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(57) ABSTRACT

A method of striking a gas discharge lamp involves the steps
of generating a high-frequency square-wave voltage having
an operating frequency, generating a sinusoidal voltage from
the high-frequency square-wave voltage, controlling the
operating frequency to a low-end frequency, and increasing
the amplitude of the sinusoidal voltage during successive
pulse times and then decreasing the amplitude of the sinusoi-
dal voltage towards the low-end amplitude at the end of each
of'the successive pulse times until the lamp has struck, where
the length of each of the successive pulse times being greater
than the length of the previous pulse time. A maximum ampli-
tude of the sinusoidal voltage during each pulse time may be
greater than a maximum amplitude of the sinusoidal voltage

6,2010. during the previous pulse time.
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METHOD OF STRIKING A LAMP IN AN
ELECTRONIC DIMMING BALLAST CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a non-provisional application of
commonly-assigned U.S. Provisional Application Ser. No.
61/321,289, filed Apr. 6, 2010, entitled METHOD OF
STRIKING A LAMP IN AN ELECTRONIC DIMMING
BALLAST, the entire disclosure of which is hereby incorpo-
rated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to electronic ballasts
for controlling a gas discharge lamp, such as a fluorescent
lamp, and more specifically, to a method of striking the gas
discharge lamp.

[0004] 2. Description of the Related Art

[0005] In order to reduce energy consumption of artificial
illumination sources, the use of high-efficiency light sources
is increasing, while the use of low-efficiency light sources
(i.e., incandescent lamps, halogen lamps, and other low-effi-
cacy light sources) is decreasing. High-efficiency light
sources may comprise, for example, gas discharge lamps
(such as compact fluorescent lamps), phosphor-based lamps,
high-intensity discharge (HID) lamps, light-emitting diode
(LED) light sources, and other types of high-efficacy light
sources. Since incandescent lamps (including halogen lamps)
generate a continuous spectrum of light, objects illuminated
by incandescent lamps appear as they would in sunlight, thus
providing more pleasing and accurate color rendering infor-
mation to the human eye. Unfortunately, continuous-spec-
trum light sources, such as incandescent and halogen lamps,
tend to be very inefficient.

[0006] Incontrast, a much greater percentage of the radiant
energy of fluorescent lamps is produced inside the visible
spectrum than the radiant energy produced by incandescent
lamps. However, a typical high-efficiency light source does
not typically provide a continuous spectrum of light output,
but rather provides a discrete spectrum of light output. Most
of the light produced by a discrete-spectrum light source is
concentrated primarily around one or more discrete wave-
lengths. Objects viewed under a discrete-spectrum light
source may not exhibit the full range of colors that would be
seen if viewed under a continuous-spectrum light source.
[0007] Lighting control devices, such as dimmer switches,
allow for the control of the amount of power delivered from a
power source to a lighting load, such that the intensity of the
lighting load may be dimmed. Both high-efficiency and low-
efficiency light sources can be dimmed, but the dimming
characteristics of these two types of light sources typically
differ. A low-efficiency light source can usually be dimmed to
very low light output levels, typically below 1% of the maxi-
mum light output. However, a high-efficiency light source
cannot be typically dimmed to very low output levels. Low-
efficiency light sources and high-efficiency light sources typi-
cally provide different correlated color temperatures and
color rendering indexes as the light sources are dimmed. The
color of the light output of a low-efficiency light source (such
as an incandescent lamp or a halogen lamp) typically shifts
more towards the red portion of the color spectrum when the
low-efficiency light source is dimmed to a low light intensity.
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In contrast, the color of the light output of a high-efficiency
light source (such as a compact fluorescent lamp or an LED
light source) is normally relatively constant through its dim-
ming range with a slightly blue color shift and thus tends to be
perceived as a cooler effect to the eye.

[0008] Generally, people have grown accustomed to the
dimming performance and operation of low-efficiency light
sources. As more people begin using high-efficiency light
sources—typically to save energy—they are somewhat dis-
satisfied with the overall performance of the high-efficiency
light sources. Thus, there has been a long-felt need for a light
source that combines the advantages, while minimizing the
disadvantages, of both low-efficiency (i.e., continuous-spec-
trum) and high-efficiency (i.e., discrete-spectrum) light
sources. [t would be desirable to provide a hybrid light source
that includes a high-efficiency lamp for saving energy when
the light source is controlled to a high light intensity and a
low-efficiency lamp for providing a pleasing color when the
light source is controlling to a low light intensity. Thus, there
is a need for a method of controlling both lamps of such a
hybrid light source in order to provide a continuous total light
intensity and a pleasing light color across the dimming range.

SUMMARY OF THE INVENTION

[0009] According to an embodiment of the present inven-
tion, a method of striking a gas discharge lamp comprises the
steps of: (1) generating a high-frequency square-wave volt-
age having an operating frequency; (2) generating a sinusoi-
dal voltage from the high-frequency square-wave voltage; (3)
coupling the sinusoidal voltage to the lamp; (4) controlling
the amplitude of the sinusoidal voltage to a low-end ampli-
tude; and (5) periodically increasing the amplitude of the
sinusoidal voltage during successive pulse times and then
decreasing the amplitude of the sinusoidal voltage towards
the low-end amplitude at the end of each of the successive
pulse times until the lamp has struck, where the length of each
of'the successive pulse times is greater than the length of the
previous pulse time. Further, a maximum amplitude of the
sinusoidal voltage during each pulse time may be greater than
a maximum amplitude of the sinusoidal voltage during the
previous pulse time.

[0010] In addition, an electronic ballast for driving a gas
discharge lamp is described herein. The ballast comprises an
inverter circuit for receiving a DC bus voltage and for gener-
ating a high-frequency square-wave voltage having an oper-
ating frequency, a resonant tank circuit for receiving the high-
frequency square-wave voltage and generating a sinusoidal
voltage for driving the lamp, and a control circuit coupled to
the inverter circuit for controlling the operating frequency of
the high-frequency AC voltage. The control circuit causes the
lamp to strike by controlling the amplitude of the sinusoidal
voltage to a low-end amplitude, and then periodically increas-
ing the amplitude of the sinusoidal voltage during successive
pulse times and then decreasing the amplitude of the sinusoi-
dal voltage towards the low-end amplitude at the end of each
of'the successive pulse times until the lamp has struck, where
the length of each of the successive pulse times being greater
than the length of the previous pulse time.

[0011] According to another embodiment of the present
invention, a hybrid light source that is adapted to receive
power from an AC power source and to produce a total light
intensity comprises a continuous-spectrum light source cir-
cuit having a continuous-spectrum lamp, and a discrete-spec-
trum light source circuit having a gas-discharge lamp. The
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hybrid light sources controls the total light intensity through-
out a dimming range from a low-end intensity and high-end
intensity. The discrete-spectrum light source circuit also com-
prises an electronic ballast circuit for driving the gas-dis-
charge lamp. The ballast circuit has an inverter circuit for
generating a high-frequency square-wave voltage having an
operating frequency, and a resonant tank circuit for receiving
the high-frequency square-wave voltage and generating a
sinusoidal voltage for driving the lamp. The hybrid light
source further comprises a control circuit coupled to both the
continuous-spectrum light source circuit and the discrete-
spectrum light source circuit for individually controlling the
amount of power delivered to each of the continuous-spec-
trum lamp and the gas-discharge lamp, such that the total light
intensity of the hybrid light source is controlled to a target
intensity. The control circuit turns off the gas-discharge lamp
and controls only the continuous-spectrum lamp to be illumi-
nated when the target intensity is below the transition inten-
sity. The control circuit illuminates both the continuous-spec-
trum lamp and the gas-discharge lamp when the target
intensity is above the transition intensity. When the target
intensity transitions from below to above the transition inten-
sity, the control circuit causes the gas-discharge lamp to strike
by controlling the amplitude of the sinusoidal voltage to a
low-end amplitude, and then periodically increasing the
amplitude of the sinusoidal voltage during successive pulse
times and then decreasing the amplitude of the sinusoidal
voltage towards the low-end amplitude at the end of each of
the successive pulse times until the lamp has struck, where the
length of each of the successive pulse times being greater than
the length of the previous pulse time.

[0012] Other features and advantages of the present inven-
tion will become apparent from the following description of
the invention that refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Theinvention will now be described in greater detail
in the following detailed description with reference to the
drawings in which:

[0014] FIG. 1 is a simplified block diagram of a lighting
control system including a hybrid light source and a dimmer
having a power supply according to an embodiment of the
present invention;

[0015] FIG. 2 is a simplified side view of the hybrid light
source of FIG. 1;

[0016] FIG.3isa simplified top cross-sectional view of the
hybrid light source of FIG. 2;

[0017] FIG. 4A is a simplified graph showing a total corre-
lated color temperature of the hybrid light source of FIG. 2
plotted with respect to a desired total lighting intensity of the
hybrid light source;

[0018] FIG. 4B is a simplified graph showing a target fluo-
rescent lamp lighting intensity, a target halogen lamp lighting
intensity, and a total lighting intensity of the hybrid light
source of FIG. 2 plotted with respect to the desired total
lighting intensity;

[0019] FIG. 5 is a simplified block diagram of the hybrid
light source of FIG. 2;

[0020] FIG. 6 is a simplified schematic diagram showing a
portion of the hybrid light source of FIG. 2 according to a first
embodiment of the present invention;

[0021] FIG. 7 shows example waveforms that illustrate the
operation of the hybrid light source of FIG. 2;
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[0022] FIGS. 8A and 8B are simplified flowcharts of a
fluorescent lamp control procedure executed periodically by
a microprocessor of the hybrid light source of FIG. 6 accord-
ing to the first embodiment of the present invention;

[0023] FIG. 9 is a simplified schematic diagram showing a
portion of ahybrid light source according to a second embodi-
ment of the present invention;

[0024] FIG. 10 shows example waveforms that illustrate
the operation of the hybrid light source of FIG. 9; and
[0025] FIGS. 11A and 11B are simplified flowcharts of a
fluorescent lamp control procedure executed periodically by
a microprocessor of the hybrid light source of FIG. 9 accord-
ing to the first embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0026] The foregoing summary, as well as the following
detailed description of the preferred embodiments, is better
understood when read in conjunction with the appended
drawings. For the purposes of illustrating the invention, there
is shown in the drawings an embodiment that is presently
preferred, in which like numerals represent similar parts
throughout the several views of the drawings, it being under-
stood, however, that the invention is not limited to the specific
methods and instrumentalities disclosed.

[0027] FIG. 1 is a simplified block diagram of a lighting
control system 10 including a hybrid light source 100 accord-
ing to an embodiment of the present invention. The hybrid
light source 100 is coupled to the hot side of an alternating-
current (AC) power source 102 (e.g., 120V, 60 Hz) through
a conventional two-wire dimmer switch 104 and is directly
coupled to the neutral side of the AC power source. The
dimmer switch 104 comprises a user interface 105A includ-
ing an intensity adjustment actuator (not shown), such as a
slider control or a rocker switch. The user interface 105A
allows a user to adjust a desired total lighting intensity
Lpesirep of the hybrid light source 100 across a dimming
range between a low-end lighting intensity L, - (i.e., a mini-
mum intensity, e.g., 0%) and a high-end lighting intensity
L (i.e., a maximum intensity, e.g., 100%).

[0028] The dimmer switch 104 typically includes a bidirec-
tional semiconductor switch 105B, such as, for example, a
thyristor (such as a triac) or two field-effect transistors (FETs)
coupled in anti-series connection, for providing a phase-con-
trolled voltage V ... (i.e., a dimmed-hot voltage) to the hybrid
light source 100. Using a standard forward phase-control
dimming technique, a control circuit 105C renders the bidi-
rectional semiconductor switch 105B conductive at a specific
time each half-cycle of the AC power source, such that the
bidirectional semiconductor switch remains conductive for a
conduction period T, during each half-cycle. The dimmer
switch 104 controls the amount of power delivered to the
hybrid light source 100 by controlling the length of the con-
duction period T ,,. The dimmer switch 104 also often
comprises a power supply 105D coupled across the bidirec-
tional semiconductor switch 105B for powering the control
circuit 105C. The power supply 105D generates a DC supply
voltage V 5 by drawing a charging current iz from the AC
power source 102 through the hybrid light source 100 when
the bidirectional semiconductor switch 105B is non-conduc-
tive each half-cycle. An example of a dimmer switch having
apower supply 105D is described in greater detail in U.S. Pat.
No. 5,248,919, issued Sep. 29, 1993, entitled LIGHTING
CONTROL DEVICE, the entire disclosure of which is
hereby incorporated by reference.



US 2011/0266959 Al

[0029] Alternatively, the dimmer switch 104 could com-
prise a two-wire analog dimmer switch having a timing cir-
cuit (not shown) and a trigger circuit (not shown). The timing
circuit conducts a timing current from the AC power source
through the hybrid light source 100 when the bidirectional
semiconductor switch 105B is non-conductive each half-
cycle. The timing current is used to control when the bidirec-
tional semiconductor switch 105B is rendered conductive
each half-cycle.

[0030] FIG. 2 is a simplified side view and FIG. 3 is a
simplified top cross-sectional view of the hybrid light source
100. The hybrid light source 100 comprises both a discrete-
spectrum lamp and a continuous-spectrum lamp. The dis-
crete-spectrum lamp may comprise, for example, a gas dis-
charge lamp, such as, a compact fluorescent lamp 106. The
compact fluorescent lamp 106 may comprise, for example,
three curved gas-filled glass tubes 109 as shown in FIG. 2.
The continuous-spectrum lamp may comprise, for example,
an incandescent lamp (such as halogen lamp 108) or any
suitable low-efficiency lamp having a continuous spectrum.
For example, the halogen lamp 108 may comprise a low-
voltage halogen lamp that may be energized by a voltage
having a magnitude ranging from approximately 12 volts to
24 volts. Alternatively, the halogen lamp 108 may comprise a
line-voltage halogen lamp (e.g., energized by an AC voltage
having an amplitude of approximately 120 V). The dis-
crete-spectrum lamp (i.e., the fluorescent lamp 106) may have
a greater efficacy than the continuous-spectrum lamp (i.e., the
halogen lamp 108). For example, the fluorescent lamp 106
may be typically characterized by an efficacy greater than
approximately 60 Im/W, while the halogen lamp 108 may be
typically characterized by an efficacy less than approximately
30 Im/W.

[0031] Thehybrid light source 100 comprises, for example,
a screw-in Edison base 110 for connection to a standard
Edison socket, such that the hybrid light source may be
coupled to the AC power source 102. The screw-in base 110
has two input terminals 110A, 110B (FIG. 5) forreceipt of the
phase-controlled voltage V - and for coupling to the neutral
side of the AC power source 102. A hybrid light source
electrical circuit 120 (FIG. 5) is housed in an enclosure 112
and controls the amount of power delivered from the AC
power source to each of the fluorescent lamp 106 and the
halogen lamp 108. The fluorescent lamp 106 and halogen
lamp 108 may be surrounded by a housing comprising a light
diffuser 114 (e.g., a glass light diffuser) and a fluorescent
lamp reflector 115. The fluorescent lamp reflector 115 directs
the light emitted by the fluorescent lamp 106 away from the
hybrid light source 100. The halogen lamp 108 is mounted to
a post 116, such that the halogen lamp is situated beyond the
terminal end of the fluorescent lamp 106. The post 116 allows
the halogen lamp to be electrically connected to the hybrid
light source electrical circuit 120. A halogen lamp reflector
118 surrounds the halogen lamp 108 and directs the light
emitted by the halogen lamp in the same direction as the
fluorescent lamp reflector 115 directs the light emitted by the
fluorescent lamp 106.

[0032] The hybrid light source 100 provides an improved
color rendering index and correlated color temperature across
the dimming range of the hybrid light source (particularly,
near a low-end lighting intensity L, ;) as compared to a stand-
alone compact fluorescent lamp. FIG. 4A is a simplified
graph showing a total correlated color temperature T, of
the hybrid light source 100 plotted with respect to the desired
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total lighting intensity L,zgmzp Of the hybrid light source
100 (as determined by the user actuating the intensity adjust-
ment actuator of the user interface 105 A of the dimmer switch
104). A correlated color temperature T, of a stand-alone
compact fluorescent lamp remains constant at approximately
2700 Kelvin throughout most of the dimming range. A cor-
related color temperature T, ,, of a stand-alone halogen lamp
decreases as the halogen lamp is dimmed to low intensities
causing a desirable color shift towards the red portion of the
color spectrum and creating a warmer effect on the human
eye. The hybrid light source 100 is operable to individually
control the intensities of the fluorescent lamp 106 and the
halogen lamp 108, such that the total correlated color tem-
perature T, of the hybrid light source 100 more closely
mimics the correlated color temperature of the halogen lamp
at low light intensities, thus more closely meeting the expec-
tations of a user accustomed to dimming low-efficiency
lamps.

[0033] The hybrid light source 100 is further operable to
control the fluorescent lamp 106 and the halogen lamp 108 to
provide high-efficiency operation near the high-end intensity
Lz FIG. 4B is a simplified graph showing a target fluores-
cent lighting intensity [, a target halogen lighting intensity
L7, and a target total lighting intensity ,,,,; plotted with
respect to the desired total lighting intensity L,z zp Of the
hybrid light source 100 (as determined by the user actuating
the intensity adjustment actuator of the dimmer switch 104).
The target fluorescent lighting intensity L., and the target
halogen lighting intensity L, (as shown in FIG. 4B) pro-
vide for a decrease in color temperature near the low-end
intensity L, » and high-efficiency operation near the high-end
intensity L. Near the high-end intensity I, the fluores-
cent lamp 106 (i.e., the high-efficiency lamp) provides a
greater percentage of the total light intensity L., of the
hybrid light source 100. As the total light intensity L, of
the hybrid light source 100 decreases, the halogen lamp 108 is
controlled such that the halogen lamp begins to provide a
greater percentage of the total light intensity.

[0034] The structure and operation of the hybrid light
source 100 is described in greater detail in commonly-as-
signed, co-pending U.S. patent application Ser. No. 12/205,
571, filed Sep. 8, 2008; U.S. patent application Ser. No.
12/553,612, filed Sep. 3, 2009; and U.S. patent application
Ser. No. 12/704,781, filed Feb. 12, 2010; each entitled
HYBRID LIGHT SOURCE, the entire disclosures of which
are hereby incorporated by reference.

[0035] Because the fluorescent lamp 106 cannot be
dimmed to very low intensities without the use of more
expensive and complex circuits, the fluorescent lamp 106 is
controlled to be off at a transition intensity Lz, €.8.,
approximately 8% (as shown in FIG. 4B) or up to approxi-
mately 30%. Across the dimming range of the hybrid light
source 100, the intensities of the fluorescent lamp 106 and the
halogen lamp 108 are individually controlled such that the
target total light intensity L,,z,; of the hybrid light source
100 is substantially linear as shown in FIG. 4B. Below the
transition intensity L4, the halogen lamp provides all of
the total light intensity L ,,,, of the hybrid light source 100,
thus providing for a lower low-end intensity L, . than can be
provided by a stand-alone fluorescent lamp. Immediately
above the transition intensity L, ,, the fluorescent lamp 106
is controlled to a minimum fluorescent intensity L; ,-
Immediately below the transition intensity L, 4. the halo-
gen lamp 108 is controlled to a maximum halogen intensity
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L4z araxs Which is, for example, approximately 80% of the
maximum rated intensity of the halogen lamp. When the
desired total lighting intensity L, zqrzp of the hybrid light
source 100 transitions above the transition intensity L,z 4
the target halogen lighting intensity L, ,; is reduced below
the maximum halogen intensity Lz ,; ...+ and fluorescent
lamp 106 is controlled to a minimum fluorescent intensity
Lz amv (2.2, approximately 5%), such that the total light
intensity Lo, 18 approximately equal to the maximum
halogenintensity L, ,; .4+ Sincethe fluorescent lamp 106 is
turned on at the transition intensity L, ,»-in the middle of the
dimming range of the hybrid light source 100 as shown in
FIG. 4B, the hybrid light source 100 of the present invention
provides a method of striking the fluorescent lamp 106 to turn
the lamp on to low-end (i.e., to the minimum fluorescent
intensity Lz, _,.») that avoids flickering, flashing, or bright-
ness overshoot of the intensity of the lamp as will be described
in greater detail below.

[0036] FIG. 5 is a simplified block diagram of the hybrid
light source 100 showing the hybrid light source electrical
circuit 120. The hybrid light source 100 comprises a radio-
frequency interference (RFI) filter 130 coupled across the
input terminals 110A, 110B for minimizing the noise pro-
vided to the AC power source 102. The hybrid light source
100 further comprises a high-efficiency light source circuit
140 (i.e., a discrete-spectrum light source circuit) for illumi-
nating the fluorescent lamp 106 and a low-efficiency light
source circuit 150 (i.e., a continuous-spectrum light source
circuit) for illuminating the halogen lamp 108. A control
circuit 160 simultaneously controls the operation of the high-
efficiency light source circuit 140 and the low-efficiency light
source circuit 150 to thus control the amount of power deliv-
ered to each of the fluorescent lamp 106 and the halogen lamp
108. A power supply 162 generates a direct-current (DC)
supply voltage V. (e.g., 5 V) for powering the control
circuit 160.

[0037] The control circuit 160 is operable to determine the
desired total lighting intensity L, zqrzp of the hybrid light
source 100 in response to a zero-crossing detect circuit 164
(i.e., as determined by the user actuating the intensity adjust-
ment actuator of the user interface 105 A of the dimmer switch
104). The zero-crossing detect circuit 164 provides a zero-
crossing control signal V., representative of the zero-cross-
ings of the phase-controlled voltageV .., to the control circuit
160. A zero-crossing is defined as the time at which the
phase-controlled voltage V ... changes from having a magni-
tude of substantially zero volts to having a magnitude greater
than a predetermined zero-crossing threshold V.~ (and
vice versa) each half-cycle. Specifically, the zero-crossing
detect circuit 164 compares the magnitude of the rectified
voltage to the predetermined zero-crossing threshold V-, .~
(e.g., approximately 20 V), and drives the zero-crossing con-
trol signal V. high (i.e., to a logic high level, such as,
approximately the DC supply voltage V) when the magni-
tude of the phase-controlled voltage V. is greater than the
predetermined zero-crossing threshold V ;. Further, the
zero-crossing detect circuit 164 drives the zero-crossing con-
trol signal V. low (i.e., to alogic low level, such as, approxi-
mately circuit common) when the magnitude of the phase-
controlled voltage V. is less than the predetermined zero-
crossing threshold V ;.- The control circuit 160
determines the length of the conduction period T, of the
phase-controlled voltage V 5 in response to the zero-crossing
control signal V., and then determines the target lighting
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intensities for both the fluorescent lamp 106 and the halogen
lamp 108 to produce the target total lighting intensity L,
of the hybrid light source 100 in response to the conduction
period T, of the phase-controlled voltage V.. Alterna-
tively, the zero-crossing detect circuit 164 may provide some
hysteresis in the level of the zero-crossing threshold V ;4 .

[0038] The low-efficiency light source circuit 150 com-
prises a full-wave rectifier 152 for generating a rectified volt-
age Vo (from the phase-controlled voltage V) and a
halogen lamp drive circuit 154, which receives the rectified
voltage V- ~r-and controls the amount of power delivered to
the halogen lamp 108. The low-efficiency light source circuit
150 is coupled between the rectified voltage V. and the
rectifier common connection (i.e., across the output of the
front end circuit 130). The control circuit 160 is operable to
control the intensity of the halogen lamp 108 to the target
halogen lighting intensity L., corresponding to the present
value of the desired total lighting intensity L ,zqzzp Of the
hybrid light source 100, e.g., to the target halogen lighting
intensity as shown in FIG. 4B. Since the halogen lamp 108 is
a low-voltage halogen lamp, the halogen drive circuit 154
comprises a low-voltage transformer (not shown) coupled
between the rectifier 152 and the halogen lamp.

[0039] The high-efficiency light source circuit 140 com-
prises a fluorescent drive circuit (e.g., a dimmable electronic
ballast circuit 142) for receiving the phase-controlled voltage
Ve (via the RFI filter 130) and for driving the fluorescent
lamp 106. Specifically, the phase-controlled voltage V. is
coupled to a voltage doubler circuit 144, which generates a
bus voltage V< across two series connected bus capacitors
Cg1s Cgs. The first bus capacitor Cg, is operable to charge
through a diode D, during the positive half-cycles, while the
second bus capacitor Cz, is operable to charge through a
diode D, during the negative half-cycles. The ballast circuit
142 includes an inverter circuit 145 for converting the DC bus
voltage V< to a high-frequency square-wave voltage Vg,.
The high-frequency square-wave voltage V;, is character-
ized by an operating frequency f,, (and an operating period
Tor=1/f5p5). The ballast circuit 142 further comprises an
output circuit, e.g., a resonant tank circuit 146, for filtering the
square-wave voltage Vsoto produce a substantially sinusoi-
dal high-frequency AC voltage V g, which is coupled to the
electrodes of the fluorescent lamp 106. The high-efficiency
lamp source circuit 140 further comprises a lamp voltage
measurement circuit 148 (which provides a lamp voltage
control signal V, ,»,» ;7 representative of an amplitude of a
lamp voltage V; ,,,» to the control circuit 160), and a lamp
current measurement circuit 149 (which provides a lamp
current control signal V; ,,/» <y representative of an ampli-
tude of a lamp current I, ,, - to the control circuit).

[0040] The control circuit 160 is operable to control the
inverter circuit 145 of the ballast circuit 140 to control the
intensity of the fluorescent lamp 106 to the target fluorescent
lighting intensity [, corresponding to the present value of
the desired total lighting intensity L,zqzzp Of the hybrid
light source 100 in response to the zero-crossing control
signal V. from the zero-crossing detect circuit 164 (i.e.,
according to the graph shown in FIG. 4B). The control circuit
160 determines a target lamp current I,z ., for the fluores-
cent lamp 106 that corresponds to the target fluorescent light-
ing intensity L.,. The control circuit 160 then controls the
operation of the inverter circuit 145 in response to the lamp
voltage control signal V; 4,,» 577 and the lamp current con-



US 2011/0266959 Al

trol signal V; 41/ cum. it order to control the lamp current
17 4240 towards the target lamp current I,z sz

[0041] FIG. 6 is a simplified schematic diagram of the
hybrid light source 100 showing the inverter circuit 145, the
resonant tank 146, and the control circuit 160 of the hybrid
light source electrical circuit 120 in greater detail according
to a first embodiment of the present invention. FIG. 7 shows
example waveforms that illustrate the operation of the hybrid
light source electrical circuit 120. The inverter circuit 145
comprises first and second semiconductor switches, e.g.,
field-effect transistors (FETs) Q210, Q212, and a gate drive
circuit 214, which is coupled to control inputs (i.e., gates) of
the FETs for rendering the FETs conductive and non-conduc-
tive in order to generate the high-frequency square-wave volt-
age Vg, at the output of the inverter circuit. The gate drive
circuit 214 controls the FETS Q210, Q212 in response to an
oscillator circuit 216, which sets the operating frequency f,»
of the high-frequency square-wave voltage Vg, The control
circuit 160 controls the oscillator circuit 216 to adjust the
operating frequency f,, of the high-frequency square-wave
voltage V,, as will be described in greater detail below.
[0042] The high-frequency square-wave voltage Vg, is
provided to the resonant tank circuit 146, which includes a
resonant inductor [.220 and a resonant capacitor C222. The
resonant inductor 1.220 and the resonant capacitor C222
operate to filter the high-frequency square-wave voltage Vg,
to produce the substantially sinusoidal voltage V ;,, for driv-
ing the fluorescent lamp 106. The amplitude of the sinusoidal
voltage Vs, s dependent upon the operating frequency f,» of
the high-frequency square-wave voltage V. The resonant
tank circuit 146 is characterized by a resonant frequency fj .,
which is defined by the values of the resonant inductor 1.220
and the resonant capacitor C222. The sinusoidal voltage V o,
is coupled to the fluorescent lamp 106 through a DC-blocking
capacitor C224, which prevents any DC characteristics of the
inverter circuit 145 from being coupled to the fluorescent
lamp 106. The resonant inductor 220 is magnetically coupled
to two filament windings 226, which are electrically coupled
to the filaments of the fluorescent lamp 106. The power sup-
ply 162 (FIG. 5) may draw current from an additional wind-
ing (not shown) that is magnetically coupled to the resonant
inductor 220.

[0043] Before the fluorescent lamp 106 is turned on (i.e.,
struck), the filaments of the lamp must be heated in order to
extend the life of the lamp. Particularly, whenever the fluo-
rescent lamp 106 of the hybrid light source 100 of the present
invention is not illuminated, the operating frequency f,, of
the inverter circuit 145 is controlled to a preheat frequency
forz (as shown in FIG. 7), such that the amplitude of the
voltage generated across the first and second windings of the
resonant inductor [.220 increases, and the filament windings
226 provide filament voltages to the filaments of the fluores-
cent lamp 106 for heating the filaments.

[0044] The control circuit 160 comprises, for example, a
microprocessor 230 for managing the operation of the FETs
Q210, Q212 of the inverter circuit 145. The microprocessor
230 may alternatively be implemented as a programmable
logic device (PLD), a microcontroller, an application specific
integrated circuit (ASIC), or any other suitable processing
device or control circuit. The microprocessor 230 generates a
target control signal V -, » o7, Which comprises, for example,
a DC voltage having a magnitude representative of the target
fluorescent lighting intensity L, of the fluorescent lamp 106.
The control circuit 160 also includes a proportional-integral
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(PI) controller 232, which attempts to minimize the error
between target control signal V., zczr and the lamp current
control signal V; 4, cor (i€, the difference between the
target lamp current I, - for the fluorescent lamp 106 and
the present amplitude of the lamp current 1, ,,,-). The PI
controller 232 has an output for generating an output control
signal V ,,, which is representative of the operating frequency
fop required to control the lamp current I, . to be equal to
the target lamp current I,z s r-

[0045] The control circuit 160 further comprises a strike
control circuit 234, which controls the operating frequency
f,p of the inverter circuit 145 during striking of the fluores-
cent lamp 106. Specifically, the strike control circuit 234
receives a strike control signal V ;- from the microprocessor
230 and provides a strike override control signal V g7z 5y 10
the oscillator circuit 216 of the inverter circuit 145, such that
the oscillator circuit adjusts the operating frequency f,,of the
inverter circuit 145 in response to the strike override control
signal Vg o= The strike control circuit 234 also receives
the lamp voltage control signal V; 4,,p» 37, from the lamp
voltage measurement circuit 148 and regulates the magnitude
of'the strike override control signal V g7z o7z 50 asto limit the
amplitude of the lamp voltage V, ,,,» to a maximum lamp
voltage V; ., (as shown in FIG. 7).

[0046] The control circuit 160 further comprises a clamp
circuit 236, which is controlled in response to a clamp enable
control signal V ;. = and a clamp level control signal
V cram-r vz that are generated by the microprocessor 230. The
clamp circuit 236 operates to clamp the output of the PI
controller 232 (i.e., the output control signal V ;) when the
clamp enable control signal V ; , ,» = is driven high (i.e., to
approximately the supply voltage V). When the clamp
level control signal V o .5 7 »; 1s driven high to, for example,
approximately the supply voltage V., the output control
signal V; of the in controller 232 is clamped to a pre-heat
control voltage V,; »rz which causes the operating fre-
quency f,, of the inverter circuit 145 to be controlled to the
preheat frequency f,,, for pre-heating the filaments of the
lamp 106. The microprocessor 230 is operable to decrease the
clamp level control signal Vo, ,,» 7 vz below the supply volt-
ageV . priorto attempting to strike the fluorescent lamp 106.

[0047] According to the present invention, the control cir-
cuit 160 attempts to strike the fluorescent lamp 106 by peri-
odically “blipping” the operating frequency f,, of the
inverter circuit 145 down towards the resonant frequency f .
to control the amplitude of the lamp voltage V, ,, .~ as shown
in FIG. 7. The plot of the amplitude of the lamp voltage
V. shown in FIG. 7 represents the envelope of the actual
high-frequency lamp voltage V; ,,,»- When a lamp strike is
requested (i.e., when the desired total lighting intensity
L pzszep 18 increased above the transition intensity Lz 4,),
the microprocessor 130 first controls the operating frequency
f,p to alow-end frequency {; . and then increases the ampli-
tude of the lamp voltage V; ,,,» during successive pulse times
(e.g., Ty, Ty, Tz shownin FIG. 7), where the length of each
of'the successive pulse times is greater than the length of the
previous pulse time (i.e., the successive pulse times have
increasing lengths, such that T ,;>T,,>T,). During each of
the successive pulse times, the amplitude of the lamp voltage
Ve Increases with respect to time (e.g., exponentially) to
a maximum amplitude V,,, across the length of the pulse
time. The maximum amplitude V,,, of the sinusoidal lamp
voltage V; ,.,» during each successive pulse time may be
greater than the maximum amplitude V,,, of the sinusoidal
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lamp voltage V; ,,,» during the previous pulse time, i.e., the
maximum amplitude V,,, of the sinusoidal lamp voltage
Ve during the second pulse time T, is greater than the
maximum amplitude V,,, during the first pulse time T,. In
addition, the amplitude of the lamp voltage V; ,,,» is limited
to the maximum lamp voltage V,_,,, . by the strike control
circuit 234. Alternatively, the amplitude of the lamp voltage
V1.4 could be increased to a constant amplitude (e.g., to the
maximum lamp voltage V; , ;) during each of the succes-
sive pulse times, such that the maximum amplitudes V,,, of
the sinusoidal lamp voltage V; ,,,» during each of the succes-
sive pulse times are equal.

[0048] When the fluorescent lamp 106 is off (i.e., during an
off mode), the microprocessor 230 drives the clamp enable
control signal V ;- z high and adjusts the magnitude of
the clamp level control signal V -, - 7 17, such that the clamp
circuit 236 controls the operating frequency f,, of the
inverter circuit 145 to the preheat frequency f,x (as shown in
FIG. 7). Since the operating frequency f,,, is maintained at
the preheat frequency f,, when the fluorescent lamp 106 is
off, the filaments will be heated appropriately when the fluo-
rescent lamp is turned on in response to a change in the
desired total lighting intensity L,zszzp that transitions
above the transition intensity L, (e.g., in response to an
actuation of the intensity adjustment actuator of the dimmer
switch 104). When a fluorescent lamp strike is requested (i.e.,
when the desired total lighting intensity L,zezzp 1S
increased above the transition intensity L 5 ,,), the operating
frequency f,, of the inverter circuit 145 is controlled such
that the amplitude of the voltage across the resonant capacitor
(222 increases until the fluorescent lamp 106 strikes and the
lamp current I, ,,,» begins to flow through the lamp as will be
described in greater detail below.

[0049] When the desired total lighting intensity L, zq/2zp
ofthe hybridlight source 100 is increased above the transition
intensity L, (e.g.,attimet, in FIG. 7), the microprocessor
230 will attempt to strike the fluorescent lamp 106 to thus turn
the lamp on. Before striking the fluorescent lamp 106 (i.e.,
during a pre-strike mode), the microprocessor 230 decreases
the magnitude of the clamp level control signal V ;.7 5z
with respect to time until the lamp voltage V; ,, » rises to a
low-end lamp amplitude V;_; , and the operating frequency
f,p drops to the low-end frequency f; . (e.g., at time t, in FIG.
D.

[0050] At this time, the microprocessor 230 attempts to
strike the fluorescent lamp 106 to thus illuminate the lamp
(i.e., during a strike mode). Specifically, the microprocessor
230 drives the strike control signal V¢, high in successive
pulses of increasing length to periodically adjust the operat-
ing frequency f, of the inverter circuit 145 down towards the
resonant frequency f, .. as shown FIG. 7 to try to strike the
lamp 106. During each successive pulse time, the operating
frequency f,, is decreased below the low-end frequency f, -,
such that the amplitude of the lamp voltage V, ,,,» increases
above the low-end lamp amplitude V; _; . As previously men-
tioned, the length of each of the successive pulses is greater
than the length of the previous pulse. At the beginning of each
pulse time, the microprocessor 230 drives the strike control
signal V - high to approximately the supply voltage V ~-and
the strike control circuit 234 increases the magnitude of the
strike override control signal V ¢ ;% With respect to time at
a predetermined rate across the length of the pulse time (e.g.,
at an exponential rate as shown in FIG. 7). In response to the
magnitude of the strike override control signal V g7z 5y, the
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oscillator circuit 216 decreases the operating frequency f,,  of
the inverter circuit 145 below the low-end frequency f; . at a
similar rate.

[0051] The magnitude of the strike override control signal
V srx.ovr 18 regulated by the strike control circuit 234 so as to
limit the lamp voltage V; ,,,» to the maximum lamp voltage
V; arax- When the strike control signal Vo, is driven low
(i.e., to approximately circuit common), the strike control
circuit 234 immediately drives the strike override control
signal Vg oz low to thus bring the operating frequency f,»
back to the low-end frequency f; . set by the clamp circuit
236. For example, the first pulse time T, during the strike
mode may have a minimum length T, ;.. €.g., approximately
500 usec. Each subsequent successive pulse time (e.g., Tp,
and T ;) may have a length that is a predetermined increment
T, (e.g., approximately 50 psec) longer than the previous
pulse (e.g., Tp,=T5,+T, and T,;=T,,+T,). In addition, a
strike attempt period Tg . between the beginnings of the
pulses may be constant (e.g., approximately 1.5 msec) as
shown in FIG. 7. Accordingly, the control circuit 160 controls
the inverter circuit 145 in the strike mode so as to increase the
amplitude of the lamp voltage V, ,,,» during successive pulse
times, where the successive pulse times having increasing
lengths and may have increasing maximum amplitudes as
shown in FIG. 7.

[0052] The microprocessor 230 is operable to determine
when the fluorescent lamp 106 has struck in response to the
amplitude of the lamp current I, ,, . The microprocessor 230
digitally filters the amplitude of the lamp current I, ,, . (i.e.,
from the lamp current control signal V; ,,,» o) to generate
a digitally-filtered lamp current I; ,,,» - as shownin FIG. 7.
In addition, the lamp current control signal V; 4,5 7z may
be also filtered by an analog filter circuit. The microprocessor
230 determines that the fluorescent lamp 106 has struck when
the magnitude of the digitally-filtered lamp current I, ,,,» ~r
rises to a strike current threshold I ;.. When the fluorescent
lamp 106 strikes (e.g., at time t; in FIG. 7), the amplitude of
the lamp current 1, ,,,» increases quickly. The magnitude of
the digitally-filtered lamp current 1, ,,,» - also increases,
but at a slower rate than the amplitude of the lamp current
1; 4sas> Therefore, the microprocessor 230 is operable to
detect that the fluorescent lamp 106 has struck a short period
oftime (e.g., attime t, in FIG. 7) after the lamp actually struck
as shown in FIG. 7.

[0053] The “dead times” between the pulse times of the
strike control signal V ¢, (i.e., when the strike control signal
Vi 18 equal to approximately zero volts) help reduce over-
shoot of the lamp current I, ,,,» that may be caused by the
delay between when the fluorescent lamp 106 strikes and
when the digitally-filtered lamp current I, ,,,» - rises to the
strike current threshold I ... Overshoot of the lamp current
1; asp can cause visible flicking, flashing, or brightness over-
shoot of the intensity of the fluorescent lamp 106. Striking of
afluorescent lamp 106 is dependent the amplitude of the lamp
voltage V; ,.,» and the length of time that the lamp voltage
V. having that amplitude is coupled across the lamp.
Since these parameters may vary from one lamp to another or
between different lamp types, different lamps may require
different numbers of successive pulse times of the lamp volt-
age V; .. in order to strike. Because the amplitude of the
lamp voltage V ,,,» is only increased during the successive
pulse times and is controlled back to approximately the low-
end lamp amplitude V; _; - during the dead times of the strike
control signal V g7, the electronic ballast circuit 142 is able to
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accommodate striking different lamps having different oper-
ating characteristics while minimizing the overshoot of the
lamp current I, ;-

[0054] When the microprocessor 230 detects that the fluo-
rescent lamp 106 has struck, the microprocessor drives the
clamp enable control signal V o5z 5 zr low, such that the
clamp circuit 236 no longer clamps the output control signal
V p; of the PI controller 232. Thus, the operating frequency
fop of the inverter circuit 145 is then controlled in response to
the output control signal V ,; of the PI controller 232 to drive
the lamp current I, ,,,- to be equal to the target lamp current
I yreer (€., during an on mode). Because of the delay
between when the fluorescent lamp 106 strikes and when the
digitally-filtered lamp current I, ,, - - rises to the strike
current threshold Ig,., the microprocessor 230 typically
detects that the lamp has struck during the dead times of the
strike control signal V.. Since the amplitude of the lamp
voltage V; ,,,» is controlled back to approximately the low-
end lamp amplitude V, ;. during the dead times, the lamp
106 will be turned on to approximately the minimum fluo-
rescent intensity L., - and overshoot of the lamp current
1; 4aze 1s minimized.

[0055] FIGS. 8A and 8B are simplified flowcharts of a
fluorescent lamp control procedure 300 executed periodically
(e.g., approximately every 100 psec) by the microprocessor
230 of the control circuit 160 according to the first embodi-
ment of the present invention. If the microprocessor 230 is
operating in the on mode at step 310 (i.e., if the fluorescent
lamp 106 is illuminated), but there is presently no change in
the desired total lighting intensity L,zqzzp Of the hybrid
light source 100 (as determined from the zero-crossing con-
trol signal V . received from the zero-crossing detect circuit
164) at step 312, the fluorescent lamp control procedure 300
simply exits. If there has been a change in the desired total
lighting intensity L ,zozzp at step 312, but the change does
not take the desired total lighting intensity L,y below
the transition intensity L, (i.e., the fluorescent lamp 106
should stay on) at step 314, the microprocessor 230 adjusts
the target control signal V -, » oz appropriately in response to
the change in the desired total lighting intensity L, zc/zzp at
step 316. However, if the change takes the desired total light-
ing intensity L, zo;zzp below the transition intensity L, ,»-at
step 314, the microprocessor 230 changes to the off mode at
step 318 and drives the clamp enable control signal V ;1,5 za
high to approximately the supply voltage V . at step 320. The
microprocessor 230 also drives the clamp level control signal
V cram-r vz high to approximately the supply voltage V. (to
control the operating frequency f,,, of the inverter circuit 145
to the preheat frequency fz ) at step 322, before the fluores-
cent lamp control procedure 300 exits.

[0056] If the microprocessor 230 is operating in the off
mode (i.e., the fluorescent lamp 106 is off) at step 324 and the
microprocessor has received a command to transition the
desired total lighting intensity L, zqrzp of the hybrid light
source 100 above the transition intensity L, , at step 326,
the microprocessor 230 changes to the pre-strike mode at step
328, before the fluorescent lamp control procedure 300 exits.
If the microprocessor 230 is not operating in the off mode at
step 324, but is operating in the pre-strike mode at step 330,
the microprocessor 230 decreases the magnitude of the clamp
level control signal V ;5,7 by a predetermined value
V crama at step 332, such that the operating frequency f .
will decrease and the lamp voltage V; ,,,» will increase. As
the microprocessor 230 continues to periodically execute the
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fluorescent lamp control procedure 300 while in the pre-strike
mode, the microprocessor will continue to decrease the mag-
nitude of the clamp level control signal V ;.5 ;7 by the
predetermined value V ; , /-, at step 332. When the amplitude
of the lamp voltage V; ,,,» (as determined from the lamp
voltage control signal V, ,,,» 7 7) is greater than or equal to
the low-end lamp amplitude V, , - at step 334, the micropro-
cessor 230 changes to the strike mode at step 336 (during
which the microprocessor will maintain the magnitude of the
clamp level control signal V ;. ;7 constant) and sets a
variable n equal to zero at step 338, before the fluorescent
lamp control procedure 300 exits. The microprocessor 230
uses the variable n to count the number of pulses of the strike
control signal V ¢, during the strike mode.

[0057] Referring to FIG. 8B, if the microprocessor 230 is
operating in the strike mode at step 340 and the magnitude of
the digitally-filtered lamp current I, ,,,» , is less than the
strike current threshold I, at step 342, the microprocessor
230 operates to generate the strike control signal Vg, with
the successive pulse having increasing pulse lengths, so as to
increase the amplitude of the lamp voltage V, ,,,» during the
successive pulse times. The microprocessor 230 uses a pulse
timer to determine when to start and end each of the pulse
times of the strike control signal V ¢. For example, the pulse
timer may decrease in value with respect to time, and the
microprocessor 230 may initialize the pulse timer with the
strike attempt period Ty, such that microprocessor will
begin to generate another pulse when the pulse timer is equal
to or less than approximately zero. Specifically, if the micro-
processor 230 should begin to generate a new pulse at step
344, the microprocessor determines a length T, o of the
next pulse time at step 346, i.e.,

Trurse=Taant T, (Equation 1)

where T, ;/1s the predetermined minimum pulse length (i.e.,
approximately 500 usec) and T, is the predetermined incre-
ment (i.e., approximately 50 psec), which defines how much
longer each successive pulse time is as compared to the pre-
vious pulse time. The microprocessor 230 initializes the pulse
timer with the strike attempt period T s and starts the pulse
timer at step 348, and drives the strike control signal Vg
high (i.e., to approximately the supply voltage V..) at step
350, before the fluorescent lamp control procedure 300 exits.

[0058] If the microprocessor 230 should end the present
pulse (i.e., if the pulse timer is equal to approximately the
difference between the strike attempt period T, and the
length T,,; ¢z of the present pulse time) at step 352, the
microprocessor drives the strike control signal Vg, low to
approximately circuit common at step 354 and increments the
variable n at step 356, before the fluorescent lamp control
procedure 300 exits. When the magnitude of the digitally-
filtered lamp current I, ,, » -~ becomes greater than or equal
to the strike current threshold I, at step 342 (i.e., either
during a pulse or during the dead time between the pulse
times), the microprocessor 230 changes to the on mode at step
358 and drives the clamp level control signal V ; 5,5 s 5, high
to approximately the supply voltage V . at step 360. In addi-
tion, the microprocessor 230 drives the clamp enable control
signal V 7 5/ zn- 10w to approximately circuit common at step
362, before the fluorescent lamp control procedure 300 exits.
Accordingly, the clamp circuit 236 no longer limits the mag-
nitude of the output control signal V ,,0f the PI controller 232,
and the operating frequency f,, of the inverter circuit 145 will
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now be adjusted in response to the output control signal V ,, to
drive the lamp current I, ,,,» to be equal to the target lamp
current I,z crr

[0059] FIG.9isasimplified schematic diagram of a portion
of a hybrid light source 400 according to a second embodi-
ment of the present invention. FIG. 10 shows example wave-
forms that illustrate the operation of the hybrid light source
400 of the second embodiment. The hybrid light source 400
comprises a dimmable ballast circuit 442 having an inverter
circuit 445, which includes two FETs Q410, Q412 that oper-
ate to convert the DC bus voltage Vs to the high-frequency
square-wave voltage Vg, (as in the first embodiment). The
inverter circuit 445 comprises a combined oscillator and gate
drive circuit 414 for driving the FETs Q410, Q412. The
oscillator and gate drive circuit 414 may comprise, for
example, an integrated circuit (not shown), such as part num-
ber L6591, manufactured by ST Microelectronics.

[0060] The hybrid light source 400 further comprises a
control circuit 460 having a microprocessor 430 that is opera-
tively coupled to the oscillator and gate drive circuit 414
through a digital-to-analog converter (DAC) circuit 432. The
DAC circuit 432 may comprise a resistor DAC that outputs an
analog drive signal V ;- , in response to three digital drive
signals Vzpn1s Vorrpss Yorens generated by the micro-
processor 430. Specifically, the DAC circuit 432 sinks an
analog drive current I,,5,. , through the oscillator and gate
drive circuit 414. The oscillator and gate drive circuit 414
controls the operating frequency f,, of the high-frequency
square-wave voltage Vg, in response to the magnitude of the
analog drive current 1,5, ,. For example, the operating fre-
quency f,, of the high-frequency square-wave voltage Vg,
may be proportional to the magnitude of the analog drive
current I,z ;. , as shown in FIG. 10. The microprocessor 430
is operable to pulse-width modulate the digital drive signals
Vprv-pis ¥ori-pas Y pri-pss such that the magnitude of the
analog drive signal V ;- , (and thus the magnitude of the
analog drive current I,;.,) is dependent upon the duty
cycles of the digital drive signals V21 n1s Voryps Yorie
p3. Alternatively, the DAC circuit 432 could comprise a high-
speed DAC integrated circuit (IC) operable to be coupled to
the microcontroller 430 via a digital communication bus, e.g.,
a serial peripheral interface (SPI) bus or an inter-integrated
circuit (I*C), for adjusting the magnitude of the analog drive
signal Vpp 4.

[0061] FIGS. 11A and 11B are simplified flowcharts of a
fluorescent lamp control procedure 500 executed periodically
(e.g., every 100 usec) by the microprocessor 430 of the con-
trol circuit 460 according to the second embodiment of the
present invention. The fluorescent lamp control procedure
500 of the second embodiment is very similar to the fluores-
cent lamp control procedure 300 of the first embodiment.
However, rather than controlling the operating frequency f,»
via the clamp enable control signal V ; , /= z» the clamp level
control signal V- ,,» ; vz, and the target control signal V ., »-
cer, the microprocessor 430 of the second embodiment con-
trols the magnitude of the analog drive current I ;- , to adjust
the operating frequency f,, of the inverter circuit 445 (which
is proportional to the magnitude of the analog drive current
I5zp-4)- In addition, the microprocessor 230 executes a PI
control loop to minimize the error between the target lamp
current 1, » o7 for the fluorescent lamp 106 and the present
amplitude of the lamp current I, ,, .

[0062] Particularly, when a change in the desired total light-
ing intensity L ,zq7zzp during does not cause the fluorescent
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lamp 106 to be turned off at step 314, the microprocessor 430
adjusts the magnitude of the analog drive current I, , using
the PI control loop at step 516. When a change in the desired
total lighting intensity L, 27z =, takes the desired total light-
ing intensity I,z = below the transition intensity L, ,»-at
step 314, the microprocessor 430 adjusts the magnitude of the
analogdrive current I ;. ,to apreheat drive current Iy oz
at step 522, which causes the operating frequency f,, to be
controlled to the preheat frequency f,.. During the pre-
strike mode, the microprocessor 430 decreases the magnitude
of the analog drive current I,,5,. , by a predetermined value
I zpa at step 532, such that the operating frequency f,, will
decrease and the lamp voltage V; ,, » will increase. As the
microprocessor 430 continues to periodically execute the
fluorescent lamp control procedure 500 while in the pre-strike
mode, the microprocessor will continue to decreases the mag-
nitude ofthe analog drive current I . , by the predetermined
value Iz, at step 532. In addition, after changing to the
strike mode at step 336, the microprocessor 430 stores the
present magnitude of the analog drive current 1,4, , as a
low-end drive current I,,4,.; - at step 537. For example, the
microprocessor 430 may store the duty cycles of the digital
drive signals V 5zy- 1, Vorppos Yorips at step 537.

[0063] Referring to FIG. 11B, when the microprocessor
430 is in the strike mode and should either begin a new pulse
time at step 344 or continue a present pulse time at step 562,
the microprocessor 340 adjusts the magnitude of the analog
drive current I, , appropriately at steps 550, 564 to gener-
ate the predetermined (e.g., exponential) slope in the analog
drive current I 5. , 50 as to control the amplitude of the lamp
voltage V; . to the maximum lamp voltage V; ,,,. as
shown in FIG. 10. When the microprocessor 430 should end
the present pulse time at step 352, the microprocessor adjusts
the analog drive current Iz, , at step 554 to the low-end
drive current Iz (as stored in step 537). When the mag-
nitude of the digitally-filtered lamp current I, rr
becomes greater than or equal to the strike current threshold
Is7x at step 342, the microprocessor 430 changes to the on
mode at step 358 and adjusts the analog drive current Iz, ,
at step 560 to the low-end drive current Iz, ; - (as stored in
step 537), before the fluorescent lamp control procedure 500
exits. When in the on mode, the microprocessor 430 will once
again adjust the magnitude of the analog drive current I,5. ,
using the PI control loop (at step 516).

[0064] While the present invention has been described with
reference to the hybrid light source 100, the method of strik-
ing a fluorescent lamp of the present invention could be used
in any dimmable electrical ballast to minimize flickering,
flashing, and brightness overshooting of the intensity of the
lamp when turning the lamp on near low-end.

[0065] Although the present invention has been described
in relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled in the art. It is preferred, therefore,
that the present invention be limited not by the specific dis-
closure herein, but only by the appended claims.

What is claimed is:
1. A method of striking a gas discharge lamp comprising
the steps of:

generating a high-frequency square-wave voltage having
an operating frequency;

generating a sinusoidal voltage from the high-frequency
square-wave voltage;

coupling the sinusoidal voltage to the lamp;
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controlling the amplitude of the sinusoidal voltage to a

low-end amplitude; and

periodically increasing the amplitude of the sinusoidal

voltage above the low-end amplitude during successive
pulse times and then decreasing the amplitude of the
sinusoidal voltage towards the low-end amplitude at the
end of each of the successive pulse times, the length of
each of the successive pulse times being greater than the
length of the previous pulse time, until the lamp has
struck.

2. The method of claim 1, wherein the amplitude of the
sinusoidal voltage is dependent upon the operating frequency
of the high-frequency square-wave voltage, and controlling
the amplitude of the sinusoidal voltage to a low-end ampli-
tude further comprises controlling the operating frequency of
the square-wave voltage to a low-end frequency.

3. The method of claim 2, wherein increasing the amplitude
of the sinusoidal voltage during successive pulse times fur-
ther comprises decreasing the operating frequency below the
low-end frequency to increase the amplitude of the lamp
voltage above the low-end amplitude during each pulse time.

4. The method of claim 3, wherein decreasing the ampli-
tude of the sinusoidal voltage at the end of each of the suc-
cessive pulse times further comprises increasing the operat-
ing frequency back to the low-end frequency to decrease the
amplitude of the lamp voltage back to the low-end amplitude
at the end of each pulse time.

5. The method of claim 4, further comprising:

generating a lamp current control signal representative of

an amplitude of a lamp current conducted through the
lamp; and

determining whether the lamp has struck in response to the

amplitude of the lamp current.

6. The method of claim 5, further comprising:

controlling the amplitude of the lamp voltage to the low-

end amplitude in response to determining that the lamp
has struck.

7. The method of claim 5, further comprising:

filtering the lamp current control signal to generate a fil-

tered lamp current control signal;

wherein determining whether the lamp has struck further

comprises determining whether the magnitude of the
filtered lamp current exceeds a strike current threshold.

8. The method of claim 1, wherein the length of a first one
of'the pulse times is equal to a minimum pulse length, and the
length of each of the subsequent successive pulse times is a
predetermined increment longer than the previous pulse time.

9. The method of claim 8, wherein a constant strike period
exists between the beginning of each of the successive pulse
times.

10. The method of claim 1, wherein the amplitude of the
sinusoidal voltage during each of the successive pulse times
increases with respect to time across the length of the pulse
time.

11. The method of claim 10, wherein the amplitude of the
sinusoidal voltage during each of the successive pulse times
increases exponentially with respect to time across the length
of the pulse time.

12. The method of claim 1, wherein a maximum amplitude
of the sinusoidal voltage during each pulse time is greater
than a maximum amplitude of the sinusoidal voltage during
the previous pulse time.

13. An electronic ballast for driving a gas discharge lamp,
the ballast comprising:
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an inverter circuit for receiving a DC bus voltage and for
generating a high-frequency square-wave voltage hav-
ing an operating frequency;

a resonant tank circuit for receiving the high-frequency
square-wave voltage and generating a sinusoidal voltage
for driving the lamp; and

a control circuit coupled to the inverter circuit for control-
ling the amplitude of the sinusoidal voltage;

wherein the control circuit is adapted to cause the lamp to
strike by controlling the amplitude of the sinusoidal
voltage to a low-end amplitude, the control circuit
adapted to periodically increase the amplitude of the
sinusoidal voltage during successive pulse times and to
decrease the amplitude of the sinusoidal voltage towards
the low-end amplitude at the end of each of the succes-
sive pulse times, the length of each of the successive
pulse times being greater than the length of the previous
pulse time, until the lamp has struck.

14. The ballast of claim 13, wherein the amplitude of the
sinusoidal voltage is dependent upon the operating frequency
of'the high-frequency square-wave voltage, the control circuit
operable to control the operating frequency to a low-end
frequency to control the amplitude of the sinusoidal voltage to
the low-end amplitude.

15. The ballast of claim 14, wherein the control circuit
decreases the operating frequency below the low-end fre-
quency to increase the amplitude of the sinusoidal voltage
above the low-end amplitude during each pulse time.

16. The ballast of claim 15, wherein the control circuit
comprises a microprocessor.

17. The ballast of claim 16, wherein the microprocessor is
adapted to receive a lamp current control signal representative
of a present amplitude of a lamp current conducted through
the lamp, and to determine whether the lamp has struck.

18. The ballast of claim 17, wherein the microprocessor is
adapted to digitally filter the lamp current control signal to
generate a filtered lamp current control signal, and determine
whether the lamp has struck in response to the magnitude of
the filtered lamp current exceeding a strike current threshold.

19. The ballast of claim 18, wherein the microprocessor is
adapted to increase the operating frequency back to the low-
end frequency at the end of each pulse time to decrease the
amplitude of the sinusoidal voltage back to the low-end
amplitude.

20. The ballast of claim 18, wherein the microprocessor is
adapted to control the amplitude of the lamp voltage to the
low-end amplitude in response to determining that the lamp
has struck.

21. The ballast of claim 17, wherein the control circuit
comprises:

a proportional-integral controller operable to provide an
output control signal to the inverter circuit for adjusting
the operating frequency of the square-wave voltage to
minimize the difference between the present amplitude
of the lamp current and a target lamp current;

a clamp circuit operable to clamp the output control signal
of the PI controller, such that the operating frequency of
the square-wave voltage is controlled to the low-end
frequency while the control circuit is attempting to strike
the lamp; and

a strike control circuit coupled to the inverter circuit and
operable to decrease the operating frequency below the
low-end frequency to increase the amplitude of the sinu-
soidal voltage above the low-end amplitude during each
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successive pulse time of the sinusoidal voltage while the
control circuit is attempting to strike the lamp.

22. The ballast of claim 17, wherein the microprocessor is
operatively coupled to the inverter circuit for adjusting the
operating frequency of the square-wave voltage, the micro-
processor operable to execute a proportional-integral control
loop to minimize the difference between the present ampli-
tude of the lamp current and a target lamp current, the micro-
processor operable to control the operating frequency to the
low-end frequency and then decrease the operating frequency
below the low-end frequency to increase the amplitude of the
sinusoidal voltage during the successive pulse times while
attempting to strike the lamp.

23. The ballast of claim 13, wherein the length of a first one
of'the pulse times is equal to a minimum pulse length, and the
length of each of the subsequent successive pulse times is a
predetermined increment longer than the previous pulse time.

24. The ballast of claim 23, wherein a constant strike period
exists between the beginning of each of the successive pulse
times.

25. The ballast of claim 13, wherein the amplitude of the
sinusoidal voltage during each of the successive pulse times
increases with respect to time across the length of the pulse
time.

26. The ballast of claim 25, wherein the amplitude of the
sinusoidal voltage during each of the successive pulse times
increases exponentially with respect to time across the length
of the pulse time.

27. The ballast of claim 13, wherein a maximum amplitude
of the sinusoidal voltage during each pulse time is greater
than a maximum amplitude of the sinusoidal voltage during
the previous pulse time.

28. A hybrid light source adapted to receive power from an
AC power source and to produce a total light intensity, the
total light intensity controlled throughout a dimming range
from a low-end intensity and high-end intensity, the hybrid
light source comprising:

a continuous-spectrum light source circuit having a con-

tinuous-spectrum lamp;

a discrete-spectrum light source circuit having a gas-dis-

charge lamp and an electronic ballast circuit for driving
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the gas-discharge lamp, the ballast circuit comprising an
inverter circuit for generating a high-frequency square-
wave voltage having an operating frequency, and a reso-
nant tank circuit for receiving the high-frequency
square-wave voltage and generating a sinusoidal voltage
for driving the lamp; and

a control circuit coupled to both the continuous-spectrum
light source circuit and the discrete-spectrum light
source circuit for individually controlling the amount of
power delivered to each of the continuous-spectrum
lamp and the gas-discharge lamp, such that the total light
intensity of the hybrid light source is controlled to a
target intensity, the control circuit operable to turn off
the gas-discharge lamp and control only the continuous-
spectrum lamp to be illuminated when the target inten-
sity is below the transition intensity, the control circuit
operable to illuminate both the continuous-spectrum
lamp and the gas-discharge lamp when the target inten-
sity is above the transition intensity;

wherein when the target intensity transitions from below to
above the transition intensity, the control circuit is
adapted to cause the gas-discharge lamp to strike by
controlling the amplitude of the sinusoidal voltage to a
low-end amplitude, and then periodically increasing the
amplitude of the sinusoidal voltage during successive
pulse times and decreasing the amplitude of the sinusoi-
dal voltage towards the low-end amplitude at the end of
each of the successive pulse times, the length of each of
the successive pulse times being greater than the length
of the previous pulse time, until the lamp has struck.

29. The light source of claim 28, wherein the amplitude of
the sinusoidal voltage during each of the successive pulse
times increases with respect to time at a predetermined rate
across the length of the pulse time.

30. The light source of claim 28, wherein a maximum
amplitude of the sinusoidal voltage during each pulse time is
greater than a maximum amplitude of the sinusoidal voltage
during the previous pulse time.
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