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(57) Abstract

In a gas discharge lamp, when the current through the inductor (17) has increased to a point where the voltage
drop across the resistor (15) exceeds the voltage of the reference source (23, 24), the comparator amplifier (20) triggers
the monostabile multivibrator (18) causing the solid state switching device (14) to be turned off. This acts to collapse the
magnetic field in the inductor (17) thereby causing a large flyback voltage to appear across the lamp (11) sufficient to light
the lamp. At the end of the predetermined time period of the low output state of the monostabile multivibrator (18), its
output turns the solid state switching device (14) on, allowing current to flow from the power supply (16) through the
inductor (17) and the lamp (11), thereby maintaining the lamp in the lit state and increasing the magnetic field in the
inductor (17). The current flow through the lamp, when the solid state switching device (14) is on, is in the opposite
direction from the current flowing through the lamp when the solid state switching device is off.
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VARIABLE INTENSITY CONTROL APPARATUS
FOR OPERATING A GAS DISCHARGE LAMP

Backgroung and Summary of the Invention

Field of the Invention. This invention relates to

apparatus for operating a gas discharge lamp, such as a

fluorescent, a mercury vapor lamp, a sodium lamp, or a

metal halide lamp.

(a)

Variation of Lamp Intensity

1. Prior Art Background

Control circuits for gas discharge lamps
are known which obviate the need for the usual
heavy and expensive series ballast devices,
corresponding to the inductor in this device.
In such circuits, switching elements are provided
to periodically switch the direction of current
through the lamp to reduce the deterioration or
errosion of electrodes, and to ensure a high
enough frequency of switching to reduce the
requirement for the size of the ballast. Such
circuits generally require two switching
elements for each direction of the current.

Attempts have been made to fabricate the same
type of circuit using only a single switching
element to cause current reversal on the lamp.
For example, the U.S. patent to D. B. Wijsboom,
No. 3,906,302, is directed to such an
arrangement and incorporates an inductor in
parallel with the lamp, which lamp is in series
with a switching device. Such a switching
device is generally operated at relatively high
frequencies, such as 20 kHz. A significant
disadvantage of this prior art device is that
its control circuitry does not provide for
varying the intensity of the lamp.

2. Invention Summary

- This disadvantage is eliminated in this
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invention, in which a gas discharge lamp and
an inductor or choke coil are connected in
parallel with one another. One side is
5 connected to a power source and the other side
is connected to the collector of a transistor
switch. The emitter of the transistor is
connected to one end of a resistor, and the
“other end of the resistor is connected to
10 ground. The base of the transistor is connected
to the output of a monostable or one-shot
multivibrator. The input to the one~shot
multivibrator is connected to the output of
a comparator amplifier. The multivibrator
15 operates in such a way that when the input to
the multivibrator is high, the multivibrator is
triggered and its output goes low for a
predetermined amount of time, after which its
output returns to the high state. The two
20 inputs to the comparator amplifier are connected
in such a way that one input is connected to
the emitter of the transistor and the other
input is connected to a selectively variable
reference voltage source. The circuit
25 components and the time delay of the
multivibrator are chosen in such a way as to
provide a relatively high rate of switching A
on the base of the transistor, approximately 20 °
to 40 kHz, . -
30 The alternating current flowing through the
gas discharge lamp has no direct current
component, As a result, the usual life of the
lamp is increased by maximizing the life of
the electrodes since a direct current component
35 of lamp current causes excessive cathodic

heating of one of the two electrodes and
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reduces the life of that electrode.

A significant feature of this ‘invention
is that the intensity of the lamp may be varied

5 by varying the reference voltage at the input

of the comparator amplifier. In one embodiment
this function is provided by a potentiometer
connected between the reference voltage and
the input to the comparator amplifier. 1In

10 another embodiment, a photo conductive resistor
is used in the voltage dividing input circuit
to the comparator amplifier to automatically
vary the intensity of the gas discharge lamp in
response to the ambient light intensity.

15 A further aspect of this invention features
the use of multiple lamps, instead of just one
gas discharge lamp with no increase in the
ignition voltage of the circuit. In order to
ignite such lamps in sequence, for example in

20 the case of two lamps, a capacitor is connected
in parallel with one of the lamps. This
capacitance acts to short out one lamp while the
first lamp is ignited. After the first lamp
is ignited, all of the ignition voltage supplied

25 by the coil will appear across the second lamp,
and cause the second lamp to ignite. After the
second lamp is ignited, the capacitor has a
comparatively high impedance, and is therefore
effectively out of the circuit. ’

30 Another feature of this invention features
the use of a Zener diode, metal oxide varistor,
or similar device connected across the
transistor collector and ground. This
varistor protects the transistor from

35 transient surges in electrical power in the
circuit by shorting out any transient voltages

which exceed the magnitude of the breakdown

ERNAT)



WO 79/00449

10

15

20

25

30

35

(B)

PCT/US78/00254

4
voltage of the varistor.

In an additional embodiment of this
invention, a low voltage power supply suitable
for powefing the one shot multivibrator and
comparator amplifier as well as supplying the
reference voltage to the input of the
comparator amplifier is supplied by a step-down
transformer having as its primary winding the
choke coil connected in parallel with the gas
discharge lamp. According to this aspect of ~
the invention a diode is connected between the
secondary winding and a capacitor. The low
side of the secondary winding and the other side
of the capacitor are connected to ground. The
polarity of this diode is such that the voltage
supplied to the capacitor is independent of the
transient voltage which occurs in the inductor

during periods when the transistor is turned

off.

According to a further aspect of this
latter embodiment, the electrodes of the gas
discharge tube are preheated prior to ignition,
thereby extending the usable life of the gas
discharge tube. This is accomplished by
connecting one of the lamp electrodes across a
minor portion of the high side of the choke
winding. The other electrode is connected
across a minor portion of the low side of the
choke winding. This will ensure that a small
current flows through both electrodes just
before the lamp is ignited, allowing the
electrodes to warm up to a temperature closer
to the temperature achieved after ignition of
the lamp.

High Power Factor Lamp Circuit
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1. Prior Art Background

The prior art lamp control circuits
typically operate from a DC source, either from
batteries or from a rectified and filtered AC
source. In the latter instance, the filtering
required results in a poor power factor, making

the circuits unacceptable in certain

"applications.

2. Invention Summary

This problem is solved in a second verion
of the invention in which the two inputs to
the comparator amplifier are connected in such
a way that one input is connected to the emitter
of the transistor and the other input is
connected to the AC power supply. The circuit
components and the time delay of the
multivibrator are chosen in such a way as to
provide a relatively high rate of switching on
the base of the transistor, approximately 20
to 40 kHz.

A significant feature of the second version
of this invention is that the current of the
lamp is varied precisely in relation to the AC
line voltage, so that the power:factor of the
circuit is high.

A further aspect of the second version of
this invention features the uée of a secondary
winding on the lamp ballast which, through a
diode, charges a capacitor. This capacitor is
isolated from the rectified AC powér line by a
diode. When the AC power voltage crosses zero
volts, that is, when the rectified AC voltage
is near its null point, the isolation dicde
becomes forward biased, and the charge on the

capacitor prohibits the rectified AC voltage
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from nulling. Because a gas discharge lamp
increases in resistance at a power voltage
null, the capacitor used to prohibit nulling
avoids this high resistance load characteristic,
and thus protects the solid state switching
device.

In one embodiment of this second version of

- this invention, a low voltage power supply

suitable for powering the one-shot multivibrator
and comparator amplifier may be supplied by a-
second step-down transformer having as its
primary winding the choke coil connected in
parallel with the gas discharge lamp.

Starter Aid Circuit

1. Prior Art Background

Another problem with prior art circuits has
been that the fly back voltage during current
reversal required to ignite the lamp when the
circuit is first activated must be large enough
to generate a sufficiently stronéivoltage
gradient in the lamp to ionize the gas. This
causes a large voltage to appear across the
switching device which can damage the device
during ignition, thereby limiting the
reliability of the control circuit.

A further problem has been that it is often
necessary to reduce the voltage supplied to the
circuit in order to ensure that only the optimum
lamp voltage is supplied to the lamp. It has
been found that such a reduction in supply
voltage decreases the voltage gradient in the
lamp for starting ignition of the lamp during
current reversal. Therefore, with the
introduction of a step down auto transformer,
the fly back voltage of the circuit must be

increased to provide a sufficient voltage
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gradient in the lamp. Such an increase in fly
back yvoltage increases the wear in components
in the circuit and a consequent loss of
reliability. ’

2. Invention Summary

These problems are solved in a third version
of this invention in which one electrode of a
gas discharge lamp is connected to the tapped
output of a step down auto transformer. One
end of the auto transformer is connected to &
rectified power source and the other end is

connected directly to the collector of a

the gas discharge lamp. The emitter of the
transistor is connected to one end of é resistor,
and the other end of the resistor is connected
to the AC power supply return. The base of the
transistor is connected to the output of a
monostable or one-shot multivibrator. The input
to the one=-shot multivibrator is connected to

the output of a comparator amplifier. The two

inputs to the comparator amplifier are connected

in such a way that one input is connected to

' the emitter of the transistor and the other

input is connected to a voltage source which may
be varied or controlled. A starter aid
conductor is mounted adjacent the lam? and
connected to the power supply return. Operation
of the circuit is the same as described above.

A significant feature of the third version
of this invention is that the voltage gradient

in the lamp during ignition may be maximized

without regard to the step down ratio of the
auto transformer, while the fly back voltage

required for lamp ignition may be decreased.
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This reduces the fly back voltage across the
transistor and therefore enhances the
reliability of the circuit, while permitting the
use of an auto transformer with any desired
step down ratio.
Symmetrical Lamp Voltage Regqulation

10

15

20

25

30

35

1. Prior Art Background

Yet another problem encountered in the
prior art has been that the illumination
intensity of the lamp for a given amount of -
power consumed is maximized only if the
switching device operates to provide a symmetrical
voltage wave from the lamp. Typically, the
magnitude of the voltage supplied the lamp
determines the shape of the voltage wave form
supplied to the lamp. As a result, in general,
there is a specific voltage which must be
supplied through the circuit to the lamp in
order to provide a symmetrical voltage wave
form. The applicant has emperically found that
the power efficiency of the lamp is maximized
only when a symmetrical voltage wave form is
supplied to the lamp, and that, for a high
intensity mercury vapor lamp connected to a
control circuit having a single switching
element, a voltage supplied to the lamp of
approximately 130 volts DC when warmed up, or
20 volts DC when cold, results in a symmetrical
wave form. The problem of maximizing the
efficiency of the lamp by providing a fixed
supply voltage which ensures a symmetrical
voltage wave form in the lamp is compounded
because, if the control circuit is designed to
provide the requisite 130-volt DC value for a
symmetrical voltage waves form in the lamp after
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warm up, then the time require to warm up the
lamp after initial turn-on would be extended to
become excessively loﬁg, and it is even possible
that the lamp, after initial turn-on, would
never reach its normal operative mode,

Another problem is that, even though the
control circuit may be designed to apply the

" requisite voltage to ensure a symmetrical

voltage waye form in the lamp, the requisite
voltage may change during the life of the lamp
due to change in lamp characteristics, and is
different from lamp to lamp due to manufacturing
tolerance variations. Furthermore, changes in
lamp characteristics may result in a change

in load impedance presented to the power supply,
which may cause a change in the voltage output
of the power supply, further complicating the
task of attempting to supply the.requisite
voltage required to ensure a symmetrical voltage
wave form in the lamp. Furthermore, power loss
in the power supply itself occurs if the power
supplf input impedance is reactive. Finally,
even if the power supply is designed to provide
the requisite voltage to the lamp for
corresponding to a symmetrical voltage wave
form in the lamp, variations in the voltage in
in the power line supplying power to the power
supply may cause the power supply to vary its
voltage output from the desired requisite
voltage.

2. Invention Summary

The foregoing problems are solved in the
fourth version of this invention in which a
supply voltage feedback control loop including

a power oscillator and a symmetry detector to

&




WO 79/00449

10

15

20

25

30

35

PCT/US78/00254

1aQ :
control the voltage supplied to the control
circuit so that it is maintained at a value
which causes the on-time of the transistor to
equal its off-time, resulting in a symmetrical
voltage wavé form supplied to the lamp,
maximizing the efficiency of the lamp. In order

to prevent variations in lamp intensity caused

- by variations in power line voltage, this

invention uses a reference voltage feedback
control loop to control the reference voltage-
supplied to one input of the comparator
amplifier which minimizes variations in lamp
intensity due to variations in power line
voltage, while permitting the controlled
variation of the reference voltage by the user
in order to vary lamp intensity in a desired
manner. The supply voltage control feedback
loop and the reference voltage control feedback
loop are combined in a voltage regulator which
is connected between the lamp control circuit
and a constant current source providing 60-Hertz
alternating current. The voltage regulator
provides further improvements in the efficient
use of power by the lamp and its associated
apparatus by presenting an input impedance to
a 60-Hertz power source which is non-reactive,
a feature facilitated by the power oscillator
of the supply voltage feedback control loop. A
shut-down circuit is provided to temporarily
shut down the voltage regulator before the
occurrence of an over-voltage condition in order
to protect certain components in the circuit.
The advantages of the fourth version of this
invention are immediately apparent in that the
supply voltage feedback control loop will always
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assure a symmetrical voltage wave form supplied
to the lamp even if lamp characteristics change
during the life of the lamp and even if different
lamps are substituted having different
characteristics, without necessitating any
changes in the parameters of the components

of the voltage regulator and control circuit

~of this invention. Thus, the efficient use of

power for a given illumination intensity in the
lamp is maximized because the voltage wave form
supplied to the lamp is constrained to be
symmetrical and because the voltage regqulator
presents an average input impedance to the
power line which is non-reactive, thereby
substantially eliminating reactive power losses
in the voltage regulator.

Capacitive Discharge Ignition Circuit And

Constant Power Requlation

20

25

30

35

1. Prior Art Background

The problem of igniting the lamp becomes
particularly acute when a high intensity high
pressure gas'discharge lamp is used, since such
lamps require very high ignition voltages.

One solution to the problem of providing a
high voltage to ignite the lamp is to use a
step-up voltage transformer connected to a
capacitive discharge device which provides
sufficient voltage for a short period of time
to ionize the lamp without requiring the flyback
voltage of the control circuit to be large.
However, this creates further problems because
the step-up transformer must be connected in
series with the lamp, and, after the lamp
circuit has assumed normal operation, the large
winding ratio of the transformer will cause
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significant current to flow in the érimary
winding with consequent power losses. This
additional problem may be alleviated by opening
up the primary winding after the lémp has
ignited. However, this creates further problems
because the secondary winding of the step-up
transformer now acts as a second inductor in
the lamp control circuit, impeding current flow
through the lamp during flyback and further
increasing the flyback voltage across the
switching device, which may damage the
switching device.

Another problem in the prior art has been
that when a high pressure sodium lamp is used
with the lamp control circuit, its resistance
is well known to increase during the life of the
lamp, which increases power consumption of the
circuit, and decreases the efficiency of the
lamp circuit.

2. Invention Summary

These problems are solved in a fifth version
of the invention which includes the novel feature
of a step-up pulse transformer having its
secondary winding connected in series with
the lamp and its primary winding driven by a
capacitive discharge circuit, the combination
providing very high ignition voltage to the
lamp, but including additional means preventing
the inductance of the secondary winding from
affecting the operation of the lamp circuit
after the lamp is ignited and the lamp circuit
is operating in its normal mode. This feature
is provided by a rectifier diode connected
across the secondary winding of the step-up
transformer having its polarity oriented so that
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it provides an alternate current path when the
switching device causes the voltage in the lamp
control circuit to fly back. This invention
5 further includes means for delaying the

operation of the multivibrator in the lamp
control circuit after power is first applied

in order to permit the capacitive discharge

- device to become fully charged.

10 This invention also includes a novel feature
which makes the power consumed by the lamp )
control circuit independent of the effective
lamp control circuit independent of the
effective lamp resistance. This is accomplished

15 by providing another transformer having its
primary winding connected in series with the
lamp and its secondary winding wound to an
opposite polarity to provide a voltage
proportional to the lamp current but of opposite

20 polarity. This opposite polarity voltage is
applied to one input of the comparator
amplifier. As a result, the comparator
amplifier senses only the voltage drop caused
by the current through the primary winding of

25 the inductive device. Thus, the lamp current
does not affect the operation of the comparator
amplifier, and thus the comparator amplifier is
permitted to control current through the lamp
circuit independently of the actual current to

30 the lamp. This renders the power consumption
of the circuit independent of effective lamp
resistance.

Brief Description of the Drawings
The invention will be described in detail with
35

reference to the accompanying drawings in which:

Figure 1 illustrates a preferred embodiment of a
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control circuit for a gas discharge lamp shown in
simplified form for facilitating an understanding of the
overall function of the control apparatus; '

Figure 2 illustrates a modified form of the circuit
of Figure 1, in which the modification provides for
automatically controlling the intensity of the lamp in
response to variation in the intensity of the ambient
illumination;

Figure 3 shows four waveform plots labeled 3a, 3B,
3C, and 3D which are characteristic of the control circuit
illustrated in Figure 1. Figure 3A is a plot of the
current through the gas discharge lamp as a function of
time, Figure 3B is a plot of the current through the

choke or inductor as a function of time, Figure 3C is a

" plot of the collector current of the transistor as a

function of time, and Figure 3D is a plot of the voltage
across the gas discharge lamp as a function of time. 1In
all of these plots, time is plotted on the horizontal axis
and the voltage or current is plotted on the vertical
axis;

Figure 4 illustrates another modified form of the
invention in which a single control circuit is effective
to control a pair of gas discharge lamps connected in
series;

Figure 5 illustrates another modified form of the
invention in which the choke or inductor windings are used
as the primary windings of a step-down transformer which
supplied power for the one-shot multivibrator and the
comparator amplifier as well as the reference voltage to
the input of the comparator amplifier. Figure 5 also
illustrates the use of the primary coil as an auto
transformer to supply current to the electrodes of the gas
discharge lamp as a source of preheating current prior to
ignition of the lamp;

Figure 6 illustrates a detailed circuit schematic
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including provision for (a) a step-down voltage supply
to the lamp for matching the line voltage to the optimal
lamps operating voltage and (b) a thermistor connected
between the two inputs to the differential amplifier
for sensing the temperature of the varistor device and
protecting the varistor and transistor from destructive
effects of transient power surges in the circuit;

Figure 7 illustrates another modified form of the
invention in which the reference voltage for the comparator
circuit is derived directly from the output of a bridge -
which supplies the circuit with rectified AC power;

Figure 8 shows two waveform plots labeled 6A and 6B,
which are characteristic of the control circuit illustrated
in Figure 7. Figure 8A is a plot of the current drawn by
the lamp circuit from the full-wave rectifier showing both

the instantaneous current levels and the average current

~level. Figure 8B is a plot of the current, both

instantaneous and average, drawn by the full-wave rectifier
from the power line;

Figure 9 illustrates a modified form of the circuit
of Figure 7 in which a capacitor is charged by a secondary
winding on the lamp ballast and is utilized to prohibit
the output of the rectifying bridge from reaching a null
so that the lamp will not exhibit high resistance
characteristics;

Figure 10 is a detailed circuit diagram, similar to
the circuit of Figure 6, but implementing in that circuit
the additional features illustrated in the schematic
circuit of Figure 9;

Figure 11 shows three waveform plots labeled 11a,
11B, and 11C, which are characteristic of the control
circuit illustrated in Figure 10. Figure 11A is a plot
of the line voltage supplied to that circuit. Figure 11B
is a plot of the voltage at the output of the rectifying
bridge and Figure 11C is a plot of the current drawn from
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the power lines by the circuit of Figure 10;

Figure 12 illustrates a detailed circuit schematic
including provision for (a) a step down voltage supply
to the lamp for matching the line voltage to the optimal
lamp operating voltage and (b) a starting aid adjacent
the gas discharge lamp;

. Figure 13 illustrates the preferred embodiment of
this invention in which the connection of the gas
discharge lamp and the connection of the starter aid
maximizes the starting voltage supplied to the lamp; -

Figure 14 is a schematic illustration of the
progressive ionization of the gas in the gas discharge
lamp during start up;

Figure 15 is a schematic diagram of an embodiment
of this invention which includes a symmetry regulated
supply voltage feedback control loop;

Figure 16 illustrates time domain plots of the choke
current and lamp voltage wave forms, similar to the
wave forms of Figures 3B and 3D, respectively, and showing
by way of comparison the effect of the introduction of
the symmetry regulated feedback control loop of Figure
15, in which:

Figure 16A is a time domain plot of the choke
current for setting "X" of potentiometer 23,
corresponding to the plot of Figure 3B,

Figure 16B is a time domain plot of the choke
current corresponding to the setting "X" of
potentiometer 23, but which is symmetry regulated,

Figure 16C is a time domain plot of the choke
current for a setting "Y" of potentiometer 23
corresponding to the plot of Figure 3B,

Figure 16D is a time domain plot of the choke
current corresponding to the setting "Y" of
potentiometer 23, but which is symmetry regulated,

Figure 16E is a time domain plot of the symmetry
regulated lamp voltage wave form corresponding to
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the symmetry regulated choke current wayve form of

Figure 16B, and ‘

Figure 16F is a time domain plot of the
symmetry regulated lamp voltage wave form
corresponding to the symmetry regulated choke
current wave form of Figure 16D;

- Figure 17 is a schematic diagram of another
embodiment of this invention including the symmetry
regulated control loop of Figure 15 and further 1nclud1ng
a selective current regulating control loop and a
protective shut-down circuit;

Figure 18 is a schematic diagram of the quasi
divider circuit used in the circuit illustrated in
Figure 17;

Figure 19 is a schematic diagram of the current
convertor and power oscillator of this invention;

Figure 20 includes time domain plots of various
voltage and current wave forms in the circuit
illustrated in Figure 19 wherein:

Figure 20A is a time domain plot of the wave
form of the input current IN at the input to the
current convertor of Figure 19,

Figure 20B is a time domain plot of the voltage
Vc at the return terminal of the diode bridge of
the current convertor of Figure 19,

Figure 20C is a time domain plot of the

rectified voltage V_, at the output of the diode

bridge of Figure 19?
Figure 20D is a plot of the total current output
of the diode bridge of Figure 19, and
Figure 20E is a time domain plot of the input
voltage across the diode bridge of Figure 19;
Figure 21 includes time domain plots of voltage and
current wave forms in the power oscillator of Figure 19,
wherein?
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Figure 21A is a time domain plot of the input
current I similar to the plot of Figure 20a, but
having its time scale considerably expanded,

> Figure 21B is a time domain plot of the
collector voltage across the oscillator ﬁransistor
of Figure 19,
Figure 21C includes superimposed plots of
V720, the 20 kHz voltage in the power oscillator
10 of Figure 19 V620, the 60-Hertz output voltage at
the output of the diode bridge of Figure 19, and
Y the total voltage at the output of the diode
bridge of :Figure 19 including the 20-kHz ripple
voltage superimposed upon the 60-Hertz output
15 voltage,

Figure 21D is a time domain plot of the
voltage V, at the negative input to the comparator
amplifier of Figure 19, and VE, the positive feedback
to the comparator amplifier of Figure 19,

20 Figure 21E is a time domain plot of I

620" the
current through the snubbing capacitor at the diode
bridge output of Figure 19, and of 1615’ the current
through the inductor of Figure 19,

Figure 21F is a time domain plot of the current

25 through the power oscillator transistor of Figure 19,

Figure 21G is a time domain plot of the current
through the output diode of the power oscillator of

Figure 19;

"Figure 22 is a schematic diagram-of the voltage

30 regulator of this invention which includes the current

convertor of Figure 19;

Figure 23 is an overall schematic block diagram of

the preferred embodiment of this invention including the

symmetry regulated control loop of Figure 15, the current

regulator control loop of Figure 17, a protective shut-~down
circuit similar to that illustrated in Figure 17, and the

voltage regulator of Figure 22;

35
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Figure 24 is a detailed schematic layout diagram
of the circuit of Figure 23;

Figure 25 is a block diagram of the shut-down
protective circuit of Figures 23 and 24;

Figure 26 is a schematic diagram of a lamp control
c1rcult similar to that of Figure 1, but including
a stap-up transformer having its secondary winding
connected. in series with the lamp and its primary winding
connected to a capacitive discharge device, in which the
inductance of the secondary winding interferes with the -
normal operation of the lamp control circuit;

Figure 27 is a simplified schematic diagram of one
embodiment of this invention including a step-up
transformer having its secondary winding connected in
series with the lamp and its primary winding connected
to a comparative discharge device and further including
means preventing the inductance of the secondary winding
from interfering with the normal operation of the lamp
control circuit:

Figure 28 is a schematic diagram of another embodiment
of this invention in which a transformer having one of
its windings connected in series with the lamp
facilitates regulation of the current consumption of the
lamp control circuit independently of the effective lamp
resistance; and

Figure 29 is an overall detailed schematic diagram
of the preferred embodiment of the control circuit of
the invention including the features of Figures 27 and
28. .

Description of the Preferred Embodiment

(a) Variation of Lamp Intensity

Referring to the circuit illustrated in Figure
1, a gas discharge lamp 11, typically a low-pressure
mercury vapor fluorescent lamp, having two electrodes
12 and 13, has its electrode 13 connected to an
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electrnoic switch shown as an NPN transistor 14,
the collector of which is connected to electrode
13, and the emitter connected to a resistor 15.

5 The other end of the resistor 15 is connected to
ground. The other electrode of the gas discharge
tube 12 is connected to a DC power supply. This
supply will normally be a rectified AC source but
is shown for simplicity in this figure as a battery

10 16 whose positive terminal is connected through
on-off switch 19 to electrode 12 and whose negative
terminal is connected to ground. A choke or inductor
17 is connected in parallel with the electrodes of
the gas discharge lamp 12 and 13.

15 The base of the NPN transistor switch 14 is
connected to the output of a one-shot multivibrator
18. The monostable multivibrator operates in such
a way that when the input to the multivibrator is
low its output is high, and when its input is high,

20 the monostable multivibrator is triggered such that
its output goes into the low state for a predetermined
finite length of time, after which the output of the
multivibrator returns to the high state. The input
of the multivibrator is connected to the output of a

25 comparator amplifier 20. The positive input of the
comparator amplifier is connected through a
conductor 21 to the emitter of the NPN transistor
14, and the negative input of the comparator amplifier
is connected through a conductor 22 to a potentiometer

30 23. Potentiometer 23 is connected to the positive
end of a DC power source'24, and the negative end
of the DC power source 24 is connected to ground.

The operation of the circuit of Figure 1 is as
follows. When.the switch 19 is first closed, the

35 current passes through the switch 19 and through the
inductor 17. No current passes through the gas
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discharge lamp 11 because, until it is ignited by
high voltage, the lamp remains nonconductive. The
current through the inductor passes through the
NPN transistor switch 14 and through the resistor
15 to ground. The current through the inductor
17 rises as a function of time until it reaches a
level at which the voltage drop across the
resistor 15 exceeds the voltage on the conductor 22.
The voltage on the conductor 22 is determined by
the potentiometer 23. When the voltage drop across
the resistor 15 exceeds the voltage on the conductor
22, the comparator amplifier 20 senses a positive
difference between its inputs and the output of
the comparator amplifier 20 changes from the low to
the high state. In response to the high output of
the comparator amplifier 20, the one-shot
multivibrator 18, is triggered and provides a low
output for a short predetermined length of time.
Thus, the transistor switch 14 will be turned off
for the short period of time during which the base
of the transistor received a low level signal from
the multivibrator 18. The magnetic field in the
choke 17 then collapses, resulting in a voltage
potential across the electrodes 12 and 13 of the gas
discharge lamp 11. This potential is sufficient
to ignite the lamp and the lamp begins to conduct
current.

After the above-mentioned short predetermined
length of time, the one-shot multivibrator output
returns to its normally high level state, thereby
turning the transistor switch 14 back on. At this
instant in time, current begins to flow from the
source 16 through the electrodes 12 and 13 of the gas
discharge lamp 11 in the opposite direction to the

current supplied before by the choke 17. The
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magnetic field in the choke 17 also begins to build
up again as does the current through the choke 17.
This results in a rise in the collector current of
5 the transistor 14 and an equal rise in current
through the resistor 15, This rise in current will
cause the voltage drop across resistor 15 to rise
until the conductor 21 again exceeds the voltage
on conductor 22, Again, the comparator amplifier 20
10 will give a high output when this condition is
reached, causing the output of the multivibrator 18
to go into the low state for the finite period of
time thereby turning off the collector current of the
transistor 14. The magnetic field in the choke 17
15 will collapse at this time, thereby causing a current
to flow between the electrodes 12 and 13 of the
gas discharge lamp 11 in a direction opposite to the
direction traveled by the current when the
transistor 14 was on. This condition will continue
20 until the multivibrator output returns automatically
to the high state.

As may be seen from this description, this
process will continue to repeat itself as the
transistor 14 continuously is switched on and off

25 until steady state conditions are achieved. One
or more cycles of operation may be required to
ionize the lamp and cause it to ignite.

A varistor or high voltage zener diode 27 is
connected between the collector of the NPN transistor

30 and ground, and serves to protect the transistor 14
from destructive breakdown in the event of lamp
failure causing an open circuit between its
terminals, or inadvertent unplugging of the lamp
when the power switch 19 is closed. When the lamp

35 itself is defective and causes an open circuit or

when the lamp is removed, the voltage rise at the
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collector of transistor 14 produced by collapse of
the magnetic field in the inductor 17 will be limited
to the breakdown voltage of the varistor, a value
3 selected to be within the safe limits of the collector-
base junction of the transistor switch 14.
A significant feature of the invention is that
 the varistor 27 serves the additional function of
pPreventing ignition of the lamp until the lamp
10 electrodes have been warmed up over a time period
which is long compared to the operating period of
the control circuit. Thus, the control circuits of
this invention, without the varistor, would typically
supply on the order of 1000 volts across the lamp in
15 the fly back mode. Such high voltage applied to the
lamp filaments when they are cold would be extremely
deleterious since the electrodes would undergo a

very high rate of change of temperature. The
varistor is selected such that it breaks down for
voltages exceeding 500 to 600 volts. At these lower
voltages, the lamp 11 will not ignite until after
the cathodes have been heated. Typically, a time

20

delay of 3/4 second to one second is the amount of
time needed to heat up the cathodes sufficiently for
the lamp to ignite when supplied with 500 to 600
volts.

Figures 3A, 3B, 3C, and 3D are plots of the

steady state response characteristics of the circuit

25

for two different levels of input power to the gas
30 discharge lamp.

Figure 3A is a plot of a single cycle of
current through the gas discharge lamp as a function
of time. The current is plotted on the vertical
axis and the time is plotted on the horizontal axis.
35 It will be understood that the current alternates

through the lamp in a repetitive cycle.  1In the

g
2, _WIPO ,f;)
Gy NPT
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region of Figure 3A, denoted "A", the transistor
switch 14 is in the off state and the collapsing
field in the inductor 17 is forcing a current through
5 the gas discharge lamp. The region A covers a

period of time between time T. and time TA‘ This

time period is equal to the ugstable period of
multivibrator 18. In the region in Figure 3A denoted
"B", the transistor switch 14 is on. The region B

10 lies between the time Ty and the time Ty, after
which the cycle repeats itself. ;

In Figure 3A, the magnitude of the lamp current
in region A is shown to be roughly equal to the
magnitude of the current in region B. Since, for

15 reasons described above, there is no net DC current
through the lamp, the respective areas under the
curves in regions A and B are equal. Thus, in the
circuit operating mode illustrated by Figure 33,
the duration of the time periods A and B are roughly

20 equal. The operational mode shown in Figure 3A
having approximately equal current flows in regions
A and B 1is advantageous since it maximizes the
efficiency of the lamp and also minimizes the current
handling requirements for the switch transistor 14.

25 This operating mode is achieved for a fairly narrow
range of DC voltage output of the power source 16
for a given lamp. The circuit of Figure 6 described
below provides a means for matching a given DC
voltage to a plurality of lamp or lamps having

30 different optimum voltages.

Figure 3B is a plot of the current through the
choke or inductor 17 as a function of time. The
current through the choke is plotted on the vertical
axis, while time is plotted on the horizontal axis.
35 In the region of Figure 3B denoted "A", at time T

0
the transistor has been turned off and the current
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through the choke is decaying as a function of time
until time T,. At time T,r the transistor is turned
on. The current through the choke in the region
of Figure 3B denoted "B" increases until time Tgr
at which time the transistor is turned back off,

and the cycle repeats itself. The behavior of the

" circuit thus alternates between the behavior plotted

in region A and the behavior plotted in region B.

Figure 3C is the plot of the collector current
of the transistor plotted as a function of time.
The collector current amplitude is plotted on the
vertical axis and time is plotted on the horizontal
axis. 1In the region denoted A of Figure 3C, the
transistor is &ff and therefore the collector
current remains zero, from time To,to the end of
region A at time Tpe In the region deonted B in
Figure 3C, at time Tp the transistor is turned on
and remains on until time TB’ which defines the
end-of region B. During this time, the collector
curgent continually increases. At time TB the
transistor is again turned off and process repeats
itself. Thus, the collector current is periodic
in time. The current level indicated by the plot
is equal to the voltage on the conductor 22 of
Figure 1 divided by the resistance of the resistor
15 in Figure 1.

Figure 3D is a plot of the voltage across the
gas discharge lamp as a function of time. It is
identical in shape to the lamp current shown in
Figure 3A at the operating frequency of the circuit,
i.e. the frequency at which the transistor switch
14 is switched on and off. This frequency is chosen
so that its period is short compared to the

ionization time of the lamp. A representative

‘operating range is from between 20 to 40 kHz. At
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this high frequency, the lamp appears electrically
to be a resistor. Since the current through a
resistor is linearly proportioned to the voltage
across it, the lamp voltage and current wave forms
are identical in shape.

This high frequency operation has the

" significant advantage that the weight of the choke,

shown in figure 1 as 17, may be considerably reduced
below the weight of the typical chokes found in
the usual fluorescent lamp circuits using 60 Hz ;
AC sources. By way of specific example, a choke
suitable for use at 20 kHz will weight on the

order of 4 or 5 ounces whereas the corresponding
choke for use at 60 Hz will weight 4 or 5 pounds.

A significant feature of the invention is the
selectively variable control over lamp intensity
which potentiometer 23 provides. The power input to
the lamp ( and the resultant lamp intensity ) are
approximately proportional to the average magnitude
of the lamp current, which is plotted in Figure 3A.
This plot shows the current reversal during periods
when the transistor is turned off, which occurs,
for example, at time Tge

Assume that a particular setting "X" of the
potentiometer 23 in Figure 1, the voltage on
conductor 22 in Figure 1 is lower than the voltage
on the conductor at another setting "Y" of the
potentiometer 23. The corresponding changes in the
waveforms in Figures 3A, 3B, 3C, and 3D between
the two settings of the variable resistor for
effecting different levels of the lamp intensity
are illustrated in these figures. In each figure,
the waveform on the left is denoted "setting 'X'"
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and the waveform on the right in each figure is
denoted "setting 'y'",
The manner in which this control is achieved
5 with potentiometer 23 is as follows:
The peak lamp current always occurs whenever the
transistor is turned off, corresponding to times
TO and TB. This occurs whenever the sum of the
choke current and lamp current passing through the
10 resistor; denoted 15 in Figure 1, causes a voltage
drop across this resistor equal to the voltage on °
the conductor, denoted 22 in Figure 1. As states -
above, this occurrence causes thé comparator
amplifier, 20 in Figure 1, to give a positive output
15 to the multivibrator, which in turn causes the
multivibrator to turn the transistor off.
The current passing through the resistor, 15
in Figure 1, is the collector current of the
transistor. This current is plotted in Figure 3C,
20 as the sum of the lamp current and choke current in
region B. '
The peak collector current level is equal to
the voltage on the conductor 22 in Figure 1 divided
by the resistance of the resistor, 15 in Figure 1.
25 When the voltage on the conductor 22 is increased or
decreased, the collector current peak level will
increase or decrease, respectively. Because the

decay time of the current between time T, and time

0
Tp is slways the same, the minimum value of the

30 collector current will also increase or decrease,
respectively. Thus, the entire waveform of the
collector current will be shifted either up or
down, respectively, of which two exemplary
waveforms are plotted for the two different

35

potentiometer settings "X" and "Y". The waveforms

of the choke current and the lamp current will also
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be shifted up or down, respectively, as shown.
This effect is the result of the fact that the
collector current through the transistor is the
sum of the choke current and lamp current, and
the fact that the lamp current is proportional to
the choke current.

Thus, it may be seen that the lamp intensity,
which is proportional to lamp current, is
proportional to the voltage on the conductor 22.
By changing the resistance of the potentiometer 23 -
in Figure 1, the current supplied to the lamp 11
will change. '

The useful life of the gas discharge lamp is
increased in this invention since the net DC
component of current through the lamp during
continued operation is approximately zero. This
is achieved by virtue of the parallel inductance
which has the property of maintaining a zero DC
voltage drop across its terminals. Since this
zero DC voltage is also maintained across the lamp,
the DC current through the lamp will also be zero.

Although the circuit is particularly suited
for use with low intensity, low pressure mercury
vapor fluorescent lamps, it can equally well be
used to control various other types of gas discharge
lamps such as high pressure mercury vapor, high or
low pressure sodium, and metal Halide lamps.

Figure 2 illustrates a modified form of the
invention effective to automatically control the
intensity of the lamp, causing the intensity of
illumination of the lamp 11 to be automatically
controlled inversely proportional to the ambient
illumination. This circuit is similar to that of
Figure 1 and similar reference numerals are
provided for similar components in Figure 2 and
succeeding figures. In lieu of the optentiometer

23 of Figure 1, a photosensitive resistor 25 or
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similar photoresistive device is connected in
series with resistor 26 between the voltage source
24 and the differential aﬁplifier 20.

5 Alternatively, and infrared sensing device
(not shown) capable of varying its electrical
resistance in proportion to the amount of infrared
rays intercepted thereby, could be substituted for
the photoresistor 25 to detect the presence of a

.10 human being in the vicinity of such sensor to cause
illumination of the lamp 11 when the human being -
moves into the area adjacent the lamp.
Figure 4 illustrates another modified form of
the invention in which two gas discharge lamps 28
15 and 29 are connected in series with each other in
a circuit otherwise similar to that of Figure 1.
Herein, the lamps 28 and 29 are of similar capacity
and typically low pressure mercury vapor fluorescent
lamps of 22 watts each. The electrode 30 of lamp
20 " 28 is connected directly to the electrode 31 of
lamp 29. A capacitor 33 is connected across the
electrodes 31 and 32 of lamp 29. '
When the lamps 28 and 29 are de-energized, they
present a relatively high resistance thereacross.

25 Thus, capacitor 33 initially presents a short across
lamp 29 at the operating frequency of the circuit,
e.g., 20,000 cycles per second. Therefore, when
starting, the voltage from inductor 17 is initially
applied through the capacitor 33 and across the lamp
30 28 to ignite the same. After lamp 28 has become
ignited, its resistance drops considerably and most
of the voltage across inductor 17 now appears across
lamp 29, causing it to likewise ignite. The
resistance of lamp 29 is relatively small compared
35 to the reactance of capacitor 33 so that the latter
has essentially no effect on the circuit during
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normal operation.,
The above arrangement minimizes the breakdown
voltage requirement of the transistor switch 14,
5 thereby enabling a relatively small and inexpensive
transistor to be used.
Figure 5 illustrates a further modified
' embodiment of the invention in which a gas discharge
lamp 35, typically a low pressure mercury vapor

10 fluorescent lamp of approximately 22 watts, is
provided. The electrodes 38 and 40 are of the
heated type. Power is derived from a DC voltage
source 16.

An inductor 37 is connected in series with the

15 transistor 14 and resistor 15 across the power supply
36. The electrodes 38 and 40 of lamp 35 are tapped
into sections 41 and 42 of the winding of inductor
37 to preheat such electrodes prior to ignition of
the lamp.

20 The inductor 37 also acts as the primary winding
of a transformer and has an iron core 39 and a step-
down secondary winding 43 associated therewith.

The winding 43 is connected in circuit with a diode
44 across a capacitor 45. The diode 44 is also

25 connected through line 46 to the power input
terminals of the comparator amplifier 20 and
multivibrator 18. It is also used to supply the
reference voltage to the potentiométer 23.

The sections 41 and 42 of the winding of inductor

30 37 enable the electrodes 38 and 40 to become heated
before the lamp is ignited. This arrangement
maximizes electrode life and prevents damage to
the electrodes 38 and 40 due to the otherwise
excessive rise of temperature at the start of a

35 lamp operation.

The polarity of the winding 43 is preferably
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- such that the capacitor 45 is charged only when
the transistor 14 is conducting. This arrangement
insures that the particular voltage on capacitor
5 45 is independent of the variable flyback voltage
developed by the inductor 37 when the transistor 14
is cut off.
Figure 6 illustrates a detailed circuit schematic
showing a number of circuit elements which were
10 deleted from the simplified circuits described
above to facilitate understanding of the overall
operation of the invention. In addition, this
figure illustrates several significant additional
features of the invention.
15 The circuit of Figure 6 is designed to operate
from a standard 120 volt AC line connected to
terminals 50 and 51. These terminals respectively
connect to on-off switch 19 and current limiting
resistor 52 to a full wave diode bridge rectifier
53 comprising diodes 54, 55, 56, and 57. The DC
output of this rectifier is connected across a wave

20

smoothing capacitor 58. The negative bridge

terminal is connected to ground and the positive

bridge terminal is connected to one end of an auto-
25 transformer winding 59 having a magnetic core 60,
and secondary winding 61.

In the illustration, winding 59 functions as

a voltage reducing auto-transformer with one of
the lamp electrodes connected to respective mid
taps 65 and 66 and the other lamp electrode
connected to taps 67 and 68 located at the end of
the winding. The purpose of the auto transformer
is to match the DC power supply with the optimum
voltage characteristic of the lamp. For example,
the output of the diode bridge 53 is approximately

168 volts DC with 120 volt AC input. The optimum

30

35
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voltage for a 22 watt fluorescent lamp is, however,
typically only 55 volts. Accordingly, the auto-
transformer winding is selected so that the step
down turns ratio is 168 divided by 55. It will be
understood that if the optimum lamp operating
voltage is larger than the DC power source voltage,

-a step up auto transformer would advantageously be

used to supply the stepped up voltage in the same
manner. o

The collector of NPN switch transistor 14 is
connected to the end terminal 68 of the auto-
transformer winding 59. Its emitter is connected
through a pair of diodes 69 and 70 and resistor 15
to ground. A capacitor 71 parallels the series
connected diodes 69 and 70. Capacitor 71 is charged
during steady state operation such that the
combination of the capacitor 71 and diodes 69 and
70 back bias the transistor emitter.

Integrated circuit 75, diode 76, resistor 77
and capacitor 78 comprise one shot multivibrator
18. The power supply for this one shot multivibrator
is provided by the secondary winding 61, diode 44
and capacitor 45 as described above with reference
to the circuit of Figure 5.

The base of transistor switch 14 is connected
to the output of the one shot multivibrator 18
through parallel connected resistor 80 and diode
8l. Resistor 80 serves as a base current limiting
resistor and shunting diode 81 serves to short out
this resistor and érovide a low impedance path
for the charge stored in transistor 14 when the
transistor is turned off. The base is also
connected to ground through diode 82.

Comparator amplifier 20 comprises transistor
85 whose emitter is connected to the junction of
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diode 70 and resistor 15 through an RC filter
comprising resistor 86 énq capacitor 87. Its base
is connected to potentiometer 23 and its collector
is connected to the input of one-shot multivibrator
18 through resistor 88.

Potentiometer 23 is connected in series circuit
with the resistor 90 and diodes 91, 92, 93, 94 and
95. Resistor 90 reduces the sensitivity of
potentiometer 23. Diodes 91 through 94 protect the
circuit against transients when the on-off switch -
19 is initially closed and diode 95 compensates for
the base-emitter drop of comparator transistor 20.
As in the embodiment of Figure 4, the reference
voltage for potentiometer 23 is provided by the output
of secondary winding 61. The RC filter comprising
resistor 86 and capacitor 87 serves to prevent a
voltage or current transient from affecting
comparator transistor 20 and inadvertently
triggering the one-shot multivibrator 18.

A resistive path directly connecting the
positive terminal of the diode bridge 53 to the power
supply provided by secondary winding 61 is provided
by resistor 100. This resistor serves as a current
bleeder resistor to provide start up power when the
on-off switch 19 is initially closed.

Capacitor 105 and resistor 106 function in
parallel with varistor 27 as a snubber protective
circuit for protecting the transistor 14 from the
inductive auto-transformer load when the transistor
is being turned off.

Another significant feature of the circuit of
Figure 6 is the inclusion of thermistor 110
electrically connected between the input of one
shot multivibrator 18 and the positive side of the

power supply capacitor 45. The thermistor is
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mechanically and thermally attached to the varistor
27 as indicated by the dotted line. The varistor
has a negative temperature coefficient selected
such that when a transient surge in the circuit
causes the varistor to begin to overheat, the
thermistor will become highly conductive and act

- to hold the input of the one shot multivibrator high,

thereby maintaining the transistor 14 in the off
state. Thus, the circuit illustrated in Figure 6
will remain effectively shut down until such time

as the varistor 27 has a chance to cool. Accordingly,
it will be seen that thermistor 48 prevents

~ Overheating of the varistor 27.

An exemplary circuit for operation of a 22 watt
fluorescent lamp from 120 volt AC power constructed
in accordance with Figure 6 included the following

circuit components:

Transistor l4=m—m—e oo MJE 13004 (Motorola)

Resistor 15===————mmmmme o 2.2 ohm

Potentiometer 23-- - 200 ohm

Varistor 27 e ————— V27S 20 (General

; _ Electric)

Resistor 52-e-———mmmmme 1.5 ohm

Diodes 54~57————mmmmm e IN 4003

Capacitor 58- - —— --==100 Micro farad

Winding 59=—=——— e 263 + 6 + 150 + 6

turns

Core 60—=—mmmm e Ferroxcube 376U250
~3c8 and
376B250-3c8

Winding 6le———mmmm oo 41 Turns

Diodes 69, 70, 76, 81, 82, 91-95 —--Tn4148

Capacitor 7l-——mm e e 10 Micro farad

Integrated Circuit 75--~————————NE 555 V
Resistor 77 ~——10K ohm

|

|
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Capacitor 78 .0033 Micro farad
Resistor 80 : 200 ohm
Transistor 85 ‘ 2N 3904
Resistor 86 22 ohm
Capacitor 87 .1 Micro farad
Resistor 90 1.3K ohm
Resistor 100 20K ohm
Capacitor 105=——=—c—e——meaa- 560 pico farad
Resistor 106-- 220 ohm
Thermistor 1l0-==——————aa— 4C5002 (Western
Thermistor)

(B) High Power Factor Lamp Circuit

_The circuit of Figure 6 may be used in those
circumstances wherein the'power factor of the
entire lamp circuit is not critical. Thus, it will
be understood by those skilled in the art that the
wave smoothing capacitor 58, connected across the
full-wave rectifier bridge 53, while being used
to provide essentially a DC signal level to the
circuit, nevertheless reduces the power factor

of the circuit substantially. This is a result of

the phase difference between the current and 1
voltage at the terminals 50, 51 caused by the |
impdeance of capacitor 58. Such a power factor
reduction is not permissible under certain
circumstances.
The second version of this invention, an
embodiment of which is illustrated in Figure 7,
provides a solution to this power factor problem.
The circuit still operates from a 60-cycle
alternating current source, but in this second

version of the invention, the power factor is near

“unity. This is accompished by connecting the

35

potentiometer 23 which provides the reference signal
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level for the comparator 2Q through a resistor 101
to the rectified AC yoltage from the diode bridge
53. Thus, the circuit of Figure 7 is similar in
5 operation to that of Figure 6, except that the
reference voltage for the comparator/amplifier 20
is derived through the potentiometer 23 from a
varying AC voltage rather than a fixed DC level, as
was the case in Figure 6. This varying reference
10 level provides, in accordance with the waveforms of
Figure 3, a varying transistor switch current (Figlre
3C) which is programmed, or fluctuates, in accordance
with the 60 Hz input AC signal level. This fluctuation
is shown in Figure 8A and the resulting line current
15 drawn at the bridge 53 is as shown in Figure 8B, that
is, the unrectified equivalent of Figure 8A. It will
be seen from Figures 8A and 8B that the comparator 20
has been provided with a fluctuating threshold voltage
which forces the current level through the resistor
20 15 to cyclically vary in a cycle which is precisely
in phase with the applied voltage from the 60-cycle
source. In each of Figures 8A and 8B, the average
current I3 and I5, respectively, is shown for the
resistor 15 and the input power terminals 50 and 51.
25 This average current I3, I5 is precisely in phase with
the applied voltage, since the individual 20-40
kiloHertz peaks I7 and I9, respectively, of Figures
8A and 8B, have been programmed to be proportional
to the applied voltage.
30 Since the average current I5 is in phase with
the applied voltage, the power factor of the circuit
of Figure 7 is essentially unity. Thus, it has been
found that, by using the circuit of Figure 7, the
large wave smoothing capacitor 58 of Figure 6 may be
35 eliminated from the circuit and the threshold voltage
of the comparator 20 may be made to follow the
60-cycle AC line voltage by connecting the
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potentiometer 23 through a resistor 10l to the input
rectified line source.
The arrangement described improves the power
factor of this lamp circuit so that it may be applied
in most circumstances to standard AC line sources.

It does, however, produce an additional problem not

" Present in the circuit of Figure 6. Specifically,

it has been found that the resistance of the lamp 35
becomes very high each time that the applied AC line
voltage at terminals 50,51 crosses zero volts.

The relatively high resistance of the lamp, 35°
which is experienced at each zero crossing of the
line voltage may be explained as follows. A gas
discharge lamp 35 may be characterized as a resistor
for frequencies whose period is small compared to
the ionization time constant of the lamp. This is
true for the ballast oscillation frequency of 20-40
kHz but not for the power line frequency 60 Hz.
Thus, the ionization time constant of a 22-watt
Circline fluorescent lamp, for example, is .4
milliseconds. Consequently, the effective resistance
of the lamp will vary during the 60-Hz line cycle.
This resistance is greatest right after a zero axis
crossing and decreases as the cycle progresses,
reaching a minimum value approximately 60 electrical
degrees before the next zero axis crossing.

This high resistance of the lamp 35 causes the
frequency of oscillation of the ballast circuit to
decrease. Thus, while the normal frequency of
oscillation is chosen to be above the audible range,
the frequency may periodically drop down into the
audible range after each line voltage zero axis
crossing, which may prove annoying to persons near
the lamp. In addition, and of more importance, is
the fact that, after each zero axis crossing of the
AC line voltage, an extremely high voltage will
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appear at the collector of the transistor 14, when
the transistor 14 turns off. As was explained
previously, if the lamp 35 is removed from the
circuit, the collector of the transistor 14 is
subjected to the extremely high fly back voltage of
the ballast 17. This same affect occurs after each
zero crossing of the applied line voltage, since
the -effective resistance of the lamp 35 is very
high. The repetitively applied high voltage at
the collector of the transistor 14 may damage the -
transistor 14. Even if a protective clamping device
is employed, this device may itself overheat.

The simplified circuit of Figure 9 provides a
solution to this resistance problem without
substantially degrading the circuit's power factor.
The circuit of Figure 9 is similar in operation to
that of Figure 6, except that it incorporates the
60 Hz input to the comparator/amplifier 20 described
in reference to Figure 7. 1In addition, a secondary
winding 107 has been added to the inductor 17, this
winding being connected to a series combination of
a diode 109 and capacitor 1ll. In addition, the
junction between the diode 109 and the capacitor 111
is connected by a diode 113 to the output line 115
from the bridge 53. 1In addition, a filter circuit
in the form of a series inductance 117 and shunt
capacitor 119 is added between the line input
terminals 50,51 of the full-wave rectifying bridge
53.

The capacitor 111 is relatively large, having
enough capacity to maintain the lamp voltage during
zero axis crossing of the AC power line voltage at
terminals 50,51. The turns ratio defined by the
secondary winding 107 is preferably less than one
so that the voltage of the capacitor 111 is
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maintained at a lower value than the peak value of
the line voltage on line 115. .

This circuit operateé as follows. The secondary
winding 107, capacitor 111, and the diode 109 form
a positive DC power supply, charged periodically by
the rectified voltage on line 115. This DC power
supply is only connected to supply power to the winding
59 when the AC line voltage on line 115 drops below
the voltage to which their capacitor 111 is charged.
At this time, the capacitor 111 supplies current
through the diode 113 to the lamp 35 inductor 17.
The diode bridge 53, during this same time period,
disconnects the lamp 35 and inductor 17 from the
AC power lines, since the diodes 51-57 within the
bridge 53 are reversed biased. Thus, the line
current drops to zero.

The capacitor 111 continues to supply the
ballast current until that point in the next half

cycle when the line voltage on line 115 reaches the

., voltage level of the capacitor 11l. At this time,

the diode 113 becomes reversed biased, and the AC
power line 115 supplies power to the lamp 35 and
inductor 17.

The inductor 117 and capacitor 119 may be selected
to filter out the 20-40 kHz variations of Figure 8B
without substantially effecting the 60-Hz power
factor. |

Figure 10 is a detailed schematic diagram of a
circuit similar to that of Figure 9, and including
the circuit elements of Figure 6.

Waveforms for the circuit of Figure 9 are shown
in Figures 11A, 11B, and 11C, wherein Figure 11A is
the applied AC line voltage at terminals 50 and 51,
showing the location of the zero crossing point,
Figure 11B is the voltage at line 115 of Figure 8
showing that the voltage is the rectified equivalent
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of the yoltage of Figure 114, except that the
voltage is held up or supported at a level 121 by
the capacitor 113 at each zero crossing location.
This, of course, prohibits a nulling at the lamp
35 so that the effective resistance of the lamp
35 never increases to a level which would generate
excessive voltages at the transistor 14. Likewise,
the voltage is maintained at a level which prohibits
the lamp resistance 35 from lowering the frequency
of the ballast circuit into the audible range.

Figure 11C shows the line current drawn by the
entire circuit at the AC line junctions 50 and 51.
This current is filtered by the inductor 117 and
capacitor 119 so that only the low frequency components
remain. From Figure 11C, it can be seen that no current
is drawn during those periods of time when the
capacitor 11l supports the ballast current. In
addition, Figure 11C shows small current pulses 123
which occur at the peaks of the AC line voltage and
reflect the additional current utilized in charging
the capacitor 111 at this time when the output of
the transformer 107 exceeds the voltage of the
capacitor 111.

While it can be seen that the current waveform
of Figure 11C is not a perfect sinusoid, it
nevertheless is in phase with the voltage waveform
of 11A and is sufficiently smooth and uniform so
that the power factor is still near unity. The
circuit of Figure 11 thus provides a high power
factor lamp circuit which utilizes a small ballast
and provides for a programmed current level for
the lamp wherein each current peak at the 20-40
kHz rate is programmed to reach a level which is
in a predetermined proportion of the line voltage
determined by the potentiometer 23. At that same
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14 and reductions in the frequency of the entire
circuit are eliminated through the use of the
capacitor 111 which supports the line voltage level
to prohibit a nulling of the rectified voltage.
(C) Starter Aid Circuit

Figure 12 illustrates a circuit similar to the
circuit of Figure 6 but further including a starter
aid 210.

In the circuit of Figure 12, the fly back voltage
across the electrodes 200, 201 caused by switching.
the transistor 14 off must be sufficiently high to.
light the lamp when the switch 19 is first closed.
The voltage occurring in the circuit when the
transistor 14 is first turned off, corresponding to
time Tq in Figure 2a, will be referred to as the
fly back voltage. Ignition of the lamp requires
that the fly back voltage between the two electrodes
200, 201 in the lamp 35 be sufficiently high, and
the distance between the electrodes 200, 201 be
sufficiently small so that the resulting voltage
gradient in the lamp 35 has sufficient magnitude to
cause the gas inside the lamp 35 to ionize. The
term "voltage gradient" is understood to be the
voltage drop per unit distance. It is well known
that, for a gas which may be used in a gas discharge
lamp, there is a threshold voltage gradient below
which ionization of the gas cannot be achieved.

The voltage gradient near the electrode 201
at ignition of the lamp is proportional to the fly
back voltage across the two electrodes 200, 201
divided by the distance between the electrodes 200,
201. The large fly back voltages which are typically
required may have deliterious effects upon the
transistor 14, and therefore upon the reliability

of the circuit of Figure 12, It is this concern
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for the reliability of the circuit of Figure 12
that prompts the use of varister 27, the thermister
110, and the capacitor 105.

As mentioned above, it is well known that
commercially available gas discharge lamps operate
most efficiently at a certain optimum supply voltage.
In order to match the line voltage with this optimum
lamp voltage, an auto transformer may be used as
shown in Figure 12. The auto transformer 59 has a
step down ratio which is proportional to the number
of turns in the winding of the auto transformer
59 between the taps 66 and 67 divided by the total
number of turns in the entire winding.

Introduction of the auto transformer 59 causes
a reduction in the fly back voltage between the
electrodes 200, 201. Therefore, in order to provide
a threshold voltage gradient in the lamp 35 sufficient
to ignite the lamp when the switch 19 is first closed,
the fly back voltage must be increased. This
increase in fly back voltage may be achieved by
increasing the breakdown voltage of the varistor
27. Otherwise, when the switch 19 is closed, the
lamp 35 may not ignite. This increase in fly back
voltage, however, increases the likelihood of harm
to the transistor 14 and decreases the reliability
of the circuit of Figure 12.

In the third version of this invention, these
difficulties are overcome by connecting a starter
aid 210, as shown in Figure 12 to ground 231, and
locating the starter aid 210 adjacent the lamp 35.
The starter aid 210 is merely an elongate conductor
which is preferably mounted parallel to and within
one inch of the lamp 35. It may, for example, be
a thin strip of metal mounted on the outside of
the lamp 35.
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The starting aid 210 acts to increase the
voltage gradient near the electrode 201 when the
transistor 14 is first opened to produce a fly back
voltage in the circuit. Because this fly back -
voltage is the largest voltage in the circuit, it
is used to ignite the lamp. In the absence of the
starter aid conductor 210, the voltage gradient |
created in the lamp by the fly back voltage is
inversely proportional to the distance between the
electrodes 200 and 201. However, when the starter-
aid conductor 210 is connected to ground 231 and
held adjacent to the lamp 35, it provides a voltage
gradient between the electrode 201 and the starting
aid conductor 210. This voltage gradient is much
larger than the voltage gradient created in the
absence of the starter aid conductor 210 between
the electrode 201 and the electrode 200 because
the distance between the electrode 201 and the
starting aid conductor 210 is much less than the
distance between the electrode 201 and the electrode
200. |

When the switch 19 is closed, the transistor
14 is first closed and then opens to cause the
fly back voltage in the manner described earlier in
this specification. The fly back voltage between
the terminal 68 and ground 231 results in a large
voltage gradient between the electrode 201 and the
starter aid conductor 210. Of course, another
voltage gradient will appear between the electrode
200" and the starter aid conductor 210, but because
the fly back voltage at the electrode 200 is reduced
by the step down transformer 59, the voltage gradient
in the vicinity of the electrode 201 is larger.

Preferably, the maximum voltage gradient which
appears at the electrode 201 is jusf sﬁ%ficient to
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ionize the gas in the yicinity of the electrode 201.
However, because this maximum voltage gradient is
restricted to a limited vicinity around the electrode
201, ionization will occur in this limited area only.
However, during subsequent operation of the circuit,
the vicinity of ionization will progressively expand,

- as best illustrated in Figure 14. Referring to

Figure 3, assuming that the transistor 14 has opened

to cause the fly back voltage at time T. of Figure 3a,

the transistor will again close at timeOTA and the -
fly back voltage will disappear. The transistor

again opens at time TB and a fly back voltage again
appears. The ionized gas which was created by the
first fiy back voltage at time TO does not totally
deionize between TA and time TB’ the interval between
fly back voltages, but substantially remains in

the vicinity of the electrode 201, which is illustrated

in Figure 6 as the outlined region designated Ry

During the next fly back voltage at Tqr the ionized
gas in the region Ro_acts substantially as a
conductor. Therefore, a large voltage gradient is
created by the fly back voltage at time Tp and
appears between the entire region RO and the starter
aid conductor 210. This large voltage gradient
is sufficient to cause further ionization, and
this causes the region of ionization to expand from
the smaller region RO to the larger region RB’ Again,
the cycle repeats itself, and this time the fly
back voltage gradient appears between the conducting
ionized gas in the expanded region RB and the
starter aid conductor 210, which causes the region
of ionized gas to further expand until it encompasses
the region RD.

It is seen that, through successive cycles, the

region of ionized gas expands progressively,
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-beginning in the smaller region Ry then regions

RB’ RD’ RF, and finally encompasses the region RH
which includes the second electrode 200 and establishes
a conducting ionized gas electrical current path
between the electrodes 200 and 201, at which time

the ignition of the lamp 35 is complete. It may also

- be seen that the fly back voltage of the terminal

68 required to ignite the lamp may be relatively
small to increase the reliability of the circuit.

It is significant that in the circuit of Figure
12, the location of the taps 65, 66, 67, and 68 on-the
auto transformer 59 is arbitrary, and the electrodes
200,201 may be-connected across any segment of the
auto transformer 59 which gives the proper step down
ratio without affecting the operation of the lamp 35
after ignition. For example, the lamp 35 may be
connected across the top half of the auto transformer,
or the lamp may be connected across the intermediate
segment of the auto transformer 59. However, as
pointed above, the auto transformer 59 causes a
reduction in the fly back voltage between the
electrodes 200,201. A similar reduction in £1ly back
voltage between the electrode 201 and ground 231,
which generates the starting voltage gradient between
the electrode 201 and the starter aid conductor 210,
is present in the circuit of Figure 12 due to the step
down auto transformer 59. It is desirable to eliminate
any reduction of the voltage between the electrode
201 and the conductor 210 by the auto transformer 59,
so that the voltage gradient near the electrode 201
may be maximized when the transistor 14 first opens
to create a fly back voltage to ignite the lamp 35.

The circuit of Figure 13 eliminates any reduction
of the voltage gradient between the electrode 201 and
the conductor 2106 by the auto transformer 59. The

operation of the circuit of Figure 13 is similar to
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that of Figure 12 except that the corresponding
voltage gradient at the electrode 201 caused by the
fly back voltage between the electrode 201 and the
conductor 210 is maintained at the threshold level
requireq for ignition without regard to the selection
of the'step down ratio of the auto transformer 59.

The electrode 201 in Figure 13 is connected directly
to rhw terminal 68 connecting the transistor 14 to
the auto transformer 59 while the other electrode 200
is connected to a mid-tap on the auto transformer 59
such as the mid-tap 66. Such a direct connection
prévents the fly back voltage between the starter aid
210 and the electrode 201 from being reduced by the
step down auto transformer 59.

Unless the electrode 201 is connected to the
collector of the transistor 14 as shown in Figure 13
and the starter aid conductor 210 is used, the largest
voltage gradient inside the lamp 35 at ignition is
approximately proportional to the fly back volﬁage
appearing across the terminal 68 and ground 231
reduced by the auto transformer 59 and divided by the
relatively large distance between the electrodes 201,
200. It is now apparent that introduction of the
starter aid conductor 210 permits a much smaller fly
back voltage to be used which can nevertheless cause
a sufficiently large voltage gradient between the
electrode 201 and the starter aid conductor 210 to
achieve ionization of the gas in the lamp 35 and
ignition of the lamp when the switch 19 is first
closed. Furthermore, through proper connection of the
auto transformer to the lamp, as shown in Figure 13,
an auto transformer of any step down ratio may be used
without affecting this voltage gradient. It should
be recognized that a step up auto transformer for
increasing the voltage supplied to the lamp 35 may
also be used in place of the step down auto
transformer 59 of Figure 13.
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(D) Symmetrical Lamp Voltage Regulation.

The control circuits described above.are
particularly suited for use with low intensity,
low pressure mercury vapor fluorescent lamps.
However, when used to control various other types

of gas discharge lamps such as high pressure mercury

-vapor, high or low pressure sodium, and metal

Halide lamps, significant problems may arise.

The efficiency of such lamps has been found to be

maximized oniy when the lamp voltage waveform of

Figure 3D is symmetrical. , .
Referring to Figure 3D, it should be recognized

that if the time interval between T, and T, is equal

0 A
to the time interval between T, and TB’ the

voltage waveform supplied to tie lamp, illustrated
in Figure 3D, will have a generally symmetrical
form. It has already been seen that the time
interval between Tq and TA is determined by

the time delay of the one-shot multivibrator

18 during which it remains in its low state before
switching to its high output state. The time
interval between TA and TB is a function of the
voltage supplied to the control circuit from the
voltage source 16. Thus, if a symmetrical voltage
waveform is to be supplied to the lamp 11, the
voltage source 16 must supply a voltage having a
magnitude which causes the time interval between

Ta and Ty, illustrated in Figure 3D, to be equal

to the fixed time interval between TO and TA
defined by the low output state of the multivibrator
18, If the lamp 11 in Figure 1 is a high intensity
mercury vapor gas discharge lamp and a control
circuit similar to the simplified circuit

illustrated in Figure 1 is employed,.it has been
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found that a voltage supplied by the source 16 equal
to 130 volts will cause a symmetrical voltage waveform
to be supplied to the lamp 1l in which the time
5 interval between T. and TA is equal to the time

0]
interval between T, and T_ and the lamp voltage

waveform as illust?ated ii Figure 3D.
' It is apparent that an obvious technique forx
providing a symmetrical voltage in the lamp 11 of

10 Figure 1 is to select a voltage source 16 which
provides an output voltage of 130 volts DC. However,
as illustrated in Figure 3D, the symmetry or assymmetry
of the voltage waveform supplied to the lamp is not
only a function of the magnitude of the voltage

15 supplied by the source 16, but is also a function
of the voltage supplied by the potentiometer
23 as a reference voltage to the comparator 20.

Thus, even though the voltage from the source 16
will provide a symmetrical voltage waveform in the

20 lamp 11 for one setting of the potentiometer 23, such
as setting "Y" of Figure 3D, changing the potentiometer
23 to another setting, such as setting "X" of
Figure 3D, will alter the lamp voltage waveform
so that it is no longer symmetrical. Therefore,

25 using this simplified technique, the symmetrical
voltage waveform cannot be maintained if the se%ting
of the potentiometer 23 is to be permitted to
change. .

Another problem is encountered when the lamp

30 11 is a high intensity mercury vapor discharge lamp.
If the voltage source 16 supplies the requisite 130
volts which results in the* control circuit providing
a symmetrical voltage waveform in the lamp 11,
when the switch 19 is first closed and the lamp

35 11l is cold, the mercury vapor in the lamp 1l ionizes:
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very rapidly so as to cause the multivibrator 18

to change state to turn off the transistor 14
prematurely before the current through the inductor
17 has increased sufficiently. As a result, the
warm-up period of the lamp 11 may be extended, and
it is even possible that the lamp 11 and the

associated control circuit will never reach the

normal operating mode. This is a result of the
fact that the Voltage'corresponding to a symmetrical
waveform in the high pressure mercury vapor lamp,
or symmetry voltage V_, is 130 volts when the
lamp is warm but only920 volts when the lamp is
cold. Thus, the symmetry voltage changes as the
lamp temperature changes during the entire time
that the switch 19 is closed. Therefore, a
single supply voltage from the source 16 will not
always provide a symmetrical voltage waveform within
the lamp. Furthermore, even if the magnitude
of the voltage supplied by the source 16 is
selected to equal the symmetry voltage of the lamp
when warmed up, the lamp characteristics may change
during the life of the lamp; or, if the lamp is
itself exchanged for another lamp, the voltage
supplied by the source 16 will no longer be
the requisite symmetry voltage.

If, on the other hand, symmetsy is imposed by
holding the on time of transistor 14 to a
constant volue, for example, by use of a bi-stable
multivibrator having fixed "on" and "off" time
periods which are equal, it would no longer
be possible to vary or select the lamp illumination
intensity in the manner described above in connection
with Figure 1.

Figure 15 is a simplified schematic diagram
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of an embodiment of this invention in which the:
foregoing problems are solved. A voltage regulator
300 supplies voltage to the gas discharge lamp
11 connected in parallel across an inductor 17.
The parallel combination of the lamp 1l and
inductor 17 is connected in series which a

'transistor 14 and a resistor 15 which is connected

through ground to the voltage regulator return
330. A comparator amplifier 20 and an astable
multivibrator 18 are connected between the
transistor 14 and the resistor 15 in the same
manner as discussed above in connection with Figures
1 and 3. The comparator 20 receives a reference
signal from a reference voltage source 24 connected
across a potentiometer 23, ,This invention includes
the novel feature of a symmétry detector 355 having
its input 360 connected to the collector of the
transistor 14 and its output 365 connected' through
an amplifier 370 and a stabilizing network 375

to a feedback reference input 380 of the voltage
regulator 300. The symmetry detector 355, the
amplifier 370, the stabilizing network 375, and the
feedback reference input 380 form a supply

voltage feedback control loop which maintains

the supply voltage at the lamp 11 at the symmetry
voltage Vs. The symmetry detector is a circuit

that produces a DC voltage at its output 365
proportional to the difference between the on-time
of the transistor 14, corresponding to the interval
between TA and TB of Figure 3, and the off-time

of the transistor 14, corresponding to the time

interval between TO and T, of Figure 3. Therefore,

A
in one embodiment the output 365 of the symmetry

detector 355 is positive if the on-time of the
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transistor 14 exceeds its off-time while the
output 365 of the symmetry detector 355 is negative
if the on-time of the transistor 14 is less than
its off-time.

' The stabilizing network 375 is included in the
feedback loop to achieve stability against
oscillation. It may be a simple low-pass filter
including a resistor 385 and a capacitor 390.

The operation of the feedback loop controls
the output voltage Vlrof the voltage regulator
300 to be at or near the symmetry voltage Vx’
which causes the on and off times of the transistor
14 to be equal, corresponding to a symmetrical
voltage waveform to the lamp 11. A description
of the operation of the feedback loop may begin
with an assumption that the voltage Vl supplied
by the voltage regulator 300 to the lamp 11
is greater than the requisite symmetry voltage
Vs, causing the on time to be shorter than the
off time of transistor 14. This would cause the
output 365 of the symmetry detector 355 to be
negative. This nedative output of the symmetry
detector is amplified by the amplifier 370 and the
resulting voltage is then applied to the feedback
reference input 380 of the voltage regulator 300
as negative feedback. The voltage regulator
300 responds to this negative feedback by
1 at the output 301 of the
voltage regulator 300. For very high loop gains,

reducing voltage V

the voltage supplied to the lamp 11 will be reduced
by feedback from the symmetry detector 355 until

it nearly equals VS, at which time the output of
the symmetry detector 355 will approach zero.

At this point, a symmetrical voltage waveform will
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be applied to the lamp 11. It should be apparent
that, while the symmetry voltage Vs may change
due to temperature changes in the lamp 11 or due
to aging of the lamp 11, the symmetry detector
355 will cause the voltage supplied to the lamp
to be maintained at or near the symmetry voltage

‘Vs' regardless of wvariations in Vs' The stabilizing

network 375 prevents rapid changes in the feedback

signal provided by the amplifier 370, thus increasing

the stability of the supply voltage feedback control

loop. )
The effect of the symmetry fegulation loop

of Figure 15 is best seen by reference to the time

domain plots of the current through the choke

17 in Figure 16. Figures 16A and 16C are time

domain plots of the choke current in the absence

of symmetry regulation in a control circuit such

as the circuit illustrated in Figure 1. The plots

of Figure 16A and 16C are for two settings, "X"

and "Y", respectively, of the potentiometer 23

of Figure 1, and these plots are seen to correspond

to the two time domain plots of Figure 3B. The

effect of the introduction of symmetry regulation

into the circuit is illustrated in Figure 16B and

16D. Figure 16B is a time domain plot of the

symmetry regulated choke current for the setting

"X" of the potentiometer 23 in the circuit of

Figure 15 corresponding to the setting "X" Bf

potentiometer 23 in Figure 1 and Fiqure 16D

is a time domain plot of the symmetry regulated

choke current for setting "Y" of potentiometer 23

in the circuit of Figure 15 corresponding to the

setting "Y" of potentiometer 23 in Figure 1.
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Turning to the graph of Figure 16A and
referring to the description of the circuit of
Figure 1, if the potentiometer 23 has a setting
of "X", the control circuit of Figure 1 will
cause the time domain waveform of the choke current
illustrated in Figure 16A to have a peak value
IX. During the time intervai from To to TA,
the choke current decreases as the flyback voltage
in the choke 17 decreases. The time interval
betyeen TO and Ty is a fixed interval determined
by the duration of the astable state of the multi-
vibrator 18. At time TA, the transistor 14 is turned
on, the choke current increases until, at time
X At this time,
the setting "X" of potentiometer 23 causes the

TB’ it reaches its peak value I

circuit to flyback. If the supply voltage from the
source 16 is of sufficient magnitude, the choke
current will increase very rapidly, so that the time

period from T, to TB’ required for the choke current

to increase tﬁ its peak value, after the transistor

14 is turned back on, may be quite short with respect

to the period from TO to TA of the astable state

of the multivibrator 18. Therefore, in the absence

of symmetry regulation, it is seen that the

charging portion of the choke curreht waveform

between TA and TB is much shorter than the

flyback portion of the choke current between time

TO and TA' This corresponds to an on-time of the

transistor 14 which is much shorter than its off-time.
If the symmetry regulated feedback control loop

of Figure 15 is introduced into the lamp control

circuit, as illustrated in Figure 15, the voltage
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Vl supplied to the control circuit will be decreased
by the symmetry control loop. As a result, after
the transistor 14 .is turned back on at time TA'
a much greater length of time is required for the
current in the choke 17 to increase to its maximum
peak value IX determined by the setting X of
potentiometer 23. The on-time of the transistor
is increased as a result of the decrease in supply
voltage, as illustrated in Figure 16B. Note that
the slope of the top of the positive portion of the
choke current waveform in Figure 16B is much more
gradual than the corresponding portion in Figure 16A.
This is a direct result of the decrease of the
supply voltage V1 impressed across the choke
17. The symmetry regulation feedback control loop
of Figure 15 decreased the supply voltage Vl
from the voltage regulator 300 of Figure 15 to
increase time T, to time Tqy precisely so that
(TBl - TA) = ('I‘A - TO). As a result, the
corresponding symmetry regulated voltage waveform
of Figure 16E is exactly symmetrical.

If the setting of the potentiometer 23 of
Figure 1 is changed from setting "X" to a higher
setting "Y", the peak current through the choke
17 will increase from IX to Iy. The choke current
will decrease during the time interval from TO
to TA to a value Iyy, as illustrated in Figure 16C.
When the transistor 14 is turned back on at time
TA, the choke current will increase from IYY
back to its maximum peak value I, determined by
the setting "Y" of the potentiometer 23. 1If
the voltage furnished by the source 16 in the absence
of symmetry regulation is not very large, a long

period of time corresponding to the interval
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Ty to T, in Figure 16C will be reguired for the

currentBin the choke 17 to increase from IYY

to Iy. Therefore, the increasing portion of the
choke current waveform of Figure 16C will last
for a much longer period of time, TA to TB’ than
the decreasing portion of the choke current
waveform of Figure 16C as defined by the time
interval Ty tO Tp. '

If the symmetry regulation control loop of
Figure 15 is now introduced into the control
circuit as illustrated in Figure 15 while the
potentiometer 23 has a setting of "Y", the
symmetry control loop of Figure 15 will cause
the voltage supplied Vl to the lamp circuit to
increase. As a result, a shorter period of time
will be required for the current through the
inductor 17 to increase from IYY to Iy. This
current increase occurs, as shown in Figure 16D,
between time TA and time TBl' Note that the
slope of the top of the positive portion of the
choke current waveform of Fibure 16D between time
T and Tp is much steeper than the corresponding
portion of Figure 16C. This corresponds to the
increase in the voltage Vl impressed across the
choke 17. With the increased setting "Y" of
potentiometer 23, the introduction of the
symmetry regulation control loop causes the time
at which the lamp voltage reaches its peak value
determined by the setting "Y" of potentiometer R
23 to decrease from time TB in Figure 16C to time
Ty in Figure 16D. The symmetry regulation control
loop causes the voltage supplied Vl to the lamp
control circuit from the voltage regulator 300, to be

increased precisely so that the interval defined by
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TA and TB2 equals the interval defined by TO
and TA' As a result, the on-time of the transistor
14 equals its off-time and the lamp voltage waveform
becomes symmetrical, as illustrated in Figure 16F.

‘Figure 17 shows a circuit similar to the

circuit illustrated in Figure 15 but including,

in addition, a reference voltage feedback control
loop and a protective circuit to protect the
transistor 14 in the event that the lamp is removed
from the circuit. The reference voltage control ’
loop minimizes variations in lamp intensity due to
changes in supply voltage, and includes a divider
circuit 400 having one of its inputs 405 connected
to the output 301 of the voltage regulator 300
and its other input 410 connected to a variable
reference voltage source 415. The output 420
is connected to a voltage limiter 425, which, in
turn, is connected to one input of the comparator
20. Voltage VL at the output 420 of the divider
circuit 400 is proportional to the difference
between reference_voltage VR of the reference source
415 and output voltage Vl of the voltage
regulator 301 connected to the inputs 410 and %05,
respectively, of the divider 400.

The divider 400 is shown in detail in Figure
18 as including a differential amplifier having
its negative input 435 connected through a resistor
440 to the input 405 and also connected through
resistor 445 to the input 410. The positive input
450 of the differential amplifier 430 is connected
to the ground 325. Feedback resistor 455
provides scaling of the input voltages VR and Vl
and the output voltage VL‘

The operation of the reference voltage
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feedback control loop (Fig. 17) is as follows:
The variable reference voltage source 415 may be
varied to select voltage V2 at the reference input
of the comparator 20 so that the lamp 11 produces
the illumination intensity desired by the user, as
described above in connection with Figures 1, 2
énd 3f If the output voltage Vl of the voltage
regulator 300 is reduced, the output voltage VL
of the divider 400 will be increased. This is
because the voltage difference between the inputs
410 and 405 will have been increased due to the
reduction in Vl' The resulting increase in
VL will cause a corresponding increase in the
voltage V2 at the reference input to the comparator
20. As described above in connection with Figures
1, 2 and 3, the increase in V2 wiil cause a
corresponding increase in the current flowing to
the lamp 1ll1. The resistors 440, 455, and 455
(Fig. 18) are selected so that the change in V2
precisely makes up for the change in Vl to maiptain
the power supplied to the lamp 11 at a nearly
: - 1 of the

regulator 300 may also increase after the reference

constant value. The output voltage V

voltage VR has been selected by the user. 1In

" this case, the difference between the voltages

at the inputs 405 and 410 sensed by the divider
circuit 400 will be smaller, which will result in
a decrease in Ve and a corresponding decrease in
V2 at the input of the comparator 20. This will
result in a decrease in current supplied to the
lamp 11 in the manner described above in connection
with Figures 1, 2 and 3.

The voltage limiter 425 prevents excessive
current from flowing through the lamp 11l. It has
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already been pointed out that, if a high intensity
mercury vapor lamp is used as the lamp 11, voltage
initially applied to the lamp will cause it to
ionize rapidly, causing an excessively large current
to flow through the lamp while the lamp is still
cold, which may damage the lamp 1ll. In order to
érevent such an occurrence, the voltage limiter
425 clips the voltage v, supplied from the output
420 of the divider 400 to the reference input of the
comparator 20. It has already been seen that the ’
current rhough the lamp 11 is controlled by the
voltage V2 supplied to the reference input of the
comparator 20. Thus, the limiter 425 prevents
excess%ve currents fram flowing to the lamp 11 by
limiting the value of the Vz. The voltage limiter
425 may, for example, be a zener diode 425A
connected between the output 420 of the diviver 400
and ground. The voltage limiter 425 would thus
clip the voltage VL at the output 420 to a maximum
value equal to the breakdown voltage of the diode
425A.

When the gas discharge lamp 11 is in the
warmed-up state and is momentarily extinguished due
to power interruption, the voltage necessary to restart
it is very large. Therefore, flyback voltage from
the inductor. 17 will cause the collector voltage on
the transistor 14 to rise until the breakdown voltage
rating of the transistor 14 is exceeded, causing
damage to the transistor. In order to prevent
damage to the transistor 14 in this manner, a
protective circuit is provided which includes a
metal oxide varistor 27 connected between the
collector of the transistor 14 and input 465 of a
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comparator amplifier 470, Another input 475
of the comparator amplifier 470 is connected to
a reference voltage source 480, and output ‘485
of the comparator amplifier 470 is connected to
input 490 of an astable multivibrator 495. The

.output 500 of the multivibrator 495 is connected

to shut-down terminal 505 of the voltage regulator
300. If the flyback voltage of the inductor 17
exceeds the breakdown voltage of the varistor .
27, the varistor 27 causes a current to flow through
resistor 461, and thus a voltage to appear at the
positive input 485 of the comparator 470.

The voltage of the reference source 480 is selected
to be less than the voltage at the input 465 which
occurs at breakdown of the varistor 27. Therefore,
the comparator amplifier 470 senses a positive
difference between its positive input 465 and its
negative input 475 and therefore causes a positive
signal to appear at its output 485 and at the

input 490 of the one-shot multibibrator 495. This
causes the multivibrator 495 to change state to
produce a negative signal to appear at its output
500 for a predetermined length of time. This
negative signal is conducted to the shut-down

input 505 of the voltage regulator, which causes
the voltage regulator 300 to turn off so that its
oqtput voltage Vl goes to zero. At the end of the
fixed time period of the multivibrator 495, the
multivibrator 495 changes to its stable output
state, and consequently the voltage regulator 300
again supplies power to the lamp 1ll. This cycle
will repeat itself if, for example, the lamp 11

is disconnected or fails to ignite. The breakdown
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voltage of the varistor 27 is preferably selected
to be less than the breakdown of the transistor
14, thus preventing damage to the transistor 14.

This protective circuit is necessary because
the voltage required to ignite the lamp 11 is
much greater when the lamp is warm than when it is
Eold. Therefore, if the lamp is turned off, it is
usually necessary to permit it to cool before -
reigniting. Thus, during the fixed time period
set by the duration of the astable state of the
multivibrator 495, dﬁring which the voltage regulator
300 is shut down, the lamp 11 is permitted to
cool down. Thus, when the regulator 300 is again
permitted to turn on, the lamp 11 will ignite
and begin to conduct before the flyback voltage of
the inductor 17 reaches the breakdown voltage of
either the varistor 27 or the transistor 14. On the
other hand, if the lamp li is either too hot or
is not connected, the shut-down cycle of the protec-
tive circuit will repeat itself.

The voltage regulator 300 of Figure 17, includes
an AC current convérter shown in block diagram
form in Figure 19. Power is supplied to the current
converter from a 60 Hertz current source to the
inputs 600, 605°of the converter. A diode bridge
610 rectifies the 60 Hertz alternating current
from a constant current source connected to inputs
610A, 610B to produce a reactified 60 Hertz
current at outputs 610C, 610D. As will be seen
in the explanation that follows, the current
converter, illustrated in Figure 19 regulates the
power into a load 665 while presenting a purely
resistive input impedance to 60 Hertz -alternating

current across the input terminals, 600, 605,
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The current converter of Figure 19 includes
a power oscillator comprising a choke 615, a
capacitor 620, a transistor 625, a comparator
amplifier 630, and a power amplifier 635. The
inductance of the choke 615 and the capacitance

of the capacitor 620 are preferably selected so

that the power oscillator oscillates to switch
the transistor at a frequency of approximately 20
kiloHertz.

A sinusoidal 60 Hetrtz rectified current is
produced at the output terminals 610C, 610D of the
diode bridge 610. Current flows from output
terminal 610D, charges capacitor 626, and flows
through inductor 615. If the transisfor 625 is
on, the current flows from the inductor 615 to
ground 640 where it returns through grouﬁd 645
and resistor 650 to the terminal 610C. If, on
the other hand, the transistor 625 is off, the current
flows through diode 655 and is divided between
capacitor 660 and the load 665. The current returns
from ground 670 to ground 645, through resistor 650,
and back to the diode bridge terminal 610C.

It may be seen that the proportion of the current
flowing from the diode bridge terminal 610D

through the load 665 is determined by the duty

cycle of the transistor 625. Thus, the current
converter controls the amount of current supplied to
the. load 665 by controlling the duty cycle of the
transistor 625.

The base voltage of the transistor 625 is
controlled by a comparator amplifier 630 through' an
inverting amplifier 635 connected to the base of the
transistor 625. The negative input 675 of the

comparator amplifier 630 is connected to the output
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terminal 610D through voltage divider resistors
680, 685. The positive input 690 to the comparator
amplifier 630 receives positive feedback from the
output 695 of the comparator amplifier through
voltage divider resistors 700, 705. The comparator
amplifer 630 has a saturated output voltage which
shall be denoted Vp. If the voltage VA on the
negative input 675 exceeds the voltage VB on the
positive input 608, the comparator amplifier 630 will
saturate to its maximum negative output, éVb by
virtue of the positive feedback to the input 690.
Thus, the voltage at the output 695 will be equal
to —V?. On the other hand, if the voltage VA
at the negative input 675 is less than the voltage
VB at the positive feedback input 690, the
comparator amplifier 630 will saturate to maximum
positive output so that the voltage at its output
695 will be +Vp. The output voltage i-Vp of the
comparator amplifier 630 is inverted and amplified
by the amplifier 635 and applied to the base of
the transistor 625. The positive feedback voltage
applied to the positive input 690 is divided
by the resistors 700, 705 to: vy (R705/ (Rygg *
R705)). The comparator 630 will switch between
its most positive and most negative output voltages
+Vp and —Vb, whenever the voltage VA at the negative
inpqt 675 is equal to Vp (R705/(R700 + R705)).
If the power oscillator is to oscillate by switching
the transistor 625 at a frequnecy of 20 kilohertz,
the output of the comparator amplifier 630 at its
output terminal 695 must switch back and forth
between +Vp and -Vp,at the same frequency. This;
in turn, requires that the voltage at the negative
input terminal 675 must oscillate at a frequency

of 20 kilohertz between +Vp (R705 /(R700 + R705))
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and —Vp ( R705 /(R700 + R.705

seen that the voltage at the negative input terminal:

}). Therefore, it is

675 averaged over one oscillation period must be
zero. From this, it follows that the input

impedance presented to the 60 Hertz current source

‘across the input terminals 600, 605 is purely resistive,

which shall be shown as follows.
The current flowing through the diode bridge
615 between its terminals 610D and 610C shall be
defined as IN. The value of the resistors 680, _
685 is preferably much larger than the value of the
resistor 650 or the resistance of the load 665.
Furthermore, the capacitor 620 is preferably
selected so that it offers a very high impedance
to the 60 Hertz rectified current flowing from the
terminals 610D. Therefore, it is seen that voltage
VC’ at the terminal 610C may be defined as follows:
Ve T "Reso Iy
It has already been seen that the voltage

. supplied to the negative input terminal 675 averaged

overa a 20 kilohertz oscillation cycle must be
7157 at node 715
must be zero when averaged over an oscillation

zero, and therefore voltage V

period. If the voltage at the output terminal
610D is defined as VD, it may be easily shown from
the- foregoing that:
Vp = Rgso Iy ((Rggo/Rggs) T1)
Defining the input voltage between the input

terminals 600, 605 to be V_, it is seen that:

N
VN = VD - VC.
From this it follows that:
Yy = Iy Rgso ((Rggo/Rggs) + 1)

Recognzing the ratio of Vy to IN as the

resistance between the terminals 600, 605, it is
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seen that the current converter of Figure 8 offers
a purely resistive input impedance to the 60-Hertz
current source connected to the input terminals 600,
605, and that this reisstance is determined by the
resistance of the resistors 650, 680, and 685.
This feature is particularly advantageous in

' the voltage regulator 300 because it substantially

eliminates the occurrence of reactive power losses
typically present whenever reactive components, such
as inductors or capacitors, change the phase of

the current with respect to the voltage, resulting -
in inefficient use of the electrical power.

From the foregoing, it may be easily shown
that the power consumed by the voltage regulator
300 incorporating the current converter of Figure 8
is:

By Iy = Iy Reso ((Rgho/Regs) + 1)

From this it is seen that the power consumed
by the current converter is independent of the
resistance of the load 665, and thus the current
converter of Figure 19 regulates the power.consumed
and prevents changes due to load resistance
variations.

Figure 20 illustrates various current and
voltage waveforms in various points in the current
converter near the diode bridge 610. The input
current I supplied to the input terminals 600,

605 is illustrated in Figure 20A as a 60 Hertz
sinusoid. In Figure 20B, the voltage at the
terminal 610C, VC

equal _IN-XRGSO' is plotted as a rectified 60-Hertz

; which has been seen to

sinusoid of negative polarity. As discussed

above, V

p is equal to IN R650 ((RGSO/R685) +1), and
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--VD is plotted in Figure 20C as a 60-Hertz

sinusoid of positive polarity. The current flowing
from the terminal 610D to the terminal 610C is
a function of IN and is plotted in Figure 20D
as a 60-Hertz rectified sinusoid of positive
'polarity. Figure 20E is a plot of VN, as it
appears across the inputs 600, 605. It is
significant that the waveform of the plot of
Figure 20E is in phase with the waveform of the
plot of Figure 20A, because the input voltage and
the input current are in phase with one another.
This in-phase relationship is a result of the fact
that input impedance presented by the current
converter of Figure 19 to the 60-Hertz input current
at the input terminals 600, 605 is purely resistive.
This assures maximum efficient use of power by
the current converter and prevents reactive power
losses.

A description of the operation of the power
oscillator of the current converter of Figure 19
méy begin with a current ID flowing from the terminal
610D and a voltage VA at the negative input 675 _
to comparator 630 which is greater than the positive
feedback voltage VB at the positive input terminal
690. The comparator 630 will sense a negative
difference at its inputs and produce a negative
output voltage —VP ar its output 695. The amplifier
635 will invert the Vp output voltage to a positive
voltage and this positive voltage will be applied
to the base of the transistor 625. The transistor
625 responds to the positive voltage at its base.
by turning on and conducting current to ground 640.

Thus, the current I, will flow through the

N
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transistor 625 tO ground 640. This current returns
through ground 645 through resistor 650 to the
return terminal 610C. The capacitance of the
capacitor 620 is preferably selected to operate
a high impedance to the 60-Hertz current but
provides some cmoothing to the 60-Hertz ripple
in IN. Thus, the 60-Hertz IN essentially does not
flow through the capacitor 620. Because the
transistor 625 has been turned on, the current
IN is permitted to bypass the resistance of the
load 665, and is offered a lower resistance path
directly through the resistor 650 and back to the
return terminal 610C. As a result, the current
through the inductor 615 increases, causing the
capacitor 620 to discharge through the inductor 615
to contribute to the increased current drawn through
the inductor 615. As a result, the potential
across the resistor 720 decreases and becomes negative
as the capacitor 620 discharges. Likewise, the
voltage at the negative input 675 to the comparator 630
decreases and becomes negative. The negative
voltage at the input 675 will continue to
increase in magnitude until it equals the negative
voltage supplied through the feedback resistor 700
to the positive terminal 690, --Vp (R705/(R700 +
R705)). As soon as the comparator 630 senses that
the voltage at its two inputs 675, 690 are equal,
it switches to its most positive input voltage,
+Vp. The positive output voltage Vb %s inverted
and amplified by the amplifier 635 and applied to the
base of the transistor 625. The resulting negative
voltage causes the transistor 625 to turn off,
thereby forcing the current through the inductor
615 to be divided between the capacitor 660 and
the load 665. ! ;




WO 79/00449 ' PCT/US78/00254

10

15

20

25

30

35

67
At this point, the current flowing from the
terminal 610D through the inductor 615 is now presented
with a higher resistance, aﬁd it therefore begins
to decrease over a period of time at a rate controlled
by the inductance of the inductor 615. as a

result of this decrease in current, the capacitor 620

‘no longer discharges but instead begins to be

charged by current flowing from the terminal
610D. As a result, the voltage across the capacitor
620 begins to increase. This causes an increase in -
voltage aéross the resistor 720 and an increase

in the voltage VD at the terminal 610D. The

voltage VA at the 'negative input 675 of the
comparator 630 begins to increase, and continues to
increase until it equals the voltage Vé at the
positive feedback terminal 690. As soon as the
voltage at the negative input 675 has incrgased

to equal the voltage at the positive feedback

input 690, the comparator 630 changes state so

that its output saturates to —Vp, and the entire

cycle repeats itself. The comparator 630 switches its
output between +Vp~and —Vp_at a frequency of
approximately 20 kilohertz, which is a frequency
controlled by the inductance of the inductor 615

and the capacitance of the capacitor 620. The
frequency of the oscillation, while preferably

near 20KHz, is also préportional to the 60

Hertz input current IN flowing from the terminal

610D. Thus, the power oscillator will oscillate

in the ébove-described manner at a frequency

slightly less than 20 KHz when the 60 Hertz current

IN nears its minimum value and will oscillate at

a frequency somewhat greater than 20KHz when I

N
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reaches its peak value. Thus, the oscillation
frequency of the power oscillator is slightly
modulated by the 60 Hertz line frequency cycle.

Figure 21A is the same plot as Pigure 20A
except that the time scale is greatly expanded so
that the 60 Hertz sinusoid appears to be a straight
line. Figure 21B illustrates the voltage across
the transistor 625. The waveform of the transistor
voltage is a nearly square wave having a frequency
of 20 kilohertz corresponding to the frequency
of the power oscillator. Figure 21C illustrates
three plots. The jlot labeled V720, Fig. 21C,
is a plot of the voltage across the resistor 720
as a function of time. This clearly shows that
when the transistor is turned on at time TO’ the
current discharging through the capacitor 620
causes the voltage V_/.20 across the resistor 720
to decrease and become more negative until the
comparator 630 switches at time Tl‘ At time Tl'
the transistor is turned off, and the capacitor
620 begins to charge, causing the voltage V720
across the resistor 720 to increase until it becomes
positive. As is apparent in Figure 21C, the

voltage V increases until the comparator 630

switches gigk to its negative output state. As
previously discussed, the capacitance of the
capacitor 620 is preferably selected so that
variations in voltage across the capacitor are
minimal and the capacitor offers insignificant
impedance to the 20 KiloHertz oscillating current.
Accordingly, in Figure 21C, the plot of the voltage
across the capacitor, labeled V620; appears as a
straight line. BAnother plot in Figure 21C is

labeled VD’ the voltage at the output 610D.
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VD is the sum of the voltage across the capacitor,
V62O’ plus the voltage across the resistor
V720 and is superimposed on the two plots, V250
and V620 in Figure 21iC. ’
The plot of Figure 21D illustrates the voltage
.VA at the negative input to the comparator 630

and the voltage VB at the positive terminal 690 of

the comparator 630. VB alternates between -VP

( Rgg5/R70q + Rygs)) and +V, (Ryqs/ (Rygq+Rygg))

VA must oscillate between these same two limits.
Figure 21D clearly shows that the comparator

630 changes state only when VA = Vé, which occurs
alternately at the upper and lower peak voltages

of VB. This, it_is apparent Fhat VA is constrained
to the upper and lower limits of VB. It may be
easily shown that the positive and negative peak

values of the voltage V720 are plotted in Figure 21C

are constrained to in ( R705/(R700 + R705))

(Rggo * Rggs/Regs) -

Thus, the magnitude of the oscillation of the
power oscillator is controlled by the maximum
voltage output Vplof the comparator 630. The
resulting current waveforms are illustrated in
Figure 21E. The plot labeled in Figure 21E as -

€20 is defined as the current through the capacitor

620. As already discussed, the capacitor 620
presents a very high impedance to the 60 Hertz
input current IN but presents a very low impedance
to the 20 kilohertz oscillating current. Therefore,
the current 1620 through the capacitor 620 oscillates
at a frequency of 20 kilohertz about zero. The
current 1615 through the choke 615 is equal to
the difference between the input current IN
flowing through the output terminal 610D and the

current 1620 flowing through the capacitor 620.
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Therefore, the plot labeled 1615 in Figure 21E
may be derived by subtracting the plot of 1620
in Figure 21E from the plot of the current Iy
in Figure 21A. Figure 21E shows that while the
current I615 to the inductor 615 is always positive,
the 20 kHz oscillation in 1615 causes the current

620 through the capacitor 620 to oscillate about
zero current.

.Figure 21F is a plot of the current through

the transistor 625, and it is seen that during the
time that the transistor 625 is turned on, between‘
time To and Ty the current through the transistor
625 follows the current 1615 through the inductor
615 plotted in Figure 21E. The current through the
diode 655 is plotted in Figure 21G and it is seen
that the current through the diode 655 follows the
current 1615 through the inductor 615 while the
transistor 625 is turned off. The current
through the diode 655 is divided between the load
665 and the capacitor 660. Because the relationship
ENIN = IN2 I&SO (( R480/R485 ) + 1) was established
supra, defining the input power, and because it can
be shown that thé losses in inductor 415,
transistor 425 and diode 455 are small, and
relatively constant, it follows that the output
power is constant and the output current Il and
voltage Vl may be controlled by controlling the
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resistance of R685' In fact, the resistance of
may be varied in a feedback control loop

R
dgzigned to control the output current or voltage
of the current convertef of Figure 19. Such a
concept is illustrated in Figure 22, '
. In Figure 22, the resistor 685 is replaced
instead by a field effect transistor 740. In
the exemplary embodiment of Figure 22, the
transistor 740 is an N-channel field effect
transistor. The feedback control loop consists of
a differential amplifier 745 having its negative
input 750 connected to output 755 of the current
converter of Figure 19, Positive.input 760
of the amplifier 745 is connected to a reference
voltage Vs' The output 770 of the amplifier 745
is connected to the gate of the field effect
transistor 740. The current converter of Figure
19 together with this feedback loop comprise thé
voltage regulator 300 of Figure 15. The feedback:
loop, including the amplifier 745 acts as a supply
voltage feedback control loop and controls the
output voltage V1 at the output of the voltage
regulator of Figure 22.

The operation of the feedback loop is as follows.
If Vi exceeds Vgr the amplifier 745 will sense a
negative difference between its inputs 750, 760 and
will produce a negative voltage at its output
770 proportional to the difference between Vg and
Vl. This negative voltage is applied to the gate
of the field effect transistor 740, which causes the
resistance of the transistor 740 to increase. This
is equivalent to an increase in the resistance of
R585 in Figure 19. The peak value of 1615' being

inversely proportional to R , will be decreased.

685
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Likewise, if the output voltage Vl is less than
Vg1
between its inputs and apply a positive voltage
5 to the gate of the field effect transistor 740,
thereby causing a decrease in the resistance of

the amplifier 745 will sense a positive difference

the field effect transistor 740. This will cause

a consequent increase in the power delivered to the

load 465.. It has already been seen that this power
10 varies according to the ratio of l/R685. Variations

in the resistance of the field effect transistor

740 are equivalent to the variation in the r-sistance

of R685’
consequently the voltage V1 supplied to the load

Thus, it is seen that the output power and

15 665 are readily controlled by controlling the
resistance of the field effect transistor 740
in the supply voltage feedback control loop.
A high frequency symmetry regulated lamp
control circuit illustrated in Figure 24 has been
20 built to include the foregoing featues, and Figure
23 is a simplified block diagram of that eircuit.
Essentially, the circuit of Figure 23 includes the
circuit illustrated in the block diagram of Figure
17 in which the voltage regulator of Figure 22 is
25 used as the voltage regulator 300 of Figure 17.
Thus, the circuit of Figure 23 is a combination of
-the circuits illustrated in Figures 15 and 22, and
includes,_in addition, an over-voltage detector
800 which protects the electrolytic capacitor 600,
30 and a 6 volt DC power supply 805 to operate the
electronics in the various components of the circuit

in the block diagram of Figure 22.

35
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In Figure 23, the supply voltage feedback
control loop includes a symmetry detector 355 having
its input 355a connected to the collector of transistor
5 14 and its output 355b connected to the gate of the
field effect transistor 740. As discussed above, in
connection with Figures 19 and'22, the field effect
transistor 740 replaces the resistor 685 of Figure
19 to provide variable control over the value of
10 the output voltage V;. It will be remembered that
the value of V; is controlled by the ratio '
is

(R680 * Rggs) / Regse The value of Rgqc

controlled by changing the resistance of the transistor
740.
15 The details of the symmetry detector 155 are
best seen by reference to Figure 13. Figure 13
shows that the symmetry detector 155 includes an
amplifier circuit 610 having its input 610a connected
to the collector of the transistor 14. Output 610a
of the amplifier circuit 610 is connected through

resistor 615 to resistor and capacitor pairs 620,

20

625 and 630, 635. Both capacitor resistor pairs,

620, 625, and 630, 635 are connected between ground

640 and the positive input to amplifier 645. The
25 output of amplifier 645 is connected across
capacitor 650 to the gate of the field effect
transistor 540.

The amplifier circuit 810 produces an output
voltage of plus 6 volts at its output 810b whenever
30 the transistor 14 is off, and produces an output
voltage of minus 6 volts at its output 810b whenever
the transistor 14 is on. The current flowing from
the output 810b charges the capacitors 825, 835
to a positive or negative voltage depending upon
the polarity of the voltage at the output 810b. It

follows that the magnitude and polarity of the

35

voltage on the capacitors 825, 835 is determined
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by the difference between the off time of the
transistor 14 and its on time. Thus, if the on
time of the transistor 14 is greater than its off
3 time, the voltage across the capacitors 825, 835
will be negative, since a negative charge will be
accumulated at the ungrounded plates of the
capacitors 825, 835. On the other hand, if the
off time of the transistor 14 exceeds its on time,
10 a net positive charge will be accumulated at the
ungrounded plates of the capacitor 825, 835, and a-
positive voltage will appear across these capacitors.
The voltage appearing across the capacitors 826,
835 is amplified and scaled by the amplifier 845.
15 The output of the amplifier 845 is applied across
- the capacitor 850 to the gate of the field effect
transistor 740. If the off time of the transistor
14 exceeds its on time, it is seen that the output
of the amplifier 845 wiil be positive, and will
20 cause the voltage across the capacitor 850 to
increase to a higher positive value. The transistor
740 in the embodiment of Figure 24 is preferably a
P-channel field effect transistor. Therefore, the
increasingly positive voltage across the capacitor
25 850, which is applied to the gate of the transistor
740 causes the resistance of the transistor 740 to
increase. As discussed above, the output voltage
vy of the voltage regulator 300 is controlled by
the resistance of the transistor 740, and therefore
30 Vy will decrease. The on time of the transistor 14
will begin to increase, causing a corresponding
decrease in the positive voltage across the
capacitors 825, 835 and a corresponding decrease in
the positive output voltage of the amplifier 845.
35 Thus, the rate at which the capacitor 850 is charged
slowly decreases until the on time of the transistor

14 is nearly equal to its off time. At this point,
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the net charge accumulated on the capacitors 825,
835 is almost zero. Thus, the amplifier 845 no
longer increases the voltaée across the capacitor
850 and therefore the voltage applied to £he gate
of the transistor 740 becomes constant. This
stabilizes the transistor 740 and stabilizes the
output voltage 41 of the voltage regulator 300. At
this point, V, equals VS’ the symmetry voltage of
10 the lamp.

Conversely, if the on time of the transistor
14 is greater than its off time, a negative voltage
will begin to appear across the capacitor-.825, 835,
causing the output from the amplifier 845 to become
15 negative, Thus, the amplifier 845 begins to decrease
the voltage across the capacitor 850 and. continues
to do so until the resistance of the transistor
745 has increased sufficiently to cause the output
voltage Vl of the voltage regulator 300 to decrease,
20 causing a corresponding increase in the on time of
the transistor 14. The feedback loop is stabilized
as soon as the on time has increased to equal the
off time of the transistor 14. At this point, the
net voltage across the capacitor 825, 835, is null,
25 and, as a result, the amplifier 845 no longer reduces
the charge on the capacitor 850. Thus, the voltage
at the gate of the transistor 740 and the corresponding
resistance of the transistor 740 is stabilized
corresponding to a stabilized value of the output
30 voltage V; which is equal to the symmetry voltage
Vg of the lamp. '

A shut-down circuit is illustrated in the
detailed schematic in Figure 24 and includes a
comparator circuit 900, a reference voltage source
35 901, a varistor 902, a multivibrator circuit 903

connected to amplifier circuit 635, and is somewhat
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different from the shut-down circuit discussed
above in connection with Figure 17. As discussed
above in connection with Figures 19 and 22, the
output of the comparator 630 is conditioned by the
amplifier circuit 635 to control the transistor
625. As discussed above in connection with Figure
17, the shut-down circuit operates to shut-down
the output of the voltage regulator 300. The
shut-down circuitry of Figure 24 is shown in
simplified block diagram form in Figure 25. The
varistor 902 is connected between the collector of.
the transistor 14 and the input to the multivibrator
circuit 903. The output of the multivibrator circuit
903 is connected to the amplifier 635. Another input
to the multivibrator circuit 903 is controlled by
the output of the comparator 900. . One input of the
comparator amplifier 900 is connected to the output
755 of the voltage regulator 300. The other input '
to the comparator amplifier 900 is connected to the
reference voltage source 90l. The shut-down
circuit illustrated in Figure 14 will null the output
voltage Vl at the output 755 of the voltage
regulator 300 for a duration of predetermined length
if either the output voltage V, of the voltage
regulator 300 exceeds a magnitude defined by the
reference voltage source 901 or if the collector
voltage of the transistor 14 exceeds the breakdown
voltage of the varistor 902. The operation of the
shut-down circuit is as follows. The comparator
amplifier 900 produces a voltage output which is
proportional to the voltage difference between its
two inputs. If the output voltage V, of the

 voltage regulator 300 exceeds the magnitude defined

by the reference voltage source 901, the comparator
amplifier 900 will output a positive voltage to the
input of the multivibrator circuit 903. The
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multivibrator circuit 903 will respond by changing
state to produce an output signal to the amplifier
635 which causes the amplifier 635 to hold the
voltage at the base of the transistor 625 to a

positive value in order to hold the transistor 625

~on. At the end of a predetermined length of time,
/
- the multivibrator returns to its original state,

so that the amplifier 635 no longer holds the
transistor 625 in its on state. While the

transistor 625 is held in its on state, all the
current flowing through the inductor 615 is returned
to ground through the transistor 625, thereby causing
the output voltage-V; of the voltage regulator 300

to drop to zero. Thus, the output voltage is nulled
during the predetermined length of time defined by
the astable state of the multivibrator circuit 903.
Similarly, if the collector voltage of the transistor
14 exceeds the breakdown voltage of the varistor

902, the varistor 902 will break down causing this
voltage to appear at the input to the multivibrator
circuit 903. Again, the multivibrator circuit 903
will switch to its astable state and cause the

output voltage Vl to be zero for a predetermined
length of time in the same manner. The comparator
amplifier 900 prevents the output voltage Vl from
exceeding the capacity of the capacitor 660, thereby
protecting the capacitor 660. This is an important
feature because the capacitor 660 is preferably a
large electrolytic capacitor which smooths the
output voltage V; of the voltage regulator 300. The
varistor 902 prevents the collector voltage on the
transistor 14 from exceeding the breakdown voltage

of the transistor. Preferably, the breakdown voltage
to the varistor 902 is less than the breakdown
voltage to the transistor 14. This feature is
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useful because, if the lamp 1l were to be
nonetarily disconnected then reconnected, the
re-ignition voltage of the warm lamp 11 would
5 exceed the breakdown voltage of the transistor
14. The shut-down circuit of Figure 25 causes
the voltage regulator 300 to turn off before the
collector voltage can damage the transistor 14.
It shuts the voltage regulator 300 off for the
10 predetermined length of time defined by the
multivibrator circuit 903 during which the lamp -
11 has an opportunity to cool. When the lamp 11 .
has sufficiently cooled, its re-ignition voltage is
less than the breakdown voltage of the transistor
15 14, and the voltage regulator 300 may then be
turned back on. The shut-down circuit may cycle
several times while the lamp 11 has a chance to
cool sufficiently.
While Figure 24 illustrates the currently
20 preferred embodiment of the invention, it should
bé recognized that the invention may be implemented
in a number of different ways to provide a symmetry
regulated voltage source. For example, in the
embodiment of Figure 24 the field effect transistor
25 740 is a p~-channel FET, whereas, if the output
of the symmetry detector 355 is inverted, the
transistor 740 may be an N-channel FET.

30

35
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E. CAPACITIVE DISCHARGE IGNITION CIRCUIT AND
CONSTANT POWER REGULATION -

The control circuit of Figure 1 is particularly

5 suited for use with low intensity, low pressure
mercury vapor fluorescent lamps. However, when
used to control various other types of gas discharge
lamps such as high pressure mercury vapor, high
or low pressure sodium, and metal Halide lamps,

10 sigﬁificant problems may arise.

One problem with the lamp control circuit of

Figure 1 is that, if the lamp voltage illustrated
in Figure 3D during the flyback mode of the circuit
from TO to TA is of insufficient magnitude to ignite

15 lamp 11 when the switch 19 is first closed, then
other means must be provided to furnish a sufficiently
high voltage to ignite the lamp when the circuit
is first activated. A typical high intensity
discharge lamp such as a 400-watt high pressure

20 sodium lamp, requires approximately 2500 volts
across the lamp in order to ignite the lamp. One
solution may be found by looking to prior art
fluorescent lamp ballasts which operate at 60-Hertz
and which must of necessity use very large and

25 heavy inductors. In these prior art ballast
circuits, the common technique for igniting the
fluorescent lamp is to connect the secondary winding
of a step-up transformer in series with the lamp,
and connect the primary winding to a capacitive

30 discharge device. Such a scheme presents
insignificant problems in these prior art heavy
ballast circuits because the additional inductance
of the secondary winding is small compared to the
inductance already present in the ballast.

35 Furthermore, these prior art 60-Hertz ballast
circuits do not fly back, as does the 20-kHz

lamp circuit of this invention. As will be seen
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in a later portion of this description, the flyback
cycle of the lamp control circuit of this invention
Ccreates special problems when the step-up
transformer is introduced.

Figure 26 illustrates a circuit which provides
the ignition voltage of 2500 volts in a lamp control
circuit similar to the control circuit as
illustrated in Figure 1 but using a high voltage
ignition circuit similar to that used with prior
art lamp ballast circuits. The high voltage
ignition circuit includes a step~-up transformer
950 having a primary winding 951 and a secondary
winding 952. The secondary winding 952 is
connected in series with the gas discharge lamp
11 while the primary winding 951 is connected to a
pulse voltage source 953, which may, for example, be
a capacitive discharge device. Control circuit 949
of Figure 26 includes the control components of
Figure 1 including the multivibrator 18, the
comparator amplifier 20, the potentiocmeter 23, and
the reference voltage source 24.

The pulse transformer 950 has a step-up
ratio which is sﬁfficient to provide 2500 volts to
the lamp 1ll. Thus, when it is desired to ignite
the lamp 11, the capacitive discharge device 953
provides a high voltage pulse to the primary windings
951, which is stepped up by the pulse transformer
950 to approximately 2500 volts across the secondary
winding 952, This 2500 volts appears across the
lamp 11, and causes the gas inside the lamp 11 to
begin to ionize. If the first voltage pulse from
the capacitive discharge device 953 is insufficient
to completely ignite the lamp, the process will be
repeated until ionization in the lamp is complete and
the lamp 11 begins to conduct. At this point, the

remainder of the control circuit may begin to function
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as described above in connection with Figures 1,
2, and 3.

Unfortunately, the control circuit of Figure
26 has the disadvantage that, after the lamp 11
has ignited, current through the lamp 11 will cause
a current to be induced through the primary winding
951 having a large magnitude corresponding to the
large step-up ratio of the transformer 950. As a
result, a significant power loss will occur through
the transformer 950. This will decrease the
efficiency of the control circuit of Figure 26
significantly. A solution to this problem is to
provide a switch 954 which may be opened to prevent
current from flowing through the primary winding 951.
However, after the switch 954 has been opened, the
secondary winding 952 now acts as a large inductor
in series with the lamp in addition to the
inductor 17.

At this point, the undesirability of applying
the starting circuit used in prior art 60-Hertz lamp
ballast circuits to the high frequency switching
circuit of Figure 1 is apparent. One significant
feature of the high frequency switchingréircuit of
Figure 1 is that the circuit flies back at a
frequency of 20-kiioHertz, and as a result the
inductance of the inductor 17 may be very small in
comparison with the large inductors typically used
in prior art 60-Hertz lamp ballast circuits. Because
the lamp bﬁllast circuits of the prior art typically :
have large inductors, introduction of the secondary
winding of the step-up transformer of the ignition
circuit did not represent a significant increase
in the inductance of the circuit, and therefore,
introduction of the high voltage ignition circuit
into the prior art ballast circuits did not change the

operation of these circuits significantly. 1In
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contrast, the addition of the secondary winding
952 to the 20~kiloHertz lamp control circuit of
Figure 26 represents a significant increase in the
inductance in the circuit because the inductor .17
is relatively small. Furthermore, unlike the
60-Hertz ballast circuits of the prior art, the
20-kiloHertz control circuit of Figure 1 flies

‘ back each 20-kiloHertz cycle. This creates

special problems in introducing the step-up
transformer 950 in series with the lamp 11 which
are peculiar to the 20-kiloHertz control

circuit of Figure 26, and which were not
encountered with the prior art 60-Hertz ballast
circuits. During the flyback cycle of the
20-kiloHertz control circuit of Figure 26, when the
transistor 14 is turned off, the flyback voltage

of the inductor 17 must cause a reversal of the
direction of the current in the lamp 11. The magnetic
field in the secondary winding 952 opposes the
current flowing through the lamp 11 during this
flyback cycle, thereby increasing the impedance

to the current flowing through the lamp 11, thus
reducing the effiéiency of the control circuit of
Figure 26. Furthermore, the inductance of the
secondary winding 952 represents a significant
increase in the total inductance of the control
circuit of Figure 26, which corresponds to a
significant increase in the flyback voltage
impressed across the transistor 14 and the varistor
27. This increase in flyback voltage causes the
varistor 27 to conduct more current to ground during
the flyback cycle of the circuit of Figure 26,
representing a further loss in efficiency of this
circuit of Figure 26. Thus, it is apparent that
introduction of the high voltage ignition circuit

used in prior art 60-Hertz ballast circuits into




WO 79/00449 PCT/US78/00254

10

15

20

25

30

35

83

as illuscrated in Figure 26, significantly reduces
the efficiency of the 20-kiloHertz lamp control
circuit.

The circuit of Figure 27 illustrates an
embodiment of the invention in which the foregoing

problems are solved. The control circuit of

Figure 27 includes a lamp control circuit similar

to the lamp control circuit of Figure 1, and
further includes a pulse transformer 950 having
its primary winding 951 connected across a pulse
voltage source 953 such as a capacitive discharge
device and a secondary winding 952 connected in
series with the lamp 1l. In addition, the circuit
includes a rectifying diode 955 connected across
the secondary winding 952, and a control circuit
956. .

The diode 955 may be any rectifying means, and
has its polarity disposed so as to permit current
flowing from the inductor 17 to the lamp 11 when
the transistor 14 is turned off to flow through the
diode 955 and bypass the secondary winding 952
and provides an alternate path for current flowing
in the secondary winding 952 during the flyback
cycle. The diode 955 maintains a substantially
constant current through the secondary winding 952
so that the winding 952 does not present any
substantial impedance or energy loss during the
charging cycle of the circuit. This feature
substantially prevents the inductance of the secondary
winding 952 from affecting the operation of the lamp
control circuit during its normal operating mode
after the lamp 11 has been ignited.

A control circuit 956 controls the operation
of the pulsed voltage source 953. The control
circuit 956 has one of its inputs 956a sensing the
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collector voltage on the transistor 14, while its
other input 956b senses the output from the control
circuit 949 to the base of the transistor 14.

Operation of the circuit of Figure 27 is as
follows. When the circuit is first activated and
the lamp 11 is to be ignited, a large flyback
voltage appears across the transistor 14 as

discussed above in connection with Figures 1, 2,

and 3. Input 956a and the control circuit 956

sense that the lamp 11 is off by sensing this large
collector voltage, which means that the voltage source
953 must be activated to ignite the lamp. The

control circuit 956 will activate the pulse voltage
source 953 only after the transistor 14 is turned

back on, in order to prevent the large ignition
voltage from the pulse transformer 950 from imposing

a large collector voltage on the transistor 14.

When the transistor 14 is on, this is sensed at the
input 956b of the control circuit 956 by sensing

the output voltage of the control circuit 949 +o the
base of the transistor 14. At this time, the control
circuit 956 causes the pulsed voltage source 953 to
impose a voltage in the primary winding 951, which is
of sufficient magnitude to cause an ignition voltage
of 2500 volts on the secondary winding 952. This
ignition voltage causes the gas - in the lamp 11 to
begin ionization. If this ionization is not complete,
then during the next cycle of the lamp control circuit
the control circuit 956 will again sense that the lamp
is still nonconducting by a high collector voltage

of the transistor 14 sensed at input 956a. Again, as
soon as the base voltage of the transistor 14,

sensed by input 956b, indicates that the transistor

14 is on, the control circuit 956 will reactivate

the pulsed voltage source 953 causing the pulse

transformer 950 to produce a 2500-volt ignition
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pulse for a duration determined by the pulsed
voltage source 953, This cycle will repeat itself
until the lamp 11 has ionized sufficiently to permit
a normal driving of the lamp 11 with only the
driving circuit 949,

This circuit has the advantage that, after the
lamp 11 is ignited, the inductance of the secondary
winding 952 does not affect the operation of the
lamp control circuit. The operation of the circuit
of Figure 27 when the lamp 11 is ignited is as
follows: After ignition of the lamp 11, the control
circuit of Figure 27 assumes its normal oprating
mode similar to that described above in connection
with Figures 1 and 2, and the secondary winding 952
effectively becomes an inductor, as the control
circuit 956 opens the primary winding 951 to
effectively take it out of the circuit. During the
charging portion of the 20-kiloHertz cycle of the
control circuit of Figure 27, when the transistor
14 is on, current flows from the powér supply 16
and is divided between the inductor 17 and the lamp
1ll. Part of the current flows through the inductor
17 and the transistor 14 to ground, while the
remaining current flows through the lamp 11, the
secondary winding 952, and the transistor 14 to
ground. During this charging cycle, the current
through the transistor 14 will increase as the
magnetic fields in the inductor 17 and the secondary
winding 952 increase. During fhe flyback portion of
the 20-kiloHertz cycle of the control circuit of
Figure 27, when the transistor 14 is off, the
current flowing through the inductor 17 flows through
the diode 955 and the lamp 11, thereby completely
bypassing the secondary winding 952. As a result, the
magnetic field in the secondary winding 952 cannot

oppose the current flowing through the lamp 11 during

the flyback cycle. Furthermore, the diode 955 shun
BUREA[
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the current flowing in the secondary winding
952, thereby preventing this current from affecting
the operation of the control circuit of Figure 27.
As a result, the current through the secondary
winding 952 does not significantly decrease during
the flyback cycle. Therefore, when the transistor
14 is again turned back on, the current supplied
from the power source 16 flowing through the lamp
11 is not required to significantly change the
current flowing through the secondary winding 952.
As a result, current in the secondary winding remains
fairly constant and the éecondary winding 952 does
not present a significant impedance to the current
flowing through the lamp 11 during the charging
portion of the 20~kiloHertz cycle. Therefore,
the secondary winding 952 does not absorb significant
power from the power source 16.

It is now apparent that the shunting diode 955
prevents the inductance of the secondary wiﬁding 952
from affecting operation of the control circuit of
Figure 27 during either the charging portion or the
flyback portion of the 20-kiloHertz cycle. )
Furthermore, because the diode 955 shunts the current
across the secondary winding 952 during the flyback
cycle, the inductance of the secondéry winding 952
does not contribute to the flyback voltage across
the transistor 14. Instead, only the inductor 17
contributes to the flyback voltage across the
collector of the transistor 14, as in the circuit
of Figure 1, even though the circuit of Figure 27
includes the pulse transformer 950 in series with the
lamp 11 having a very high step-up ratio. This
invention thus includes a source producing a high
ignition voltage across the lamp 11 which does not
increase the flyback voltage in the lamp control

circuit.
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Another problem inherent in the control circuit
of Figure 1 is that the power consumed by the
circuit is dependent upon .the effective resistance
of the gas discharge lamp 1l. It is well known that
if the control circuit oscillates at a high
frequency, the lamp 11 may be characterized as a
resistor. For high pressure mercury vapor lamps,
this equivalent resistance is relatively
constant over the life of the lamp. The problem
arises when a high pressure sodium lamp is used
as the lamp 1l in the circuit of Figure 1. The
resistance of high pressure sodium lamps increases’
over the life of the lamp. For example, if the lamp
1l in Figure 1 is a high pressure sodium lamp,
and if the potentiometer 23 of Figure 1 is
first adjusted so that the control circuit of
Figuré 1 furnishes 400 watts of power to the lamp
11, the voltage drop across the lamp when new would
be approximately 95 volts. However, during the life
of the lamp, this voltage can increase to 135
volts. This is because the lamp control circuit
maintains a constant current through the lamp and
choke parallel combination even though the- lamp
rgsistance increases. For example, as the lamp
resistance increases, the control circuit ofe
Figure 1 will increase the lamp voltage, plotted in
Figure 3D, so that the current through resistor 15,
plotted in Figure 3C, does not change. This
voltage increase corresponds to an increase in the
power consumed, and a significant increase in the
cost of operating the lamp control circuit.

Figure 28 illustrates another embodiment of
the invention in which the foregoing problems
are solved. The current regulation circuit of
Figure 28 comprises another transformer 960 connected
in series with lamp 11 in a lamp control circuit

similar to the lamp control circuit of Figure 1.
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In the circuit of Figure 28, the power consumed

is independent of the equivalent resistance of the

lamp 11. Therefore, if the lamp 11 in Figure 28
is a high pressure sodium lamp, the power .
consumed by the lamp control circuit will remain
constant, even though the equivalent resistance

of the lamp 1l may increase significantly.

The transformer 960 has its primary Windiﬁg
961 connected in series with the lamp. Secondary
winding 962 of the transformer 960 is wound to
provide a reversed polarity with respect to the
primary winding 961, so that the current flowing
from the voltage source 16 through the lamp 11
while the transistor 14 is on produces a negative
voltage and reverse current in the secondary
winding 962. Isolation diodes 963 and 964 are
provided on the ungrounded side of the secondary
winding 962.

The negative voltage in the secondary winding 962
causes a negative voltage to appear across the
resistor 965 which is proportional only to the
current through the lamp 1l. Resistors 966 and
967 are connected to form a summing node 968 for
the voltage across resistor 965. As discussed
above in connection with Figures 1 and 3, the
voltage across the resistor 15 is a function of
the current through both the lamp 11 and the
inductor 17. This voltage is applied to summing
node 968 through summing node resistor 966. The
negative voltage across resistor 965 is applied to.
summing node 968 through summing node resistor 967.
The resistance values of resistors 15,965,966,967
are preferably selected so that the contribution
to the voltage across resistor 15 by current through
the lamp 1l is precisely nulled at the summing node
968 by the negative voltage across the resistor
965. As a result, the voltage at the summing node .
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968 applied to the negative input 20a of the
comparator 20 is a function exclusively of the
current through inductor 17, and is independent
5 of the current through the lamp 11, As a result,
the comparator amplifier 20 will control the
multivibrator 18 and transistor 14 independently
of changes in the equivalent resistance of the
lamp 11.
10 ~ Thus, the control circuit of Figure 28
does not increase the voltage applied to the lamp _
11 as the lamp resistance increases. Therefore,
the power consumed by the circuit of Figure 28
’ will not increase with lamp resistance as does the
15 power consumed by the circuit of Figure 1.
The lamp control circuit illustrated in the
detailed schematic diagram of Figure 29 includes
a combination of the features discussed above in
connection with Figures 1, 27, and 28. Thus, the
20 circuit of Figure 29.has a basic lamp control
circuit including a gas discharge lamp 11, a
switching transistor 14, a resistor 15, a
multivibrator 18, and a comparator 20. However,
the inductor 17 of Figure 1 is replaced instead
25 by a transformer 970 having primary and secondary
windings 971,972, respectively. The transformer
970 transforms the voltage from the voltage source
19 to the optimum operating voltage of the lamp 11.
The basic lamp circuit including the lamp 11, the
30 transistor 14, and the resistor 15, the multivibrator
. 18, the comparator 20, the potentiometer 23, and
the transformer 970 operate in the manner described
above in connection with the lamp control circuit
of Figure 1.
35 The high ignition voltage circuit of Figure 27
is included in the circuit of Figure 29 as the

pulse transformer 950 having its primary winding
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951 connected to discharge capacitors 953a,953b,
and to controller 956. The diode 955 is connected
across the secondary winding 952 in the circuit '
of Figure 29 and prevents the inductance of the
secondary winding 952 from affecting the operation
of the basic lamp control circuit, in the same
manner as described above in connection with the
pulse transformer circuit of Figure 27. The
controller 956 is preferably a silicon controlled
rectifier. The gate of the silicon controlled
rectifier is connected to the multivibrator
circuit 18. When the multivibrator circuit 18
turns the transistor 14 on, it simultaneously
causes a voltage at the gate of the silicon control
rectifier 956 to turn the silicon control rectifier
956 on. This completes the circuit between the
discharge capacitors 953a,953b, and the primary
winding 951 of the pulse transformer 950. As
described above in connection with Figure 27, this
generates a 2500~volt ignition voltage across the
secondary winding 952, which drives the lamp 1l.
After ignition of the lamp, even though téh S.C.R.
956 continues to fire each time transistor 14 turns
on, the 20-kHz switching frequency of transistor 14
prevents significant voltage from building up in
capacitors 953a,953b so that they no longer have
any effect in the circuit.

The current regulation circuit described above
in connection with Figure 28 is also present in the
circuit of Figure 29, and includes the transformer
960 having its primary Jinding 961 connected in
series with the lamp 11, and its secondary winding
962 wound with opposing polarity and connected
through isolation diode 963 to resistor 965.
Summing node 968 sums the voltage across resistor
15 through summing resistor 966 and the voltage
BUREAD
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across resistor 965 through summing resistor 967
and applies the resultant voltage to the input
20a of comparator 20. This current regulation
circuit operates in the same manner described above
in connection with the current regulation circuit of
Figure 28.

The circuit of Figure 29 also includes a delay
circuit 980 connected to shut-down input 18a of the
multivibrator circuit 18. The delay circuit 980
shuts down the multivibrator circuit 18 by applying
a signal to shut-down input 18a as soon as power i;
first applied from the voltage source 19 in order to
allow the discharge capacitors 953a,953b to have
enough time to charge up to a sufficient voltage
to ignite lamp 1l. After a predetermined length of
time, the delay circuit 980 no longer shuts down
the multivibrator circuit 18, and the lamp control
circuit of Figure 29 begins to operate. The metal
oxide varistor 27 is connected to the collector
transistor 14 in the same manner as described above
in connection with Figure 1. However, a second
shut-down circuit 990 is provided which shuts down
the multivibrator circuit 18 for a.predetermined
length of time whenever the varistor 27 senses a
high enough voltage across transistor 14 to break
down. The low side of varistor 27 is connected to
the input of the protective shut-down circuit 990.
The output of the second shut-down circuit 990 is
connected to the shut-down input 18a of multivibrator
circuit 18. The second shut-down circuit 990
includes an astabile multivibrator 991. Breakdown
of the varistor 27 causes the multivibrator 991 to
change state and issue a signal to the shut-down
input 18, which holds the multivibrator circuit 18
shut down for a predetermined length of time
determined by the duration of the astabile state
of the multivibrator 991.
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This arrangement permits repeated pulses to

be produced for starting the lamp if ionization

is not complete after the first pulse, by allowing

the capacitors 953a and 953b sufficient time

to recharge. Again, after the capacitors 953a,953b
have recharged, the S.C.R. 56 again fires to cause

a high voltage pulse across the lamp,
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1. A circuit for energizing a gas discharge lamp
comprising:

first means (17) for .storing magnetic energy
connected in parallel combination with the -
_electrodes of the gas discharge lamp (11);

second means (14) for connecting a power
supply (16) to said parallel combination; and

third means (18,20) operatively coupled to
said second means for interrupting the connection
between said power supply and said parallel
combination for a predetermined length of time
whenever the current through said parallel
combination has increased to a predetermined level.
2. The circuit of Claim 1 including means (23,24)

for varying said predetermined level of current for

'varying the intensity of the lamp.

3. The circuit of Claim 1 comprising means (27)
for protecting said second means against excessive
voltages if said lamp is removed or fails and becomes
an open circuit,

4, The circuit of Claim 2 further including means
(25) for varying said predetermined level as a function
of ambient illumination.

5. The circuit of Claim 1 wherein there is
zero DC current through the electrodes of said gas
discharge lamp.

6. The circuit of Claim 1 comprising means (33)
controlling more than one gas discharge lamp such that
the required voltage supplied to the lamps by the
circuit to ignite the lamps is not increased above the

voltage required in the circuit to ignite one of said

~gas discharge lamps.

7. The circuit of Claim 1 wherein said second
means comprises a means (14) for switching said current
and whereon current flows from said power supply (16)
through said lamp (11) in one direction when said
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switching means (14) is on and flows from said means
(17) for storing magnetic energy through said lamp (11)
in the opposite direction when said switching means (14)
interrupts the connection between said power supply (16)
and said parallel combination (11,17).

8.  The circuit of Claim 1 including an auto-
transformer (59) having the dual functions. of said first

- means and providing a step-up or step-down voltage to

said lamp.

9. The circuit of Claim 1 wherein said first
means comprises a transformer (37,39) having a secondarfh
winding - (43) thereon for supplying power to said third
means (18,20).

10. The circuit of Claim 1 wherein said second
means comprises a switching device (14) and a resistor
(15) connected in series with said switching device (14)
and wherein said third means comprises:

a cne-shot multivibrator (18) having a first
fixed time output state and a second variable time
output state;

means connecting the output of said multivibrator
(18) to said switching device (14) to close said
switching device during said first output state
and to open said switching device during said
second output state; and

means responsive to a rise in voltage across
said resistor (15) for triggering said multivibrétor
(18) to said second state.

1l. The circuit of Claim 3 further comprising:

means (110) for sensing the temperature of said
protectiné means (27) and operatively coupled to said
third means (18,20) to maintain said second means
(14) open when said protecting means (27) exceeds
a predetermined temperature.

12. A circuit for energizing a gas discharge lamp
as defined in Claim 1, wherein said power supply comprises

a rectified alternating current power supply (53) and
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wherein said predetermined length of time is shorter
than the period of said AC power supply (53), said
circuit further comprising:

“fourth means (101,20) for programming said
predetermined level to vary in accordance with the
voltage of said rectified AC power supply (53).

13. The circuit of Claim 12 additionally
comﬁrising:

fifth means (23) for varying said predetermined
ratio. 4
14. A circuit for energizing a gas discharge lamp‘

as dgfihed in Claim 12 further comprising a resistor -
(15) connected in series with said parallel combination
(11,17), and wherein said second means (14) comprises a
switching device (14) and wherein said third means
comprises:

a one~shot multivibrator (18) having a first
fixed time output state and a second variable time
ouptut state;

means (80) connecting the output of said
multivibrator to said switching device to close
said switching device during said first output
state and to open.said switching device during said
second output state; and

means (20) responsive to a rise in voltage across
said resistor (15) and to the output of said rectified
AC power supply (53) for triggering said multivibrator
(18) to said second state.

15. Apparatus as defined in Claim 14 wherein said
triggering means comprises:

means (20) for comparing said rise in voltage
and said rectified AC power supply output and for
triggering said one~shot multivibrator (18) to said
first state when said rise in voltage reaches a
predetermined fraction of said. X power supply
output.
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16. Apparatus as defined in Claim 14, additionally
comprising: :
means (111,113) prohibiting the rectified AC
voltage in said circuit from reaching a null.
17. Apparatus as defined in Claim 16 wherein said
prohibiting means comprises:

a capacitor (11l) connected to provide current
to said lamp when the voltage of said capacitor
exceeds the voltage of said AC power supply output;
and

means (107) charging said capacitor from said’
AC power supply (53). )
18, A circuit for energizing a gas discharge lamp

as defined in Claim 1, wherein at least a portion (65-68)
of said first means (59) is connected in parallel
combination with the electrodes (200,201) of said gas
discharge lamp (35), the extent of said portion defining
a voltage transforming ratio, said circuit further
comprising :

fourth external conductor means (210) for
increasing the voltage gradient inside said lamp
during ignition of said gas discharge lamp
independently of said voltage transforming ratio.
19. A circuit for energizing a gas discharge lamp

as defined in Claim 18 wherein:

said power supply has two terminals (215,231);

said second means comprises a switching device
(14) connected in series with a resistor,(lS);

said first means comprises an inductor (59)
having two connection ends;

said third means comprises:

a one-shot multivibrator (18) having a
first variable time output state and a second
fixed time output state;

means (80) connecting the output of said

multivibrator to said switching device to close
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said switching device during said first output
state and to open said switching device
during said second output state; and

means (20) for putting said multivibrator
in said second state when the voltage across
said resistor (15) reaches a predetermined
level;
said circuit further comprising:

means connecting said inductor (59), said
switching device (14) and said resistor (15)

" in series across said two terminals (215,231},
said switching device (14) connected between °
said resistor (15) and said inductor (59), said
two terminals connectéd to. said resistor and
said inductor, respectively;

means (65,68) connecting said pair of

electrodes (200,201) in parallel combination

with at least a portion of said inductor; and

a starter aid conductor (210) located adjacent
said lamp, extending parallel to the gap between
said two electrodes, said conductor connected to
one of said terminals (231) of said AC voltage
supply. '

20. An apparatus for energizing a gas discharge
lamp, as defined in Claim 19, wherein :

said portion (65-=68) of said first means (59)
which is connected in parallel combination with
said pair of electrodes (200,201) includes the end
of said inductor (59) which is connected to said

switching device (14).

2l. A circuit for driving a lamp as defined in
Claim 1 wherein said second means comprises switching
circuit means (14) having first and second switching
states, said predetermined length of time corresponding
to said first switching state, said circuit further

comprising:

~BUOREAD™
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symmetry corrective means (355,370,375,380)
connected to sense the difference between the
time durations of said first and second states and

5 also connected to vary the output of said power
supply (300) in proportion to said difference.

22. A circuit for driving a lamp as defined in
Cl;im 21 wherein said power supply (300) compiises
power oscillator means (615,620,625,630,635) for

10 generatiﬁg said output of said power supply (300) and
for maintaining a constant and exclusively resistive ‘
input impedance at a frequency lower than the frequency‘
of said oscillator means. .

23. A circuit for driving a lamp as defined in
15 claim 22 further comprising shut-down protective
means comprising:
means (27) for sensing voltage at said
switching circuit means above a predetermined
threshold voltage;

20 means (470,495,505) responsive to said sensing
means for applying a voltage to said power oscillator
means to arrest said oscillator means. -

24, A circuit for driving a lamp as defined in

Claim 1, further comptising:

25 regulating means (400,20) for changing said
predetermined level in response to changes in the
output of said power supply, said regulating means
maintaining a substantially constant current flow
through said lamp independently of fluctuations in

30 the output of said power supply.

25. A circuit as defined in Claim 25 further
comprising:
voltage limiting means (425) for limiting
said predetermined level to a predetermined

35 maximum value.

26. A circuit as defined in Claim 1, further
comprising:
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means (950,953) for inducing a high voltage

igniting pulse on said lamp, said means connected
in series with said lamp. -
"27. A circuit for energizing a gas discharge lamp
as defined in Claim 26, further comprising:
means (955) preventing the impedance of said
high voltage means from affecting operation of
sald second and third means (14,18,20) and lamp
(11) upon ignition of said lamp. _
28, A circuit as defined in Claim 1, further
comprisings:

‘ Jneans (960,965,968) for preventing increased .
lamp resistance from causing an increase in the
power consumed from said supply.

29. A circuit as defined in Claim 1, further
comprising:
means (960,965,968) for operating said second
and third means (14,18,20) independently of
current through said lamp.
30. A circuit as defined in Claim 29 wherein said
operating means senses current through said storing

means (17) exclusively.
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AMENDED CLAIMS
(Received by the International Bureau on 22 May 1979 (22.05.1979)

1. A circuit for energizing a gas discharge lamp

comprising:
first means (17) for storing magnetic energy connected
in parallel combination with the electrodes of the gas

discharge lamp (11);

second means (14) for connecting a power supply (16)
to said parallel combination to provide a current flow

in a first direction through said lamp; and

third means (18, 20) operatively coupled to said
second means for Interrupting the connection between said

power supply and said parallel combination for a

predetermined length of time whenever the current

through said parallel combination has increased to a

predetermined level so that the current through said

lamp is reversed to flow in a second, opposite direction
for said predetermined length of time.

2. The circuit of Claim 1 including means (23, 24)
for varying said predetermined level of current for
varying the intensity of the lamp.

3. The circuit of Claim 1 comprising means (27) for
protecting said second means against excessive voltages if
said lamp is removed or fails and becomes an open circuit.

4. The circuit of Claim 2 further including means (25)
for varying said predetermined level as a function of
ambient illumination.

5. The circuit of Claim 1 wherein there is zero DC
current through the electrodes of said gas discharge lamp.

6. The circuit of Claim 1 comprising means (33)
controlling mo¥e than one gas discharge lamp such that the
required voltage supplied to the lamps by the circuit to
ignite the lamps is not increased above the voltage
required in the circuit to ignite one of said gas discharge
lamps.

7. The circuit ’of Claim 1 wherein said second means
comprises a means (1l4) for switching said current and
whereon current flows from said power supply (16)

through said lamp (11) in one direction when said
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. switching means (14) is on and flows fromrsaid means
(17) for storing magnetic energy through said lamp (11)
in the opposite direction when said switching means (14)
.5 interrupts the connection between said power supply (16)
and said parallel combination (11,17).
8. The circuit of Claim 1 including an auto-
transformer (59) having the dual functions. of said first
- means and providing a step-up or step-down voltage to
10 said lamp. .
9. The circuit of Claim 1 wherein said first
means comprises a transformer (37,39) having a secondarf‘
winding (43) thereon for supplying power to said third
means (18,20).
15 10. The circuit of Claim 1 wherein said second
means comprises a switching device (14) and a resistor
" (15) connected in series with said switching device (14)
and wherein said third means comprises:
a cne-shot multivibrator (18) having a first
20 fixed time output state and a second variable time
output state;
means connecting the output of said multivibrator
. (18) to said switching device (14) to close said
switching device during said first output state
25 and to open said switching device during said
second output state; and
means responsive to a rise in voltage across
said resistor (15) for triggering said multivibrator
(18) to said second state.
30 1l. The circuit of Claim 3 further comprising:
means (110) for sensing the temperature of said
protecting means (27) and operatively coupled to said
third means (18,20) to maintain said second means
(14) open when said protecting means (27) exceeds
35 a predetermined temperature.
12. A circuit for energizing a gas discharge lamp
as defined in Claim 1, wherein said power supply comprisgs
a rectified alternating current power supply (53) and
~BUREAY
y _%%E% N/
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wherein said predetermined length of time is shorter
than the period of said AC power supply (53), said
circuit further comprising:

fourth means (101,20) for programming said
predetermined level to vary in accordance with the
voltage of said rectified AC power supply (53).

13. The circuit of Claim 12 additionally
comﬁrising:

fifth means (23) for varying said predetermined

ratio. _

14. A circuit for energizing a gas discharge 1amp.
as defined in Claim 12 further comprising a resistor ‘
(15) connected in series with said parallel combination
(11,17), and wherein said second means (14) comprises a
switching device (14) and wherein said third means
comprises: '

a one-shot multivibrator (18) having a first
fixed time output state and a second variable time
ouptut state;

means (80) connecting the output of said
multivibrator to said switching device to close
said switching device during said first output
state and to open'said switching device during said
second output state; and

means (20) responsive to a rise in voltage across
said resistor (15) and to the output of said rectified
AC power supply (53) for triggering said multivibrator
(18) to said second state.

15. Apparatus as defined in Claim 14 wherein said
triggering means comprises:

means (20) for comparing said rise in voltage
and said rectified AC power supply output and for
triggering said one-shot multivibrator (18) to said
first state when said rise in voltage reaches a
predetermined fraction of said. X power supply
output.
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16. Apparatus as defined in Claim 14, additionally
comprising:

means (111,113) prohibiting the rectified AC
voltage in said circuit from reaching a null.

17. Apparatus as defined in Claim 16 wherein said
érohibiting means comprises:

a capacitor (111l) connected to provide current
to said lamp when the voltage of said capacitor
exceeds the voltage of said AC power supply output;
and .

means (107) charging said capacitor from said
AC power supply (53). )
18, A circuit for energizing a gas discharge lamp

as defined in Claim 1, wherein at least a portion (65-68)
of said first means (59) is connected in parallel
combination with the electrodes (200,201) of said gas
discharge lamp (35), the extent of said portion defining
a voltage transforming ratio, said circuit further
comprising :

fourth external conductor means (210) for
increasing the voltage gradient inside said lamp
during ignition of said gas discharge lamp
independently of said voltage transforming ratio.
19. A circuit for energizing a gas discharge lamp

as defined in Claim 18 wherein: '

said power supply has two terminals (215,231);

said second means comprises a switching device
(14) connected in series with a resistor (15);

- said first means comprises an inductor (59)
having two connection ends;

said third means comprises:

a one-shot multivibrator (18) having a
first variable time output state and a second
fixed time output state;

means (80) connecting the output of said

multivibrator to said switching device to close
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said switching device during said first output
state and to open said switching device

during said second output state; and

5 means (20) for putting said multivibrator
in said second state when the voltage across
said resistor (15) reaches a predetermined
level;
said circuit further comprising:

10 means connecting said inductor (59), said
switching device (14) and said resistor (15)

" in series across said two terminals (215,231},
said switching device (14) connected between
said resistor (15) and said inductor (59), said

15 two terminals connectéd to said resistor and
said inductor, respectively;

means (65,68) connecting said pair of
electrodes (200,201) in parallel combination
with at least a portion of said inductor; and
20 a starter aid conductor (210) Jdocated adjacent
said lamp, extending parallel to the gap between
said two electrodes, said conductor connected to
one of said terminals (231) of said AC voltage
supply. .

25 20, An apparatus for energizing a gas discharge

lamp, as defined in Claim 19, whereimn :
said portion (65-=68) of said first means (59)

which is connected in parallel combination with
said pair of electrodes (200,201) includes the end

30 of said inductor (59) which is connected to said

switching device (14).

2l. A circuit for driving a lamp as defined in
Claim 1 wherein said second means comprises switching
circuit means (14) having first and second switching

35 states, said predetermined length of time corresponding

to said first switching state, said circuit further

comprising:
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. symmetry corrective means (355,370,375,380)
connected to sense the difference between the

“ time durations of said first and second states and
also connected to vary the output of said power
supply (300) in proportion to said difference.

22, A circuit for driving a lamp as defined in
Claim 21 wherein said power supply (300) comprises
poﬁer oscillator means (615,620,625,630,635) for
generatihg said output of said power supply (300) and
for maintaining a constant and exclusively resistive ]
input impedance at a frequency lower than the frequency‘
of said oscillator means. ‘

23. A circuit for driving a lamp as defined in
Claim 22 further comprising shut-down protective
means comprising:

means (27) for sensing voltage at said

switching circuit means above a predetermined

threshold voltage;

means (470,495,505) responsive to said sensing
means for applying a voltage to said power oscillator
means to arrest said oscillator means.

24, A-circuit for driving a lamp as defined in
Claim 1, further compﬁising:

regulating means (400,20) for changing said
predetermined level in response to changes in the
output of said power supply, said regulating means
maintaining a substantially constant current flow
through said lamp independently of fluctuations in
the ottput of said power supply.

25, A circuit as defined in Claim 25 further
comprising:

voltage limiting means (425) for limiting
said predetermined level to a predetermined
maximum value.

26. A circuit as defined in Claim 1, further

comprising:
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means (950,953) for inducing a high voltage
igniting pulse on said lamp, said means connected
in series with said lamp.
27. A circuit for energizing a gas discharge lamp
as defined in Claim 26, further comprising:
means (955) preventing the impedance of said
high voltage means from affecting operation of
‘ said second and third means (14,18,20) and lamp
(11) upon ignition of said lamp. _
28. A circuit as defined in Claim 1, further
comprising:

' means (960,965,968) for preventing increased .
lamp resistance from causing an increase in the
power consumed from said supply.

29, A circuit as defined in Claim 1, further
comprising:

means (960,965,968) for operating said second

and third means (14,18,20) independently of

current through said lamp.

30. A circuit as defined in Claim 29 wherein said
operating means senses current through said storing
means (17) exclusively.
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