform.

For example, the circuit of Fig. 4 may operate between a minimum

frequency of about 56 kHz and a maximum frequency éf about 80 to 85 kHz.

The sensing of lamp current may provide all the correction necessary for
changes due both to the load current variation inherent in the circuit connection to

capacitor C101 and to variation in the average value of the power line voltage.

To achieve dimming of a fluorescent lamp load, or other control

purposes, it may be desirable to vary the duty cycle of the switching transistors from
the 50/50% cycle referred to above, in addition to the inverter frequency modulation,
while at the same time keeping lamp crest factor and line current distortion within

acceptable limits.

The configuration and operation of the embodiments shown in Fig. 5 and

Fig. Sa is very similar to that of the embodiment in Fig. 4. However, in the

embodiements shown in Fig. S and Fig. Sa the control signal controlling the frequency

of operation of the inverter is derived from the rectified supply voltage.

In the embodiment in Fig. 5, the voltage divider R4/R3 provides a signal,
through resistor R2, to the amplifier A1, which causes the inverter frequency to vary
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As above, to achieve this desired result, C2 > > Cl1; C4 >> C2; and
|Zo] > |Zw|, where |Z;] =V/(L1I/C1) and |Z,,] is the effective lamp impedance
reflected to the primary side of transformer T1.

An exemplary circuit used the following component values:

Cl 47nf
C2 330nf
C3 470af
Cé 87 uf
CS 4.7nf
Ll 0.15mh
12 800 sh
|Zwl23 0

For example, the circuit of Fig. § may be modified in that the reference
voltage source 14 is varied to maintain the average lamp power approximately constant.
One technique for doing this uses the circuit variation of Fig. 5a.

Lamp crest factor and power variation due to line voltage fluctuation can
be reduced by supplying the reference voltage source as a selected fraction of the node
N4 voltage, as shown schematically in Fig. Sa. When a change in inverter frequency is
maintained over a period of many line cycles, for example to compensate for a
deviation in line voltage, the average ratio of component values to frequency and the
voltage on the storage capacitor C4 no longer causes the inverter/load circuit to present
a resistible equivalent load to the bridge rectifier; and the line current harmonics will
rise somewhat. Although at the expense of a filter 16 to eliminate the high frequency
components, sensing the voltage across capacitor C1, via resistors R3A and R4A, can
optimize overall performance to prevent an eicess’.ive rise in the voltage across the
storage capacitor C4 when a lamp has been removed, to control lamp current crest
factor, or to affect lamp ignition iming. Frequency control may be based partly or
completely on the voltage at node N2, filtered to remove the high frequency
components, - _ .
In test of a circuit like that of Fig. 5, lamp crest factor remained below
1.6 and line current total harmonic distortion remained below 15% for line voltage
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variations of +10%. Wiihout compensation for line voltage variation, line current total
- harmonic distortion was below 5%.

It will be clear-to those of ordinary skill in the art that many variations of
ballast circuits are possible, in accordance with the spirit of the invention. For example,
although it may appear more cumbersome with 1993 technology, it may be possible to
use a different form of frequency generator, such as an inverter using a transformer
with a center-tapped primary, and switching transistors in the classical push-pull
configuration, so long as the load seen by the rectifier can be made to look resistive.
Some other form of oscillator may become desirable. Coupling from the high frequency
section to the low frequency section may be through other types of circuit element or
sub-circuit. Many forms of resonance circuit are used for coupling the lamp to the high
frequency source. An entirely new form of coupling circuit may be devised, in which
the lamp frequency is different from that of the high frequency generator; but keeping

the effect that lamp current is influenced by the frequency of the high frequency
generator.
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L. A circuit arrangement for operating a discharge lamp with a high
frequency current comprising
- input terminals (I1,12) for connection to a source of low frequency supply
voltage,
- rectifier means (12) coupled to said input terminals for rectifying said low
frequency supply voltage,
- a first circuit comprising series arrangement of unidirectional means (D6) and
first capacitive. means (C4) coupled to a first output terminal N3 of said rectifier
means and a second output terminal N5 of said rectifier means,
- inverter means (Q3, Q4, DC) shunting said first capacitive means for
generating the high frequency current out of the rectified low frequency supply
voltage,
- a load circuit comprising inductive means (L), second capacitive means (C2)
and terminals for lamp connection, said load circuit being coupled to a terminal
N1 of said inverter means and to a terminal N2 between the unidirectional
means and the first oytput terminal N3 of said rectifier means,
characterized in that the dimensioning of the circuit arrangement is such that during
stationary lamp operation the voltage present over said first capacitive means is higher
than the amplitude of the rectified low frequency supply voltage.
2. A circuit arrangement according to claim 1, wherein the circuit
arrangement is provided with a second circuit comprising third capacitive means (C1)
and connecting terminal N2 to terminal NS,
3. A circuit arrangement according to claim 1 or 2, wherein the circuit
arrangement comprises a third circuit comprising further unidirectional means (DS5)
connected between terminal N3 and terminal N2.

4. A circuit arrangement according to claim 1, 2 or 3, wherein the
unidirectional means comprise diode means,

5. A circuit arrangement according to one or more of the previous claims,



conponents, sensing the voltage across capacitor Cl, via resi g
R4A, can opti-m-ze .overall. performance to prevent an excessive

vol t age across f itor C4 when a | anp has been
control |anp curr’ ﬂmmﬁ’m@Fr or to affect lanp ignition

Frequency controt maytberbased partly or conpletely on the vo

N2, filtered to renove the high frequen(‘% conponents. In test
like that of Fig. 5, lanp crest factor rémai ned bel ow 1.6 and
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efpoved, to
tifmlng. Ji1) 1399
t 4ge_at node
of acircuit.
lne current

total har mypfe; it R0k TdREBbAFTse O Lk 132RdRent BPRVOVQJIVQC%%\Gg elements

(Q3, Q4) and a drive circuit (DC) for generating a drive signal for rendering the

switching elements alternately conducting and nonconducting.

6. A circuit arrangement according to one or more of the previous claims

wherein the circuit arrangement further comprises

- sensing means for generating a control signal that varies periodically with a

frequency equal to twice the frequency of the supply voltage,

- control means coupled to said sensing means for modulating the frequency of

the high frequency current in dependency of the control signal.

7. A circuit arrangement according to claim 6, wherein the control signal is
a measure for the momentary value of the rectified supply voltage and the control
means decrease the operating frequency of the inverter means when the momentary
amplitude of the rectified supply voltage increases and increase the operating frequency
of the inverter means when the momentary amplitude of the rectified supply voltage

decreases.

8. A circuit arrangement according to claim 6 or 7, wherein said sensing

means comprises means for sensing the voltage present between terminal N3 and
terminal N5 and means for filtering high frequency components from said voltage.
9. A circuit arrangement according to claim 6, wherein said sensing means

comprises means for sensing said high frequency current and the control signal is a

measure for said high frequency current.

10. A circuit arrangement according to claim 9, wherein the control means
decrease the operating frequency of the inverter means when the momentary amplitude
of the high frequency current decreases and increase the operating frequency of the

inverter means when the momentary amplitude of the high frequency current increases.
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13 variations of +10% Wthout conpensation for line volta

| tne current total harnonic distortion was below 5% It wlj peTrear—to
those of ordinary skill in the art that many variations of ’ba{l@sﬂ; jeisr @gnt o
are possible, in accordance with the spirit of the inventin.} For éxanple,
al though it nay appear nore cunbersonme with 1993 technol ogy, TT may be

possible to use a different formof frdduency generator, sydch as an

i-nverter using a transformer with a center-tapped primry, and SW UCITTg
transistors in the classical push-pull configuration, so |long as the foad
seen by the rectifier can be made to | ook resistive. Sonme other form of
oscillator may becone desirable. CouddBSMRACTr om t he hi gh frequency section
to the | ow frequency section may be through other types of circuit el enent
or POWER -FACTOR CORRECTING CIRCUIT

An electronic circuit arrangement for operating a discharge lamp, having
a full-wave rectifier, a storage capacitor charged to a voltage greater than the peak of
the rectifier output, and an isolating diode between the rectifier and the diode. An
inverter is connected to the energy storage capacitor, and has a high frequency inductive
load circuit connectad between the inverter output and a junction between the isolating
diode and the storage capacitor. A capacitor, connected to the junction in parallel with a
series circuit formed by the isolating diode and storage capacitor, forms a high
frequency resonance circuit with the inductive load circuit. Current is drawn from the

rectifier only as a series of pulses at the inverter frequency.

Figure 4




sul-circuit. Many forns of resonance circuit are used for copptrrg—thetanp
to the high frequency source. An entirely new form of coupli @tBLKGEMENWEET
be devised, in which the lanp frequency is different fromthgat tHre—hi-gh
fréquency generator; but keeping the effect that |anp curren sglpﬂﬂyeﬂggd
by the frequency of the high frequency generator. 14 CLAI 1. T

circuit arrangenent for operating a discharge lanp with a hijgh
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frequency current conprising - input termnals (11,12) fdr connection to a

source of |ow frequency supply voltage, - rectifier nmeans | .
said inhput termnals for rectifying said |ow freqguency su pﬁﬁ LA BMENT, SHE@T

fifst circuit conprising series arrangement of unidirecti:

and first capacitive neans (C4) coupled to a first output jt q? 99§
said rectifier nmeans and a second outp termnal N5 of sgid rec #pler

means, - inverter nmeans (@B, 4, DC) shainting said first
for generating the high frequency current out of the rectlfled | ow

frequency supply vol t age,
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- aload circuit conprising inductive neans (L),
(C2) and terninals for |anp connection,
N1 of said inverter
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érrangerrent conprises a third circuit conprising further unifdg '
nmeans (D5) connected between termnal N3 and term nal N2. 4, dﬁflﬁj\hmﬂﬁx SHEET

Gircuit arrangenment according to claim1, 2 or 3, wherein the

uni di rectional neans conprise di ode neans. 5. _ A cifcdgi 0 1 11 1999
arrangenment according to one or nore of the previous clains REPLACENENT]
SHEET 15 wherein the inverter

nmeans conprise a series arrankement of two
switching el ements i
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(@B, A) and a drive circuit (DC) for generating a drive SggnalbﬁégﬂﬁNI §HEEV

rehdering the switching elenents alternately conducting an
6. A circuit arrangenent according to one or nore

ne, pr eVI OU

~clainms wherein the circuit arrangenent further conprises - >e sPng HEa A
for generating a control signal that vanes periodically with requency.
equal to twice the frequency of the supply voltage, - contr.gl Teans coupl ed
to said sensing nmeans for nodul ati the frequency of the high fregquency
current in dependency of the control signal. 7. A 'CTTCU t

arrangenment according to claim®6, wherein the control signa
for the nonmentary value of the rectified supply vol tage and
means decrease the operating frequency of the inverter neans
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operating frequency of the inverter neans when the nonentary AQHHENTbSHEEr ;
the rectified supply voltage decreases. 8. A ci rcuilt fArrangerrett
according to claim®6 or 7, -wherein said sensing neans conprifsgs mgang fmge
sensing the voltage present between termnal N3 and term nalf §5 and means
for filtering high frequency conponents fromsaid voltage. 9
circuit arrangenment according to cl@i m6, wherein said sens{ng neans
conprises neans for sensing said high frequency current and the contrut
signal is a neasure for said high frequency current. 10. Acircuit
arrangenent _accaording to claim9, wherein the control nmeans decrease the
operating fJrequency of the_lgggrter means when the nonmentary anplitude

anpl i tude of the rectified supply voltage increases and incrﬁgﬁéhihc
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of the high frequency current decreases and increase the opepait+ig
frequency of the inverter neans when the nomentary anplitude} GEPLAGEMEN SHEET

f requency current increases.
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