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Description
FIELD OF THE INVENTION

[0001] This invention relates to an apparatus and
method for the dimming control of an electronic ballast
for a fluorescent lamp. In particular the invention relates
to an apparatus and method for such dimming control
that generates low electromagnetic interference and low
switching stress.

BACKGROUND OF THE INVENTION

[0002] Electronic ballasts for the high-frequency op-
eration of fluorescent lamps have been increasingly
adopted as an energy efficient solution in residential,
commercial and industrial lighting applications. Elec-
tronic ballasts have a number of advantages including
improved efficiency of the overall system, higher lumen
output per watt and longer lifetime of the fluorescent
lamps. Electronic ballasts are in effect switched mode
power electronic circuits, and most modern electronic
ballast designs employ series resonant converters as
the power circuits for driving the lamps.

PRIOR ART

[0003] Fig.1 shows a conventional electronic ballast
design. The basic concept of this design is to use the
resonant voltage across the resonant capacitor C, to
cause the lamp arc to strike at high frequency, typically
from 25kHz to 50kHz. Because of the high frequency of
the excitation voltage the lamp Is essentially in a con-
tinuous on-state, which provides high-quality illumina-
tion without any unwanted flickering effect.

[0004] Fig.2 shows a conventional implementation of
a half-bridge series resonant inverter for an electronic
ballast application. In this arrangement the two switches
S1 and S2 are complementary switches (ie when ST is
on S2 is off, and vice versa). If the potential at point Y
is taken as the zero voltage reference point, then voltage
V,y will have the values + V,/2 where V. is the DC
voltage applied to the ballast circuit either by an AC-DC
converter if the power source is AC or by a DC-DC con-
verter if the power source is DC. The operation of this
conventional circuit will now be described for the pur-
poses of illustration.

[0005] The two capacitors C are much larger than the
resonant capacitor C, and provide a stable DC voltage
nominally at V,,/2 at the point Y. By operating the switch-
ing frequency fg, of ST and S2 slightly higher than the
resonant frequency f, of inductor L, and capacitor C, the
resonant load becomes inductive. If the current (i;,) in
the inductor L, is continuous, ST and S2 can be turned
on under zero-voltage. This zero-voltage switching is
desirable because it reduces turn-on switching loss and
minimises the electromagnetic interference (EMI) from
the power switches. If additional small capacitors Cs7
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and Cs2 are added as shown in Fig.2, switches S7 and
S2 can also be turned off under zero-voltage as long as
the inductor current (i, ) is continuous.

[0006] Series resonant converter designs such as
that shown in Fig.2 are very popular. One reason for this
popularity, for example, is that a circuit of this design can
be used for a multiple lamp system simply by connecting
several sets of resonant tanks and lamps across points
X and Y. This flexibility greatly reduces the ballast cost
per lamp.

[0007] Difficulties arise with the circuit of Fig.2, how-
ever, when it is desired to provide a method of dimming
control. Most electronic ballasts employ a nominally
constant converter DC voltage and in order to control
the light intensity of the fluorescent lamp dimming con-
trol is provided. Two methods of providing dimming con-
trol are commonly used in this type of ballast arrange-
ment; duty cycle control and variation of switching fre-
quency and these will now both be described.

[0008] The first method of dimming control is by con-
trol of the duty cycle (d) of the two switches S7 and S2.
The ideal duty cycle is 0.5 but in practice the maximum
d should be slightly less than 0.5 so that a small dead-
time when both switches are off is provided to avoid
shoot-through in S7 and S2. Fig.3 shows typical wave-
forms of the gating signals of S1 and S2. By controlling
the turn-on and turn-off times of the two switches the
voltage applied to the series resonant circuit can be con-
trolled. This method is not without its drawbacks how-
ever, especially at low duty-cycles, ie at low applied volt-
age, as will be seen from the following.

[0009] A major advantage of the circuit of Fig.2 is that
the switches can be turned on and off under zero-volt-
age conditions which substantially reduces EMI emis-
sion and switching stress in the power switches. How-
ever as will be seen below, if the duty cycle is too small
the inductor current may become discontinuous and the
zero-voltage switching conditions will be lost and the
switches will suffer switching stress, leading to reduced
reliability and increased EMI emission. This can be seen
from the following explanation of the operating modes
of the power converter which are described with refer-
ence to Fig.4 of the accompanying drawings which
schematically highlight the main current paths.

[0010] Fig.4(a) shows a first stage in which switch S1
is ON while switch S2 is OFF and the main current path
is highlighted in bold. In a second stage shown in Fig.4
(b) the two switches are OFF while Cs1 is charged up
to Vpc and Cs2 is discharged. When Cs2 is discharged
the anti-parallel diode of S2 will start to conduct. Again
the main current path is highlighted in bold. Fig.4(c)
shows this third stage in which the two switches S7 and
S2 are both still OFF and the anti-parallel diode is con-
ducting clamping the voltage across S2 to almost 0V
and when the switch S2 is later turned on again it is
turned on under this zero-voltage condition. However,
this assumes that the inductor current is continuous. If
the duty cycle is too small the inductor current may de-
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cay to zero before the switch S2is turned on again giving
the condition shown in Fig.4(d). If the inductor current
falls to zero before S2 is switched on again, the voltage
across S2 is not clamped to near zero and as both
switches are turned off the voltage across S2 and thus
Cs2 will rise. When in the next stage S2 is turned on
again the energy stored in Cs2 will be dissipated in S2
causing high discharge current and high switching loss
and stress in S2.

[0011] In the next stage shown in Fig.4(e) S2 is ON
while S17is OFF and the inductor current becomes neg-
ative. As both switches once more go to OFF, shown in
Fig.4(f), the anti-parallel diode of S7 starts to conduct
clamping the voltage across S7 to near zero (Fig.4(g)).
Again, as with S2, if the duty cycle is not too small S1
will be switched on again before the inductor current de-
cays to zero and so will be switched on while still
clamped to near zero voltage, with the advantages dis-
cussed above. If the duty cycle is too small, however,
the inductor current will decay to zero before S7 is
switched on again causing the voltage across S7 and
Cs1 to rise. When S1 is finally turned on again the en-
ergy stored in Cs1 is dissipated in S71 as discussed
above with regard to S2 and with the same problems.
This possibility is shown in Fig.4(h).

[0012] Thus if dimming control by variation of duty cy-
cle is provided, soft switching is possible provided that
the inductor current is continuous. However if the duty
cycle is reduced too far then the inductor current may at
points in the cycle decay to zero and non-zero-voltage
switching takes place with its attendant disadvantages
of higher EMI emission and higher switching stress.
[0013] As an alternative to dimming control by duty
cycle variation, it is also known to provide dimming con-
trol by varying the switching frequency. If the switching
frequency is increased, the inductor impedance is in-
creased and thus the inductor current is reduced, This
allows the output of a fluorescent lamp to be controlled
by varying the switching frequency and Fig.5 shows the
power of a 4-ft 40W fluorescent lamp plotted against
switching frequency. It can be seen that the lamp power,
and therefore the intensity of the emitted light, decreas-
es with increasing switching frequency.

[0014] Dimming control by varying switching frequen-
cy has its own disadvantages however. These include
the following points:

1. If the inverter bridge is not soft-switched the
switching loss of the inverter will be increased lead-
ing to reduced efficiency.

2. In order to achieve dimming control at low lamp
power operation, the switching frequency range has
to be very wide (eg from 25kHz to 65kHz) and in
practice the frequency range of the magnetic cores,
the gate drive circuits and electronic control circuit
may all act to limit the range of dimming control.

3. Soft-switching is not easy to achieve over the en-
tire switching frequency range. In particular, at light
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loads soft-switching cannot be achieved and the
switching stress is large. The switching transients
due to hard-switching are a major source of EMI
emissions.

4. The power range of the dimming control is limited
if the switching frequency range is small. A typical
range of dimming control is from 100% load to 25%
load.

SUMMARY OF THE INVENTION

[0015] Viewed from one broad aspect the present in-
vention provides apparatus for controlling the power
output of a fluorescent lamp comprising, an electronic
ballast for driving said fluorescent lamp, power supply
means for providing DC power input to said electronic
ballast, and means for varying the voltage of said DC
power input to said electronic ballast.

[0016] In one embodiment the power supply may
comprise an AC power input followed by an AC-DC con-
verter capable of providing a (i) power factor correction
and (ii) variable DC output. Such converters may com-
prise a diode bridge followed by one of (a) a flyback con-
verter, (b) a Cuk converter, (¢) a SEPIC converter, (d) a
Shepherd-Taylor converter, and (e) a boost converter.
Preferably this front end converter uses soft-switching.
[0017] Alternatively in another embodiment the power
supply may comprise a DC power input followed by a
DC-DC converter capable of providing a variable DC
output. The converter may be a step-down or a step-up/
step-down converter.

[0018] Preferably the electronic ballast comprises a
half-bridge series resonant inverter. The ballast prefer-
ably comprises two switches soft-switched at a constant
frequency slightly higher than the resonant frequency of
an inductor-capacitor tank of the ballast. The switches
are preferably switched at a constant duty-cycle, pref-
erably as close as possible to 0.5 while providing a short
deadtime therebetween to prevent shoot-through.
[0019] Viewed from another broad aspect the present
invention provides a method for controlling the power
output of a fluorescent lamp driven by means of an elec-
tronic ballast in the form of a half-bridge resonant invert-
er, comprising operating said ballast at a constant duty
cycle and a constant frequency and providing a variable
DC power input to said ballast.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Some embodiments of the invention will now
be described by way of example and with reference to
the accompanying drawings, in which;-

Fig.1 is a simplified schematic drawing of a series-
resonant inverter based electronic ballast of the pri-
or art,

Fig.2 is a schematic diagram of a half-bridge series
resonant inverter based electronic ballast of the pri-
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or art,

Fig.3 illustrates typical waveforms of gating signals
for the switches of the ballast of Fig.2,
Figs.4(a)-(h) illustrate successive operational stag-
es of the ballast of Fig.2 with the main current path
of each stage being highlighted in bold,

Fig.5 is a plot showing expected lamp power
against switching frequency in an alternative prior
art method of dimming control,

Fig.6 is a schematic diagram of an electronic ballast
provided with dimming control in accordance with a
first embodiment of this invention,

Fig.7 is a view corresponding to Fig.6 of a second
embodiment of the invention,

Fig.8 is a plot showing lamp power output as a func-
tion of converter voltage,

Fig.9 schematically illustrates one form of AC-DC
converter that may be used in the presentinvention,
Figs.10(a) and (b) illustrate alternate topologies for
the converter of Fig.9,

Fig.11 schematically illustrates another form of
AC-DC converter that may be used in the present
invention,

Fig.12 shows typical waveforms for the switch cur-
rent and the input phase current in the converter of
Fig.11,

Fig.13 shows one form of DC-DC converter that
may be used in another embodiment of the present
invention, and

Fig.14 shows an alternate form of DC-DC converter.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0021] In the present invention, dimming control is
achieved by the use of a variable converter DC voltage
as the means to provide a smooth and desirable dim-
ming control for a fluorescent lamp system. Referring to
Fig.6 it will be seen that a power converter is inserted
between the input power supply and the half-bridge cir-
cuit with the power converter being able to produce a
variable Vp output to the half-bridge circuit. Fig.6 as-
sumes that the power supply is AC and so the converter
is an AC-DC converter, but as shown in Fig.7 the same
principle can apply when the input power supply is DC
by providing a front-end DC-DC converter with control
of the output DC voltage,

[0022] In the presentinvention the output DC voltage
Vpc of the front-end converter is controlled in order to
control the lamp power. A constant duty-cycle (nearly
0.5) is used for the switching of the half-bridge inverter
in order to ensure a wide power range of continuous in-
ductor current operation and thus soft-switching opera-
tion. This has the further advantage of making switching
control simple. A constant switching frequency is used
in the converter so that the resonant L-C circuit can be
optimised for any given type of lamp.

[0023] As shown in Fig.6 if the input power supply is
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an AC supply, the front end converter must naturally be
an AC-Dc converter. Examples of suitable AC DC con-
verters include (a) a diode bridge followed by a flyback
converter, (b) a diode bridge followed by a Cuk convert-
er, (c) a diode bridge followed by a Sepic converter, (d)
a diode bridge followed by a Shepherd-Taylor converter,
and (e) a diode bridge followed by a boost converter.
These five AC-DC converters can provide input power
factor correction in order to reduce voltage harmonics
and current harmonics in the AC power supply. In addi-
tion, to further reduce EMI emissions, soft-switching is
preferably incorporated into the front-end converter.
This may be achieved by adding an auxiliary circuit to
the front-end converter.

[0024] A significant advantage of controlling Vp to
provide dimming control is that lamp power decreases
smoothly and almost linearly with decreasing V. This
can be seen from Fig.7 which shows simulated and
measured lamp power values as a function of V. for a
4-ft 40W lamp under a constant duty cycle and constant
switching frequency. From Fig.7 it can be seen that there
is a substantially linear relationship between lamp pow-
er and Vpc which makes dimming control very easy and
convenient.

[0025] Fig.9 illustrates an embodiment comprising a
front-end SEPIC (single-ended-primary-inductance-
converter). In consideration of this embodiment the half-
bridge resonant electronic ballast can be considered as
the load. The SEPIC comprises one controlled switch S
and one uncontrolled switch D. The controlled switch S
can be a MOSFET, BJT, IGBT or the like and its con-
duction state is determined by the gate signal vy, In
order to avoid needing to use an input line filter the con-
verter is operated in continuous conduction mode where
two circuit topologies are switched alternately in one cy-
cle. These topologies are shown in Fig.10.

[0026] In the first topology - shown in Fig.10(a) - S is
on while D is reverse biased and the currents in the in-
ductors L;and L, (i,  and i; ») increase. When j; , reach-
es a programmed threshold value S will be switched off.
This leads to the second topology shown in Fig.10(b)
where S is off and D conducts. The output capacitor C,,
is then charged by the sum of the currents in L; and L.
[0027] The input current of the SEPIC is controlled to
follow the full-rectified waveform of the sinusoidal input
voltage Z by pulse-width modulation (PWM) control. In
this technique the reference signal i, for the current-
shaping feedback loop is proportional to Vg The input
current is sensed and compared to the reference signal
and an identified error signal is amplified by a current
loop amplifier A, the output of which is compared to a
ramp function. In this way the duty ratio of S may be
adjusted in order to minimize the error between the ref-
erence current and the sensed line current. Thus, the
output voltage is in fact controlled by adjusting the ref-
erence current i« This requires a multiplier circuit in the
voltage feedback loop, and an error amplifier K,, such
as a proportional-plus-integral controller, is used to
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process the error between the output voltage v, ;and a
reference voltage v, to give a necessary signal to one
of the multiplier inputs so that v, will follow the desired
magnitude of v,

[0028] Fig.11 illustrates an alternative embodiment
with an AC-DC front-end converter. In this embodiment
the front-end converter comprises an AC-DC flyback
converter. The input voltage to the flyback converter (en-
closed in the dashed box) is the rectified version of the
AC input voltage v, and if the flyback converter is
switched so that the flyback inductor current i, is discon-
tinuous, the envelope of the current pulses will follow
the shape of the rectified voltage waveform. The input
L-C filter reduces the current ripple and thus the input
phase current i  is sinusoidal as shown in Fig.12. If the
switching frequency is high, say 20kHz to 100kHz, the
current ripple becomes negligible. In this embodiment
the AC-DC converter shapes the current into a sinusoi-
dal curve so as to achieve a unitary power factor (ie cur-
rent is sinusoidal and in phase with the input voltage).
The magnitude of the input AC voltage may be fixed by
the mains supply (220V say) but the input current mag-
nitude can be controlled and thus the output of the
AC-DC converter may be controlled by controlling the
magnitude of the input AC current.

[0029] Where the input power supply is DC the choice
of the most suitable DC-DC converter depends on the
voltage level of the input DC supply, and hence whether
a step-up or a step-down converter is necessary. Exam-
ples of possible DC-DC front-end converters are shown
in Fig.13 and Fig.14. Fig.13 shows a possible step-down
(buck) converter, while Fig.14 shows a flyback converter
that may be either a step-up or step-down converter.
[0030] Thus it will be seen that in its preferred forms
the present invention provides a ballast comprising a
front-end converter that can provide a variable DC volt-
age output. The front-end converter can be a power-fac-
tor-corrected AC-DC converter (preferably with soft-
switching) if the input supply is AC, and a DC-DC con-
verter if the input supply is DC. The DC output voltage
of the front-end converter is fed to a soft-switched half-
bridge inverter with an inductor-capacitor resonant cir-
cuit. The fluorescent lamp is connected across the res-
onant capacitor. The two switches in the half-bridge in-
verter are switched at a constant frequency slightly high-
er than the resonant frequency of the inductor-capacitor
tank. The two inverter switches are switched in a com-
plementary manner with a large constant duty cycle in
order to achieve soft-switching in the half-bridge inverter
over a wide power range.

[0031] To control the brightness of the lamp to provide
a dimming control, the lamp power is simply controlled
by varying the DC output voltage of the front-end con-
verter. This allows the inverter bridge to operate under
continuous inductor current mode regardless of the
power output of the lamp, ie from nominal DC voltage
for full lamp power down to very low DC voltage for low
lamp power, thereby reducing EMI emissions from the
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inverter bridge over a wide power range. Together with
power-factor-corrected and soft-switched front-end
AC-DC or DC-DC converter, the present invention al-
lows the entire ballast system to have low conducted
and radiated EMI emission, low switching losses and
stress, and thus high reliability. The present invention
may also be applied to single or multi-lamp systems.

Claims

1. Apparatus for controlling the power output of a flu-
orescent lamp comprising, an electronic ballast for
driving said fluorescent lamp, power supply means
for providing DC power input to said electronic bal-
last, and means for varying the voltage of said DC
power input to said electronic ballast.

2. Apparatus as claimed in claim 1 wherein said bal-
last comprises a half-bridge series resonant invert-
er.

3. Apparatus as claimed in claim 1 wherein said power
supply means comprises an AC power supply and
wherein a power factor corrected AC-DC converter
capable of producing a variable DC output is pro-
vided between said power supply and said electron-
ic ballast.

4. Apparatus as claimed in claim 3 wherein said
AC-DC converter comprises a diode bridge fol-
lowed by one of (a) a flyback converter, (b) a Cuk
converter, (c) a Sepic converter, (d) a Shepherd-
Taylor converter, and (e) a boost converter.

5. Apparatus as claimed in claim 4 wherein said con-
verter uses soft-switching.

6. Apparatus as claimed in claim 1 wherein said power
supply means comprises a DC power supply and
wherein a DC-DC converter capable of producing a
DC output is provided between said power supply
means and said electronic ballast.

7. Apparatus as claimed in claim 6 wherein said DC
DC converter is a step-down converter.

8. Apparatus as claimed in claim 6 wherein said DC
DC converter is a step-down or step-up converter.

9. Apparatus as claimed in claim 1 wherein said elec-
tronic ballast comprises two switches soft-switched
at a constant frequency slightly higher than the res-
onant frequency of an inductor-capacitor tank of
said ballast.

10. Apparatus as claimed in claim 9 wherein said
switches are switched at a constant duty-cycle.
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11. Apparatus as claimed in claim 10 wherein said duty
cycle is slightly below 0.5.

12. A method for controlling the power output of a fluo-
rescent lamp driven by means of an electronic bal-
last in the form of a half-bridge resonant inverter,
comprising operating said ballast at a constant duty
cycle and a constant frequency and providing a var-
iable DC power input to said ballast.
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