(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date (10) International Publication Number
8 December 2005 (08.12.2005) PCT WO 2005/117502 A2
(51) International Patent Classification’: HOSB 37/00 (74) Agents: WEINER, Samuel H. et al.; Ostrolenk, Faber,

Gerb & Soffen, LLP, 1180 Avenue of the Americas, New

(21) International Application Number: York, New York 10036 (US).

PCT/US2005/018487
(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,

(22) International Filing Date: 25 May 2005 (25.05.2005)

(25) Filing Language: English GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
(26) Publication Language: English MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,

OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,

(30) Priority Data: VN. YU, ZA., ZM, ZW.

60/574,407 25 May 2004 (25.05.2004) US
11/136,915 25 May 2005 (25.05.2005) US

y ( ) (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): INTER- GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

NATIONAL RECTIFIER CORPORATION [US/US]; ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

233 Kansas Street, El Segundo, California 90245 (US). European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,

(72) Inventors; and SE, 81, SK, TR), OAPI (BE, BJ, CF, CG, CI, CM, GA, GN,

(75) Inventors/Applicants (for US only): RIBARICH, GQ, GW, ML, MR, NE, SN, TD, TG).

Thomas J. [US/US]; 589 Brooks Street, Laguna Beach,

California 92651 (US). HUANG, Zan [CN/US]; 3649 Published:

Emerald Street, Apt. 230, Torrance, California 90503 —  without international search report and to be republished
(US). upon receipt of that report

[Continued on next page]

(54) Title: SIMPLIFIED ELECTRONIC BALLAST CIRCUIT AND METHOD OF OPERATION

C2
11
§]
Lam LP
T2
Tl T

A Transformer
ACI;’> PFC :'1>DC l —Q"MB
T C1~|7 Switch

20057117502 A2 | IV V0 00 R A

(57) Abstract: The present invention relates to an electronic ballast for driving a fluorescent lamp or the like, and more particularly
to a new topology ballast that has only one switch in its oscillating part. The new ballast is an improvement over the conventional
half-bridge structure, having a reduced number and size of key components, as compared to conventional designs.



WO 2005/117502 A2 I} N0 08000 0000000 A

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.



WO 2005/117502 PCT/US2005/018487

SIMPLIFIED ELECTRONIC BALLAST CIRCUIT AND
METHOD OF OPERATION

CROSS REFERENCE TO A RELATED APPLICATION
[0001] The present application is based upon and claims priority of Provisional
Application Serial No. 60/574,407 filed May 25, 2004, incorporated by reference in its

entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to an electronic ballast for driving a

fluorescent lamp or the like, and more particularly to a new topology ballast that has
only one switch in its oscillating part.

[0003] Fig. 1 is a simplified schematic diagram of a conventional ballast circuit.
As shown, the PFC (power factor correction) stage receives and rectifies AC power
with power factor correction. Two switches M1 and M2, which are power MOS
devices in this example, are connected in series to form a half bridge and are so
controlled as to apply an oscillating voltage to a LC resonant tank circuit to drive the
lamp.

[0004] It would be desirable to improve upon the conventional half-bridge
structure, by reducing the number and size of key components, as compared to

conventional designs.

SUMMARY OF THE INVENTION

A first aspect of the invention relates to an electronic ballast circuit for

delivering power to a load circuit including a fluorescent lamp, comprising a DC
source; a first LC tank circuit comprising a first inductor and a first capacitor connected
in series across the DC source; and a single semiconductor switch connected in parallel

with the first capacitor; the first inductor being inductively coupled to the load circuit
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for delivering power to the fluorescent lamp. The load circuit comprises a second LC
tank circuit comprising a second inductor inductively coupled to the first inductor and a
second capacitor connected in parallel with the second inductor; and further comprises
the fluorescent lamp. The first and second inductors preferably form a transformer,
providing isolation of the load circuit. Power factor correction may be included in the
DC supply. A control circuit is connected to the semiconductor switch for driving the
switch at variable frequencies for operating the lamp in at least one of preheat, ignition,
and running modes.

According to a preferred mode of operating the circuit, the control circuit turns
on the switch at a time when current in the first inductor is increasing, and turns off the
switch near a zero-crossing of said first inductor current. Also preferably, the control
circuit turns the switch off and on at times when the voltage on the first capacitor is near
zero. The control circuit may further include sensing circuits for sensing current in the
first inductor, and/or voltage on the first capacitor.

[0005] Other features and advantages of the present invention will become
apparent from the following description of embodiments of invention which refers to

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Fig. 1 is a simplified schematic diagram of a conventional ballast circuit.

[0007] Fig. 2 is a simplified schematic diagram showing the topology of the
one-switch ballast control circuit.

[0008] Fig. 3 is a detailed schematic diagram corresponding to the circuit shown
in Fig. 2.

[0009] Fig. 4 is a graph showing measurements taken in the circuit of Fig. 3.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION
[0010] Fig. 2 is a simplified schematic diagram showing the topology of the

one-switch ballast control circuit. The inductor L in the circuit of Fig. 1 has been
replaced by a transformer T and a capacitor C1. By using the transformer and the

additional capacitor, only one switch is sufficient in this circuit, which simplifies the



WO 2005/117502 PCT/US2005/018487
3

structure and lowers the cost. A single switch M3, which may for example be a power
MOS device, is connected in parallel with the capacitor C1 and is controllable, by a
control circuit shown schematically as U6 in Fig. 4, so as to selectively ground the
connection point between T and C1.

[0011] The rectified DC is applied to the series circuit comprising the capacitor
C1 and the primary T1 of the transformer T. The secondary T2 of the transformer T
and the capacitor C2 are both connected in parallel with the lamp LP.
Simulation Analysis:

[0012] A simulation was done using the circuit shown in Fig. 3. L1, L2, L3, R3

and TX2 (which is an ideal transformer) form the equivalent circuit of the transformer T
in Fig. 2, which has high leakage inductance.

[0013] When the switch S1 is turned on, the input voltage V1 is applied to the
inductors L1 and L2, and the current I increases linearly. When the switch S1 is turned
off, the input voltage is applied to the inductors L1 and L2 and the capacitor C2, which
together form a resonant tank. The current I then increases sinusoidally, as C2 will be
charged up sinusoidally. After VC2 reaches its peak, the current I drops back down
sinusoidally to zero. The current now flows back to the input source and the body diode
D6 of the switch conducts. The inductor current I is then charged up linearly again.
The switch is turned on again while the inductor current is increasing. Even if the
switch is turned on before the current I goes positive, it won’t affect the charging.

[0014] As shown in Fig. 4, the square waveform A is the switching signal; the
half sinusoidal waveform B is the capacitor voltage VC2, and the sinusoidal waveform
C is the inductor current 1.

[0015] By driving the circuit in this fashion, the switch is always turned on and
off at a time when the capacitor voltage is near zero, which provides zero voltage
switching. Also, by providing a circuit to sense the inductor current, the switch can be
controlled to be turned off when the inductor current is close to zero, which provides
zero current switching as well. These soft switching operations will guarantee that the
MOSFET or other semiconductor power switching device will run cool and with high

efficiency.
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[0016] The disclosed control and sensing circuits can be combined in a single
integrated circuit using known techniques.
Theoretical Analysis and Equations:

[0017] The theoretical analysis is done step by step and the three most important
operating modes for the lamp, namely the preheat, ignition and run modes, are
discussed below:

1. Without secondary side
[0018] When switch is turned off

V, = xsin(@wt+a)+V,., V, 20  (Sinusoidal waveform with DC offset)

I, = ycos(wt + a) (Sinusoidal waveform without DC offset for inductor rule)
xsina+Vpy, =0 (Starting point of capacitor voltage)
ycosa = Yo -T—‘;N— (Starting point of inductor current)
dv
W= y (FromI =1, and I, =C—)
\/LC dt

=>\/_tana———=>a atan —iL— £ = qtan ——2—-«/LC
T,, VL T

on

(Equation shows the on time will change phase angle & , the smaller on time leading to

an angle closer to —90 degree)

~ Ve - Ve

sina
sinl:a tan(—— }—2— -AJLC JJ

=x=

(Smaller on time leads to smaller x, the smallest x value being V)

[0019] Finally,

V,=-

Yo -sin{\/%c_‘zwatan(——Ti-w/LCﬂ+VDc
sin[a.tan(— 2. JLC ]J -

on
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_ Ve

Vc‘max = + VDC
sin[a tan(— ——2-— - LC ﬂ

on

(Switch stress, the smallest stress equals twice the V)

I, =- Vo -Ecos[—\/lllzct+atan(—?2—-\/LCH
sin[a tan(—i -y LC H .

on

(Inductor current can be changed by changing capacitor and inductor values)

[0020] In the equation, L indicates the sum of the leakage inductance with the

coupled inductance. 7, is the time that capacitor voltage equals zero.

on

T =Ty, +Tpp =Ty +27LC -”;2“ =T,, +VLC ~[ﬂ—2-atan(——%—-«/LCD
7T

on

[0021] A shorter on time leads to a longer off time, and therefore compensates
the change of the cycle time.

[0022] The situation discussed above assumes the switch is turned on
immediately when the capacitor is discharged to zero. However, as long as the inductor
current remains negative, the body diode of the switch will be automatically turned on
when the capacitor is discharged to zero. The actual switch on time can be different
with the calculation.

[0023] When the inductor current goes above zero, the diode will 'be turned off
and the capacitor will be charged again, so the switch is turned on before this stage.
Assuming the switch is turned on at this time, the switch will then have zero voltage
and zero current at turn on. In this case, due to symmetricity, the switch on time will be
one half of the actual on time and all the other parameters can then be calculated based
on the equations above.

For Ignition

[0024] The secondary leakage inductance makes a resonant tank together with

the capacitor at the secondary side. By making the secondary resonant tank work near

resonance, the impedance of the secondary side is then very low. So most of the voltage
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is applied to the leakage inductance, and most of the current goes through the
transformer.
[0025] So basically, taking L to be the leakage inductance, the following

equation is applied.

For 1:1 transformer

L,=I,. =I,, = Yoe

C 1 2
= == . / €os t+atan) ~—- /L
out Lsec L pri . 9 L[eak { m ( Ton leak
sin{ atan —}—-,/L C “

leak

Vou =1, - _1 = Vo -COS —1—t+atan ——2-‘1/L,eakC +Z
JCUC : 2 Lleakc TO” 2
sin| atan —T—~-1/L,eakC
Notice now

Vout < chax - VDC

[0026] That means for a 1:1 transformer, for getting 800Vpk for ignition, the
voltage stress will be already 1.2kV, and for higher ignition voltage it will be even
worse.

For x:1 transformer

I,,=1

out

v / 1 '

Loee =X Ly ==X e : LC cos[\/_L_Et+atan(— T2 ‘v Lo C
. 2 eak a on

sm{a tan[ o L..C H teak feak .

1 Voe

=7 . =—Xx-

1
Voul out ' COS[
jwC AL C
g sin{a ta (— 512— o/ Lot C JJ feak

t+a tan(—

—2_' VLleakCJ-l-%J

on

on

[0027] This shows that the transformer would boost the output voltage with the
same stress on the switch. Assume x=1.5, so when the switch stress is 1.2kV, the peak
output voltage can go up to 1.2kV now, assuming the DC bus capacitor voltage equals
400V.
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For Preheat

[0028] By using a higher frequency the output current and voltage can be
reduced. Basically a smaller Ton leads to lower primary side current, and a smaller T,
which means higher frequency. The secondary resonant tank then works at inductive
side and lowers the output voltage. However, as the resonant tank works at inductive
side, the equivalent inductance increases. The increase will make the primary side work
at a lower frequency according to the same Ton, and set the minimum of the preheat
voltage.

[0029] The scheme to find out the lowest possible preheat voltage is as follows:

[0030] As the lowest primary peak-to-peak voltage equals the switch stress,
which is twice VDC at minimum, the secondary minimum peak-to-peak voltage equals
2x times VDC, where X is the transfer ratio of the transformer.

[0031] So assuming x=1.5, the minimum peak-to-peak voltage in secondary side
will be 1.2kV. As it’s symmetric, the voltage peak is 600V. For getting a 300V peak
for ignition, the frequency can then be calculated. For convenience, a graph can be
prepared. To draw the graph, pick the T, calculate L in the secondary side, get the
equivalent L, then LC is known. And then on time can be calculated. After getting all
the T-output/Ton data, the chart can be changed to Ton-output.

Running

[0032] After ignition the secondary side becomes a parallel resonant tank. The

same method will be used to calculate the Ton-output. By solving a set of equations in a

known fashion, the graph can be plotted in Matlab/Mathcad for example.

Summary
[0033] The new one-switch topology ballast circuit has the following features:

1. Unique one-switch structure simplifies the circuit and cuts the cost;
Soft switching is achieved for the switch all the time;

Isolated output stage;

No DC blocking capacitor needed;

High leakage inductance transformer gives soft start function;

A O T

Simple control method due to only one switch;
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7. Output level is set by selecting frequency, transformer and second
resonant tank.
[0034] 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. Therefore, the present invention is not

limited by the specific disclosure herein.
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WHAT IS CLAIMED IS:

1. An electronic ballast circuit for delivering power to a load circuit including

a fluorescent lamp, comprising:
a DC source;
a first LC tank circuit comprising a first inductor and a first capacitor connected
in series across said DC source; and
a single semiconductor switch connected in parallel with said first capacitor;
said first inductor being inductively coupled to said load circuit for delivering

power to said fluorescent lamp.

2.  The circuit of claim 1, wherein said load circuit comprises:

a second LC tank circuit comprising a second inductor inductively coupled to
said first inductor and a second capacitor connected in parallel with said second
inductor; and

said fluorescent lamp.

3.  The circuit of claim 1, wherein said DC source includes a power factor

correction circuit.

4.  The circuit of claim 1, further comprising a control circuit connected to
said semiconductor switch for driving said switch at variable frequencies for operating

the lamp in preheat, ignition, and running modes.

5.  The circuit of claim 1, further comprising a control circuit connected to a

control terminal of said switch.

6. The circuit of claim 5, wherein said control circuit turns on said switch at a

time when current in said first inductor is increasing.

7.  The circuit of claim 6, wherein said control circuit includes a circuit for

sensing current in said first inductor.
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8. The circuit of claim 6, wherein said switch is turned off near a zero-

crossing of said first inductor current.

9.  The circuit of claim 8, wherein said control circuit turns said switch off

and on at times when the voltage on said first capacitor is near zero.

10. The circuit of claim 9, wherein said control circuit includes a circuit for

sensing voltage on said first capacitor.

11. The circuit of claim 1, wherein said first and second inductors are

comprised in a transformer, thereby isolating said load circuit.

12. A method of operating an electronic ballast circuit for delivering power to
a load circuit including a fluorescent lamp, said ballast circuit comprising: a DC source;
a first LC tank circuit comprising a first inductor and a first capacitor connected in
series across said DC source; a single semiconductor switch connected in parallel with
said first capacitor; and a control circuit connected for driving said switch; said first
inductor being inductively coupled to said load circuit for delivering power to said
fluorescent lamp; said method comprising the steps of:

driving said switch with said control circuit at variable frequencies for operating

the lamp in at least one of preheat, ignition, and running modes.

13. The method of claim 12, further comprising the step of providing said load
circuit as a second L.C tank circuit comprising a second inductor inductively coupled to
said first inductor and a second capacitor connected in parallel with said second

inductor; and said fluorescent lamp.

14. The method of claim 13, further comprising the step of providing said first

and second inductors as a transformer, thereby isolating said load circuit.
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15. The method of claim 12, further comprising the step of carrying out power

factor correction on supplied AC power for providing said DC source.

16. The method of claim 12, further comprising the step of turning on said

switch at a time when current in said first inductor is increasing.

17. The method of claim 16, further comprising the step of sensing current in

said first inductor.

18. The method of claim 16, further comprising the step of turning off said

switch near a zero-crossing of said first inductor current.

19. The method of claim 18, further comprising the step of turning said switch

off and on at times when the voltage on said first capacitor is near zero.

20. The method of claim 19, further comprising the step of sensing the voltage

on said first capacitor.
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