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Study and Design of Dimming Electronics Ballast

ABSTRACT

Miss Kessuda Poempolpaiboon

Mr. Jittiwat  Kanitabut

Mr. Jeerawut Julsiriwattanagul
Assoc.Prof.Dr. Vijit Kinnaras Adviser
Mr. Surin Khomfoi Adviser

2001

The purpose of this thesis presents the prototype of dimming electronics ballast, used for a

energy-saving fluorescent lamps with 36 Watt. The light output can be varied smoothly. The dimming

electronics ballast is consist of two part, worked in closed-loop control.The first part, the IC L6561, is

used to control constant voltage at 400 Volts DC. The second part, the IC L6574, is used to control

switching frequency. Generally, the topologies used for optimum ignition of fluorescent lamps and

constant current is the Parallel Loaded Resonant Haif—Bridge Inverter (PLRHB). Certainly, the

improtant parameters such as Voltage, llluminance, Efficeincy, Power factor and %THD are analyse

with Switching Frequency, ranging form the minimum frequency to maximum frequency. The design

approach is described and implemented successfully ina 1 X 36 W fluorescent lamp system.
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Freq o/p | Vrms | Irms Po Creast Illuminance (Lux)
(kHz) | (V) (A) |(Watt) ¢ & Factor| Lux1 | Lux2 | Lux3 |Luxavg.
39707 | 89,50 | 0.460 | 40:50' | 10.36° [0.9983 | 1.532 1 432 451 460 4477
34.44]1 | 86.29 | 0.412 | 35.02 | 10.11 |0.9984| 1.530 | 385 397 403 3950
36.946 | 90.49 | 0.395 | 31.60 | 13.45 |0.9972| 1.372 | 356 366 370 3640
40.462 | 96.84 | 0.314 | 28.88 | 18.22 {0.9949| 1.518 | 330 340 333 3343
43732 |101.80| 0.286 | 26.74 2305 O TOTE™ndd 312 373 309 3147
46.838 |106.44| 0.267 | 25.11 | 27.77 {0.9881 | 1.548 | 295 290 284 28917
49.505 |110.23| 0.254 | 23.75 | 32.12 [0.9841| 1.525 | 281 286 282 2830
53.191 |113.35| 0.243 | 21.96 | 37.24 | 0.9787 | 1.528 | 257 261 %53 2570
56.818 | 117.82| 0.235 | 20.00 | 43.62 |0.9708 | 1.545 | 239 236 223 2327
60.386 |1721.98| 0.129F=FREs WS904, | a6l | L52M s A2 194 2063
64.103 |127.49| 0.228 | 15.31 | 58.16 |0.9878| 1.617 | 180 182 181 1810
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Freq. o/p Vrms Irms Pin

(’p pf | %THDv| %THDi | %Eff.
(kHz) Q%) A) (Watt)
32.707 216.03 0.210 44.98 7.32 0.9992 0.71 7.03 0.90
34.441 214.10 | 10:132 38.66 6.27 0.9994 0.78 0.16 091
36.946 215.67 0.163 34.97 5.59 | 0.9995 0.69 4.75 0.90
40.462 215:22 0.149 32.03 517 0.9996 0.76 4.18 0.90
43.732 21570 | 0.139 29.85 S | 20,2996 0.76 5.05 0.90
46.838 215.49° |-0.130 27.98 S 0.9995 0.7 5.61 0.90
49.505 216.09 0.129 27.44 8.85 0.9988 0.74 6.15 0.87
53.191 214.83 0.115 24.59 6.81 0.9993 0.71 8.35 0.89
56.818 216.59 0.106 22°78 8.01 0.9990 0.75 9.92 0.88
60.386 214.70 | 0.098 20.73 8.03 0.9990 0772 10.67 0.86
64.103 216.74 | 0.086 18.38 10.69 | 0.9982 0.78 11.05 0.83
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Lamp Voltage Output [V]

Lamp Power Output [Watt]
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L6561

POWER FACTOR CORRECTOR

. VERY PRECISE ADJUSTABLE OUTPUT
OVERVOLTAGE PROTECTION

s MICROPOWER START-UP CURRENT (5QUATYP.)

« VERY LOW OPERATING SUPPLY CURRENT

(4mA TYP.)

INTERNAL START-UP TIMER

CURRENT SENSE FILTER ON CHIP

DISABLE FUNCTION

1% PRECISION (@ Tj =

REFERENCE VOLTAGE

TRANSITION MODE OPERATION

TOTEM POLE OUTPUT CURRENT: +400mA

= DIP8/SO8 PACKAGES

25°C) INTERNAL

DESCRIPTION

L6561 is the improved version of the L6560
standard Power Factor Corrector. Fully compat-
ible with the standard version, it has a superior
performant multiplier making the device capable
of working in wide input voltage range applica-
tions (from 85V to 265V) with an excellent THD.
Furthermore the start up current has been re-
duced at few tens of tA and a disable function
has been implemented on the ZCD pin, guaran-
teeing lower current consumption in stand by
mode.

BLOCK DIAGRAM

SO8

Minidip

ORDERING NUMBERS:
L6561 (Minidip)
L6561D (SO8)

Realised in mixed BCD technology, the chip gives
the following benefits:

- micro power start up current

- 1% precisioninternal reference voltage
(Tj= 25°C)

- Soft Output Over Voltage Protection

- no need for external low pass filter onthe current
sense

- verylow operating quiescent current minimises
power dissipation

The totem pole output stage is capable of driving

a Power MOS or IGBT with source and sink cur-

rents of +/- 400mA. The device is operating in

transition mode and it is optimised for Electronic

lé?\/lmps Ballast application, AC-DC adaptors and
PS.

COMP

2
INV O— 2
25V ],

VOLTAGE OVER-VOLTAGE
REGULATOR DETECTION

8 '

Vee b INTERNAL
SUPPLY 7V

MULT cs
3 4

MULTIPLIER

| 2D

- DRIVER

ZERO CURRENT 1
DETECTOR

T

STARTER

DISABLE

DI7IN547C
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1 f‘l'61

ABSOLUTE MAXIMUM RATINGS

Symbol Pin Parameter Value Unit
lyvce 8 lcc + 1z 30 mA
[e]s) 7 Output Totem Pole Peak Current (2j1s) +700 mA
INV, COMP | 1, 2,3 | Analog Inputs & Outputs -0.3t07 V
MULT
CS 4 Current Sense Input -0.3t07 V
ZCD 5 Zero Current Detector 50 (source) mA
-10 (sink) mA
Ptot Power Dissipation @Tamb =50 °C (Minidip) 1 W
(S08) 0.65
Tj Junction Temperature Operating Range -40 to 150 °C
Tstg Storage Temperature -55 to 150 °C
PIN CONNECTION
INV O 1 \ra ] Vcc
coMpP [ 2 7 [J GD
MULT O 3 6 [J GND
£S5 Llad 5 2CD
N33ILE568-62R
THERMAL DATA
Symbol Parameter SO 8 MINIDIP Unit
Rinjamb | Thermal Resistance Junction-ambient A e oy
PIN FUNCTIONS
N. Name Function
1 INV Inverting input ofthe erroramplifier. A resistive divider is connected between the output
regulated voltage and this point, to provide voltage feedback.
2 COMP Output of error amplifier. A feedback compensation network is placed between this pin and
the INV pin.
3 MULT Input of the multiplier stage. A resistive divider connects to this pin the rectified mains. A
voltage signal, proportional to the rectified mains, appears on this pin.
4 CS Input to the comparator ofthe control loop. The current is sensed by a resistor and the
resulting voltage is applied to this pin.
5 ZCD Zero current detection input. If itis connected to GND, the device is disabled.
6 GND Current return for driver and control circuits.
7 GD Gate driver output. A push pull output stage is able to drivethe Power MOS with peak current
of 400mA (source and sink).
8 Vce Supply voltage of driver and control circuits.

2/11
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L6561

ELECTRICAL CHARACTERISTICS (Vcc = 14.5V; Tamb = -25°C to 125°C; unless otherwise specified)

SUPPLY VOLTAGE SECTION
Symbol | Pin Parameter Test Condition Min. | Typ. | Max. | Unit
Vec 8 | Operating Range after turn-on 11 18 V
Vcc oN 8 | Turn-on Threshold 11 12 13 V
\cc OFF 8 | Turn-off Threshold 8.7 9.5 10.3 V
Hys 8 | Hysteresis 2.2 2.5 2.8 Vv
SUPPLY CURRENT SECTION
Symbol Pin Parameter Test Condition Min. | Typ. | Max. | Unit
ISTART-U 8 | Start-up Current before turn-on (Vec =11V) 20 50 90 pA
Ig 8 | Quiescent Current 2.6 4 mA
Icc Operating Supply Current CL = 1nF @ 70KHz 4 5.5 mA
in OVP condition Vpin1 = 2.7V 1.4 2.1 mA
lg Quiescent Current Vpins < 150mV, Vee > Vec off 1.4 2.1 mA
Vpins < 150mV, Vee < Vee off 20 50 90 pA
Vz 8 | Zener Voltage lcc = 25mA 18 20 22 V
ERROR AMPLIFIER SECTION
Symbol Pin Parameter Test Condition Min. | Typ. | Max. | Unit
ViNv 1 | Voltage Feedback Input Tamb = 25°C 2465 | 2.5 | 2.535 V
Threshold 12V < Ve <18V 2.44 2.56
Line Regulation Vce = 12 to 18V 2 5 mV
linv 1 | Input Bias Current -0.1 -1 UA
Gv Voltage Gain Open loop 60 80 dB
GB Gain Bandwidth 1 MHz
Icomp 2 | Source Current Vcowmp = 4V, Viny = 2.4V -2 -4 -8 mA
Sink Current Vcomp = 4V, Viny = 2.6V 2.5 4.5 mA
Vecomp 2 | Upper Clamp Voltage Isource = 0.5mA 5.8 Vv
Lower Clamp Voltage Isink = 0.5mA 2.25 \Y
MULTIPLIER SECTION
Symbol Pin Parameter Test Condition Min. | Typ. | Max. | Unit
VmuLt 3 | Linear Operating Voltage 0to3 [0t03.5 V
AVes Output Max. Slope VmuLt = from 0V to 0.5V 1.65 1:9
_— Vcowmp = Upper Clamp Voltage
AVmult
K Gain VuuLr = 1V Veowe = 4V 0.45 0.6 075 1N
CURRENT SENSE COMPARATOR
Symbol Pin Parameter Test Condition Min. | Typ. | Max. | Unit
Vcs 4 | Current Sense Reference VmuLt = 2.5V 1.6 1.7 1.8 Y
Clamp Vcowmp = Upper Clamp Voltage
Ics 4 | Input Bias Current Vos =0 -0.05 -1 LA
td (H-L) 4 | Delay to Output 200 450 ns
4 | Current Sense Offset 0 15 mV

4
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L6561

ELECTRICAL CHARACTERISTICS (continued)

ZERO CURRENT DETECTOR
Symbol Pin Parameter Test Condition Min. | Typ. | Max. [ Unit
Vzep 5 | Input Threshold Voltage (1 2:1 Vv
Rising Edge
Hysteresis (1) 0.3 0.5 0.7 V
Vzcp 5 | Upper Clamp Voltage lzco = 20uA 4.5 5:1 5.9 Vv
Vzcp 5 | Upper Clamp Voltage Izco = 3mA 4.7 5:2 6.1 \
Vzco 5 | Lower Clamp Voltage Izcp = —3mA 0.3 0.65 1 V
Izco 5 | Sink Bias Current 1V < Vzep £ 4.5V 2 pA
lzcp 5 | Source Current Capability -3 -10 mA
lzco 5 | Sink Current Capability 3 10 mA
Vpis 5 | Disable threshold 150 200 250 mV
Izco 5 | Restart Current After Disable Vzcp < Vdis; Vec > Vecorr -100 | -200 | -300 HA
OUTPUT SECTION
Vep 7 | Dropout Voltage lebsource = 200mMA | v 2 V
|lGDsource = 20mA 0.7 V
|cpsink = 200MA 1.5 V
IGDsink = 20mA 0.3 V
tr 7 | Output Voltage Rise Time CL = 1nF 40 100 ns
tf 7 | Output Voltage Fall Time CL = 1nF 40 100 ns
16D off 7 lgp Sink Current Vee =3.5V Vgp = 1V b 10 - mA
OUTPUT OVERVOLTAGE SECTION
lovp 2 | OVP Triggering Current 35 40 45 HA
Static OVP Threshold 2.1 2.25 2.4 \

RESTART TIMER

I Start Timer

FLSTART I

[ 70 | 150 | 400 | ps |

(1) Parameter guaranteed by design, not testedin production.

OVER VOLTAGE PROTECTION OVP

The output voltage is expected to be kept by the
operation of the PFC circuit close to its nominal
value. This is set by the ratio of the two external
resistors R1 and R2 (see fig. 2), taking into con-
sideration that the non inverting input of the error
amplifier is biased inside the L6561 at 2.5V.

In steady state conditions, the current through R1
and R2is:

Vout — 2.5 2.5V
IR1sc = e IR2= Ry

and, if the external compensation network is
made only with a capacitor Ccomp, the current
through Ccomp equals zero.

When the output voltage increases abruptly the
current through R1 becomes:

Voutsc + AVouT — 2.5
s R1

= IR1sc + Alr1

4111

Since the current through R2 does not change,
AlR1 must flow through the capacitor Ccomp and
enter the error amplifier.

This current is monitored inside the L6561 and when
reaches about 37pA the output voltage of the multi-
plier is forced to decrease, thus reducing the energy
drawn from the mains. If the current exceeds 40UA,
the OVP protection is triggered (Dynamic OVP), and
the external power transistor is switched off until the
current falls approximately below 10pA.

However, if the overvoltage persists, an internal
comparator (Static OVP) confirms the OVP condi-
tion keeping the external power switch turned off
(see fig. 1).
Finally, the overvoltage that triggers
functionis:

the OVP

AVout = R1 - 40uA.

Typical values for R1, Rz and C are shown in the
application circuits. The overvoltage can be set inde-
pendently from the average output voltage. The pre-
cision in setting the overvoltage threshold is 7% of

L7




L6561

the overvoltage value (for instance AV = 60V * for device disabling as well. By grounding the

4.2V).

Disable function

The zero current detector (ZCD) pin can be used

Figure 1.

ZCD voltage the device is disabled reducing the
supply current consumption at 1.4mA typical (@
14.5V supply voltage).

Releasing the ZCD pin the internal start-up timer
will restart the device.

E/A OUTPUT
225V

STATIC OVP

VOUT nominal ]

DYNAMIC OVP  sed

OVER VOLTAGE

DI7IN592A

Figure 2. Overvoltage Protection Circuit

+Vo
R1

R2

D97IN591

511




L6561

Figure 3. Typical Application Circuit (80w, 110VAC)

D1 BYT03-400 +
T p T
°
Cc6 u B Vo=240V
R3(*) D3 1N4150 R2 R7 (%) 5
O 950k Po=80W
BRIDGE
+14 x1N4007 o
FUSE 4A/250V =ty
= M MOS cs
250V STP7NA40 i
4 = uF
=] 315V
A, Vac
(85V to 135V)
o—1—F+—] R10 L G2 c7
NTC 10K = 22uF 10nF R6 (*) R8
25V 0.31 10K
1w 1% -
& e —0
DI7IN5498 L
(*) R3 =2 x 120KQ TRANSFORMER
R6 = 0.619¢/2 T- core THOMSON-CSF B1ET2910A (ETD 29 x 16 x 10mm) OR EQUIVALENT (OREGA 473201A7)
R7 =2 x 475KQ, 1% primary 90T of Litz wire 10 x 0.2mm
R9 =2 x 475KQ secondary 11T of #27 AWG (0.15mm)
gap 1.8mm for a total primary inductance of 0.7mH
Figure 4. Typical Application Circuit (120W, 220VAC)
D1 BYT13-600 +
b \mef® e |
c6 Vo=400V
R3(*) D3 1N4150 R2 R7 () Po=120W
998K
BRIDGE
4 x 1N4007
+]4x 00 o1
= 560nF
— MOS
400V Cs5
STP5NAS50 56F
~ Vac 450V
(175V to 265V)
o— 1 F— R0 C2 c7
NTC 10K 224F == 10nF R6 () R8
25V 0.41 6.34K
W 1% 2
¢ 2 & g < ]
D7INS508 =l=
(*) R3 =2 x 220KQ TRANSFORMER
R6 = 0.820/2 T: core THOMSON-CSF B1ET2910A (ETD 29 x 16 x 10mm) OR EQUIVALENT (OREGA 473201A8)
R7 = 2 x 499KQ, 1% primary 90T of Litz wire 10 x 0.2mm
R9 = 2 x 909KQ secondary 7T of #27 AWG (0.15mm)
gap 1.25mm for a total primary inductance of 0.8mH
Figure 5. Wide-Range Application (80W)
D1 BYT13-600 +
i
T ——0
S C6 LM,-|7 Vo=400V
R3 (*) D3 1N4150 R7 (* Po=80W
998K
BRIDGE
] 4xiNG0O7|
FUSE 4A/250V R
™ 400V e cs
X T STPBNAS0 == 47yF
450V
A, Vac
(85V to 265V)
o—1—F— L 2 c7
NTC R10 == 22uF 10nF R8
10K 25V 6.34K
1% -
S < ¢ < —0
D97IN5538 ol
() R3 =2 x 120KQ TRANSFORMER
R6 = 0.820/2 T: core THOMSON-CSF B1ET2910A (ETD 29 x 16 x 10mm) OR EQUIVALENT (OREGA 473201A8)
R7 =2 x 499K, 1% primary 90T of Litz wire 10 x 0.2mm
R9 = 2 x 620K secondary 7T of #27 AWG (0.15mm)
gap 1.25mm for a total primary inductance of 0.8mH

6/11
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L6561

Figure 6. P.C. Board and Components Layout of the Figg. 3,4 and 5 (1:1.25scale)

C
(0]
M
P
(0]
N
E
N
T
S
S
|
D
E
SGS-THOMSON
S
(0]
L
D
E
R
S
|
D
E
[ 13232 MO2NOHT-202
Figure 7. OVP Current Threshold vs. Figure 8. Undervoltage Lockout Threshold vs.
Temperature Temperature
Daioiza Vce-OoN DY4INO44A
lovP
(wA) )
13
41
12
40 — gy 11
VeCoFF ﬁL jL “L -L = TL
v
. o w
9
38 25 0 25 50 75 . 100 125
50 25 0 25 50 75 100 125T(°C) T(°€)
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L6561

Figure 9. Supply Current vs. Supply Voltage

D97IN548A

lcc

(mA)
10
5 [
1
0.5
0.1
0.05
CL=1nF
0.01 // f = 70KHz ]
0.005 TA =25°C_|
0 |
0 5 10 15 20 VeeV)

Figure 11. Output Saturation Voltage vs. Sink

Current
VPIN7 DY4IN046
V) |
vee = 14.5V SINK
2.0 /'
15
1.0 /
0.5 /
0
0 100 200 300 400 IgD (mA)

Figure 13. Multiplier Characteristics Family

Vcs(pind) DI7INS55A Vcomp(pin2)
(V) upper vollage, (V)
i ame NS/ A
5 335
o A A
o l/ L} w |/

=~ 7
ole / @l -~
A "

0.4 / PP
0.2 /% Ee— 28

p—"1 26

b

0
0 90:5°1:0 1.5 2025 3.0 3:5 4.0-4.5
Vmuet(pin3) (V)

8/11

Figure 10. Voltage Feedback Input Threshold

vs. Temperature
D94INO48A

VREF
(V)

2.50 ——
/ e

e

2.48 <

2.46
-50 0 50 100 T(5C)

Figure 12. Output Saturation Voltage vs.
Source Current

VPIN7 D94IN053
V) I
VCC = 14.5V
VCC -0.5
vee-1.0 \ \
VCC -1.5 \\
VCC -2.0 -
SOURCE
- |
0 100 200 300 400 IGD (mA)




L6561

mm inch
ity MIN. | TYP. | MAX. | MIN. [ TYP. | MAX LAl IS ed o
5 i j : : i MECHANICAL DATA
A 3.32 0.131
al | 0.51 0.020
B 1.15 1.65 | 0.045 0.065
b |0.356 0.55 | 0.014 0.022
b1 | 0.204 0.304 | 0.008 0.012
D 10.92 0.430 N’
E | 795 9.75 | 0.313 0.384
e 2.54 0.100
e3 7.62 0.300
ed 7.62 0.300
F 6.6 0.260
I 5.08 0.200
=318 3.81 | 0.125 0.150 Minidip
z 1.52 0.060
; ed
\ f
= bl
I BBl |
b e E
. : X 1
ed Z
Z >
D
| e ] e
8 5
| § .
1 4
I I

q

911




L6561

OUTLINE AND
MECHANICAL DATA

DIM. mm inch

MIN. | TYP. | MAX. | MIN. | TYP. | MAX.
A 1.75 0.069
a1 0.1 0.25 | 0.004 0.010
a2 1.65 0.065
a3 0.65 0.85 | 0.026 0.033
b 0.35 0.48 | 0.014 0.019
b1 0.19 0.25 | 0.007 0.010
o] 0.25 0.5 [0.010 0.020
cl 45° (typ.)

D(1) | 4.8 5.0 |0.189 0.197
E 5.8 6.2 |0.228 0.244
e 1.27 0.050
ed 3.81 0.150

Ei(1)::[=3:8 4.0 | 0.15 0.157
L 0.4 1.27 | 0.016 0.050
M 0.6 0.024
S 8° (max.)

SO8

(1) D and F do not include mold flash or protrusions. Mold flash or

potrusions shall not exceed 0.15mm (.006inch).

_
- Q| =<
P [k
b L NNe {7
11 T
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e
D
M

ra 5\
1 4
I

T
¢
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L6574

CFL/TL BALLAST DRIVER PREHEAT AND DIMMING

s HIGH VOLTAGE RAIL UP TO 600V
dVv/dt IMMUNITY + 50 V/ns IN FULL TEM-
PERATURE RANGE
s DRIVER CURRENT CAPABILITY:
250mMA SOURCE
450mA SINK
m SWITCHING TIMES 80/40ns RISE/FALL
WITH 1nF LOAD
CMOS SHUT DOWN INPUT
UNDER VOLTAGE LOCK OUT
PREHEAT AND FREQUENCY SHIFTING TIMING
SENSE OP AMP FOR CLOSED LOOP CON-
TROL OR PROTECTION FEATURES
» HIGH ACCURACY CURRENT CONTROLLED
OSCILLATOR
s INTEGRATED BOOTSTRAP DIODE
s CLAMPING ON Vs.
s SO16,DIP 16 PACKAGE

DESCRIPTION

In order to ensure voltage ratings in excess of
600V, the L6574 is manufactured with BCD OFF
LINE technology, which makes it well suited for
lamp ballast applications.

BLOCK DIAGRAM

SO16N DIP16
ORDERING NUMBERS:
L6574D L6574

The device is intended to drive two power MOS-
FETS, in the classical half bridge topology, ensur-
ing all the features needed to drive and properly
control a fluorescentbulb.

A dedicated timing section in the L6574 allows
the user set the necessary parameters for proper
preheat and ignition of the lamp.

Also, an OP AMP is available to implement

closed loop control of the lamp current during
normal lamp burning.

An integrated bootstrap section, eliminating the
normally required bootstrap diode and the zener
clamping on Vs, makes the L6574 well suited for
low cost applications where few additional com-
ponents are needed to build a high performance
ballast.

HE

Vs

i

OP AMP
+

V
A 800T

OPOUT

I

uv
DETECTION

l—bl———\)—~

OPIN-
OPIN+

DEAD

Pt
BOOTSTRAP VG HVG »-J l
DRIVER DRIVER .]:Cuocn
o LOAD
LEVEL
SH

DRIVING

TIME

Imin
! Vrer

Vthpre

Imax
1 VRrer

LOGIC

IFTER
LVG Il—
LVG DRIVER

CONTROL
LOGIC

f

‘W

, f s | tpre é
i

] Vine

j Vine

é Cere

DI7IN493A

May 2001
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L6574

PIN CONNECTION

\J
CPRE [ 1 16 [] VBOOT
RPRE [] 2 15 [ HVG
CF 3 14 [] OuT
RING [] 4 13 [ N.C.
OPOUT [ 5 12 ] Vs
OPIN- [ 6 11 [ LVG
OPIN+ [} 7 10 [J GND
ENT [] 8 9 [ EN2
D97IN492
THERMAL DATA
Symbol Parameter DIP16 SO16N Unit
Rth j-amb Thermal Resistance Junction to ambient Max. 80 120 °C/W
PINS DESCRIPTION
N. Name Function
1 Cpre Preheat Timing Capacitor
2 Rpre Maximum Oscillation Frequency Setting. Low Impedence Voltage Source. See also Cf
3 Cf Oscillator Frequency Setting (see also Ring, Rpre)
4 Ring Minimum Oscillation Frequency Setting. Low Impedence Voltage Source. See also Cf
5 OPout Sense OP AMP Output. Low Impedence
6 OPin- Sense OP Amp Inverting Input. High Impedence
7 OPin+ Sense OP AMP Non Inverting Input High Impedence.
8 EN1 Half Bridge Enable
9 EN2 Half Bridge Enable
10 GND Ground
11 LVG Low Side Driver Output
12 Vs Supply Voltage with Internal Zener Clamp.
13 N.C. Non Connected
14 ouT High Side Driver Reference
15 HVG High Side Driver Output
16 Vboot Bootstrapped Supply Voltage
2/9 [7[




ABSOLUTE MAXIMUM RATINGS

L6574

Symbol Parameter Value Unit
Is Supply Current (*) 25 mA
Vive Low Side Output -0.3 toVs +0.3 \
Vour High Side Reference -1to VBOOT -18 V
VHve High Side Output -1to VBOOT \
VBooT Floating Supply Voltage -1to 618 V
dVeooT/dt Veoort pin Slew rate (repetitive) +50 V/ns
dVour/dt OUT pin Slew Rate (repetitive) +50 Vins
Vir Forced Input Voltage (pins Ring, Rpre) -0.3t05 V
Vic Forced Input Voltage (pins Cpre, Cf) -0.3t05 V
Vent, VEN? Enable Input Voltage -0.3t05 \
lEnt, JEn2 Enable Input Current +3 mA
Vope Sense Op Amp Common Mode Range -0.3t05 V
Vopd Sense Op Amp Differential Mode Range +5 V
Vopo Sense Op Amp Output Voltage (forced) 4.6 V
Tsta, Ti Storage Temperature -40to +150 °C
Tamb Ambient Temperature -40to +125 e

(*) The device has an internal Clamping Zener between GND and the Ve pin, it must not be supplied by a Low Impedance Voltage Source.
Note: ESD immunity for pins14, 15 and 16 is guaranteed up to 900V (Human Body Model)

RECOMMENDED OPERATING CONDITIONS

Symbol Parameter Value Unit
Vs Supply Voltage 10 to Veu \

Vour (*) High Side Reference -1 to VBooT-VcL Vv

Vgoor (¥) Floating Supply Voltage 500 \Y

(*) If the condition Vboot - Vout < 18 is guaranteed, Vout can range from -3 to 580V.

ELECTRICAL CHARACTERISTICS (Vs = 12V; VBooT-VouT = 12V; Tamb = 25°C)

[ Min. | Typ. | Max. | Unit

Symbol l Pin I Parameter | Test Condition
Supply Voltage
Vsuvp 12 | Vs Turn On Threshold 9:5 10.2 10.9 V
Vsuvn Vs Turn Off Threshold 7.3 8 8.7 V
Vsuvh Supply Voltage Under Voltage 2.2 \
Hysteresys
Vi Supply Voltage Clamping 14.6 15.6 16.6 V
lsu Start Up Current Vs < Vsun 250 HA
lq Quiescent Current, Vs > Vsypy 2 mA
fout = 60kHz, no load.
High voltage Section
Ibootleak 16 BOOT pin leakage current Vgoot = 580V uA
loutleak 14 OUT pin Leakage Current Vour = 562V LA
High/Low Side Drivers
Ihvaso 15 | High Side Driver Source Current Vhva-Vour =0 170 250 mA
Ihvgsi 15 | High Side Driver Sink Current Vhve-Veoor = 0 300 450 mA
Ihvaso 11 Low Side Drive Source Current VLVG-GND =0 170 250 mA
Ivgsi 11 | Low Side Drive Source Current Vive-Vs =0 300 450 mA
trise 15, | Low/High Side Output Rise Time Cload = 1nF 80 120 ns
o 11| Low/High Side Output Fall Time Cload = 1nF 50 80 e
‘Y_I 3/9




L6574

ELECTRICAL CHARACTERISTICS (Continued)

Symbol I Pin l Parameter I Test Condition I Min. I Typ. I Max. [ Unit
Oscillator
Dc 14 | Output Duty Cycle 48 50 52 %
fing Minimum Output Oscillation Cg = 470pF; 58.2 60 61.8 kHz
Frequency Ring = 50kQ
fore Maximum Output Oscillation Cg = 470pF; 114 120 126 kHz
Frequency Ring = 50kQ;
Rpre = 47kQ
Vref 2,4 | Voltage to current converters 119 2 2.1 \Y
threshold
tq 14 | Dead Time between Low and High 0.8 1.25 147, us
Side Conduction
Timing Section
Kpre 1 Pre Heat Timing constant Cpre = 330nF 1.15 15 1.85 s/uF
Kfs Frequency Shift Timing Constant Cpre = 330nF 0.115 0.15 0.185 s/uF
Vihpre Pre Heat Timing Comparator g3 8.5 3.7 \Y
Threshold
Sense OP AMP
lib 6,7 | Input Bias current 0.1 UA
Vio Input Offset Voltage -10 10 mV
Rout 5 Ouput Resistance 200 300 Q
lout + Sink Output Current Vout = 0.2V 0.5 mA
lout - Source Output Current Vout = 4.5V 0.5 mA
Vic 6,7 | Common Mode Input Range -0.2 3 \
GBW Sense Op Amp Gain Band Width 1 MHz
Product
Gdc DC Open Loop Gain 80 dB
Comparators
Vine 8,9 | Enabling Comparators Threshold 0.56 0.6 0.64 V
Vhye Enabling Comparators Hysteresis 20 100 mV
tpulse Minimum Pulse lenght 200 ns

High/Low Side Driving Section:

High and low side driving sections provide the
proper drive to the external power MOSFET. A
high sink/source driving current (450/250 mA typi-
cal) ensures fast switching times when a size 4
external power MOSFET needs to be driven.

Bootstrap Section:

A patented integrated bootstrap section replaces
an external bootstrap diode. This section to-
gether with a bootstrap capacitor provides the
bootstrap voltage to drive the high side power
MOSFET. This function is achieved using a high
voltage DMOS driver which is driven synchro-
nously with the low side external power MOSFET.
For a safe operation, current flow into the Vboot
pin is inhibited, even though ZVS operation may
not be ensured.

4/9

Timing Section:

To set the proper preheat time (tpre=kpre*Cpre)
for the bulb, a capacitor is connected to the Cpre
pin which is charged with a fixed current. During
tpre, the output is switching at fpre (see Oscillator
Section). When the tpre expires, the Cpre ca-
pacitor is discharged and then recharged with a
different current. This sets a second time interval
tsh (0.1 times the selected preheat time tpre) dur-
ing which frequency shifting from fpre to fing is
performed to ensure lamp ignition.

Oscillator Section:

A voltage controlled oscillator, with the selected
frequencies fpre and fing, drives the output half
bridge. Independently selected, fpre is effective
during tpre and fing is effective during normal
lamp burning. When working open loop, fpre and

&1




L6574

fing are the highest and lowest allowed oscillation
frequencies.

Closed loop control of the lamp current under
normal operation can be achieved with the
L6574. This is accomplished by automatic ad-
justment of the oscillator frequency. The OP
AMP output is fed through a resistor diode net-
work to the Ring pin. See AN 993.

OP AMP Section:

The integrated OP AMP offers low output imped-
ance, wide bandwidth, high input impedance and
wide common mode range. It can be readily
used to implement closed loop control (see Oscil-
lator Section) of the lamp current.

TIMING DIAGRAMS

EN1, EN2 Comparators:

Two CMOS comparators, with thresholds set at
0.6 V (typical) are available to implement protec-
tion methods (such as overvoltage, lamp re-
moval, etc.). Short pulses (>200nsec) at the
comparator inputs are recognized.

The EN1 input (active high) forces the L6574 in
the shut down state (e.g. LVG low, HVG low, os-
cillator stopped) in the event of an undervoltage
condition. Normal operating condition is resumed
after a power-off power-on sequence or when
EN2 input is high.

The EN2 input (active high) also restarts a pre-
heat sequence (see timing diagrams).

Vsuvp

Vee

LVG I

HVG

EN1

D97IN490

TIMING DIAGRAMS

Vee Vsuvp

foutr | fPRE

EN2

'
D97IN491B tprE  tSH

tPRE  tSH

%

5/9
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Figure 1. fing vs. RinG.
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Figure 2. Af vs. Rprg, with RiNG = 33kQ
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DIM. mm inch
MIN. | TYP. | MAX. | MIN. | TYP. | MAX.
A 1.75 0.069
al 0.1 0.25 | 0.004 0.009
a2 1.6 0.063
b 0.35 0.46 | 0.014 0.018
b1 0.19 0.25 | 0.007 0.010
C 0.5 0.020
cl 45° (typ.)

D(1)| 9.8 10 |0.386 0.394
E 5.8 6.2 |0.228 0.244
e 1.27 0.050
e3 8.89 0.350

F(1) | 3.8 4 0.150 0.157
G 4.6 5.3 | 0151 0.209
L 0.4 1.27 | 0.016 0.050
M 0.62 0.024
S 8°(max.)

OUTLINE AND
MECHANICAL DATA

S016 Narrow

(1) D and F do not include mold flash or protrusions. Mold flash or potrusions shall not exceed 0.15mm (.006inch).
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DIM. il e OUTLINE AND
MmN, | TYp. | max. | MmN, | TYP. | MAX. MECHANICAL DATA
al 0.51 0.020
B 0.77 1.65 | 0.030 0.065
b 0.5 0.020
b1 0.25 0.010
D 20 0.787
E 8:5 0,385
e 2.54 0.100
ed 17.78 0.700
F 7 4 0.280
| 5.1 0.201
L 3.3 0.130 DIP16
Z 427 0.050
F....i i y
L | ™ %3 |77
e (N7, /; b “
» B I__e_>
2 : s
D i
Elpa bl ] =
% 0
%
1 B
5 e o o 5 B 8 0

8/9
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Gunter Semiconductor GmbH GFC440
N Channel Power MOSFET with low RDS(on)

D
Chip Specification

}4

General Description: S
* Advanced Process Technology S
* Dynamic dV/dt Rating N Channel

* 150°C Operating Temperature
* Fast Switching

* Fully Avalanche Rated

* Low RDS(on)

Mechanical Data:

D22

Dimension 4.32mm x 5.76mm
Thickness: 400 pm
Metallization:

Top: - Al
Backside : CrNiAg / Au

Suggested Bonding Conditions:

Die Mounting:  Solder Perform
95/5 PbSn or 92.5./2.5/5 PbAgIn
Source Bonding Wire: 12 mil Al

D22

.94

P5.70

400V,500V,600V, N Channel

Absolute Maximum Rating @Ta=25C

Characteristics Symbol Limit Unit| Test Conditions
Drain-to-Source Breakdown Voltage V(BR)DSS 500 V VGS=0V, ID=2501A
Static Drain-to - Source On-resistance RDS(ON) 0.85 Q VGS=10V, ID=4A
Continuous Drain current ( in target package) ID@25C 8 A VGS=10V
Continuous Drain current ( in target package) ID@100°C 5.1 A VGS=10V
Operation Junction Tj -55~150 &
Storage Temperature TSTR -55~150 €
Target Device: IRF840

TO-220AB PD 134 W @Te=25C

L B
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1N4001 - 1N4007

Features
» Low forward voltage drop.

* High surge current capability.

DO-41

COLOR BAND DENOTES CATHODE

Absolute Maximum Ratings®  r, =25:cunless othemvise noteg

General Purpose Rectifiers (Glass Passivated)

Symbol Parameter Value Units
4001 | 4002 | 4003 | 4004 | 4005 | 4006 | 4007
VRam Peak Repetitive Reverse Voltage 50 100 200 | 400 600 | 800 | 1000 Y
I av) Average Rectified Forward Current, 1.0 A
375 " lead length @ T, = 75°C ;
lrsm Non-repetitive Peak Forward Surge
Current 30 A
8.3 ms Single Half-Sine-Wave
T Storage Temperature Range -55to0 +175 6
T Operating Junction Temperature -55to +175 °C
*These ratings are limiting values above which the serviceability of any semiconductor device may be impaired.
Thermal Characteristics
Symbol Parameter Value Units
Po Power Dissipation 3.0 W
Raa Thermal Resistance, Junction to Ambient 50 °C/W
Electrical Characteristics  ,-25:cunlessothenvise noted
Symbol Parameter Device Units
4001 | 4002 | 4003 | 4004 | 4005 [ 4006 | 4007
Ve Forward Voltage @ 1.0 A 11 VvV
I Maximum Full Load Reverse Current, Full 30 uA
Cycle T,=75°C
Ir Reverse Current @ rated Vg Tx=25°C 5.0 uA
T,=100°C 500 uA
C; Total Capacitance 15 pF
Ve=4.0V,f=1.0MHz

LOOYNL-LOOYNE

©2001 Fairchild Semiconductor Corporation

1N4001-1N4007, Rev. C



General Purpose Rectifiers (Glass Passivated)

(continued)

Typical Characteristics
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Figure 1. Forward Current Derating Curve
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Philips Semiconductors Product specification

Fast soft-recovery

controlled avalanche rectifiers BYV26 series

FEATURES DESCRIPTION This package is hermetically sealed
and fatigue free as coefficients of
expansion of all used parts are
matched.

o Glass passivated Rugged glass SOD57 package, using
a high temperature alloyed

e High maximum operating .
construction.

temperature

o Low leakage current
o Excellent stability

o Guaranteed avalanche energy k a
absorption capability e e 1<
¢ Available in ammo-pack. el

Fig.1 Simplified outline (SOD57) and symbol.

LIMITING VALUES
In accordance with the Absolute Maximum Rating System (IEC 134).

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
VRRM repetitive peak reverse voltage
BYV26A - 200 |V
BYV26B - 400 |V
BYV26C - 600 |V
BYV26D - 800 |V
BYV26E - 1000 |V
BYV26F - 1200 {V
BYV26G - 1400 |V
VR continuous reverse voltage
BYV26A - 200 |V
BYV26B - 400 |V
BYV26C - 600 |V
BYV26D - 800 |V
BYV26E - 1000 |V
BYV26F - 1200 |V
BYV26G - 1400 |V
lF(av) average forward current Ty = 85 °C; lead length = 10 mm;
BYV26A to E see Figs 2and 3; - 100 [ A
BYV26F and G averaged (?ver any 20 ms period,; i 105 |A
see also Figs 10 and 11
Ir(av) average forward current Tamp = 60 °C; PCB mounting (see
BYV26A to E Fig.19); see Figs 4 and 5; 5 0'65- LA
BYV26F and G averaged Qver any 20 ms period,; 5 068 |A
see also Figs 10 and 11
IFRM repetitive peak forward current Ty =85 °C; see Figs 6 and 7
BYV26Ato E - 10.0 |A
BYV26F and G - 9.6 [A

1996 May 30 2




Philips Semiconductors

Product specification

Fast soft-recovery
controlled avalanche rectifiers

BYV26 series

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
IFRM repetitive peak forward current Tamp = 60 °C; see Figs 8 and 9
BYV26A to E - 6.0 A
BYV26F and G - 6.4 |A
lEsm non-repetitive peak forward current |t=10 ms half sine wave; Tj = Tj max - 30 |A
prior to surge; VR = VRRMmax
Ersm non-repetitive peak reverse Ir = 400 mA; Tj = Tjmax prior to — 10 |mJ
avalanche energy surge; inductive load switched off
Tstg storage temperature -65 +175 526
T; junction temperature see Figs 12 and 13 -65 +175%| °C
ELECTRICAL CHARACTERISTICS
T;j=25°C unless otherwise specified.
SYMBOL PARAMETER CONDITIONS MIN. TYP. MAX. UNIT
Vg forward voltage F=1A T;=Tmax
BYV26A to E see Figs 14 and 15 n iz 13 Y,
BYV26F and G - - 1.3 Vv
Vg forward voltage le=1A;
BYV26A to E see Figs 14 and 15 9 | 250 |V
BYV26F and G - - RS [V
V(8RR reverse avalanche breakdown IR =0.1 mA
voltage
BYV26A 300 - - Vv
BYV26B 500 - - \Y
BYV26C 700 - - V
BYV26D 900 - - Y,
BYV26E 1100 - - V
BYV26F 1300 - - V
BYV26G 1500 - - \Y,
IR reverse current VR = VRRMmax; see Fig.16 - - 5 LA
VR = VRRMmax: = = 150 | LA
T =165 °C; see Fig.16
tre reverse recovery time when switched from
BYV26A to C lF=05Atolr=1A - = 30 |ns
BYV26D and E ?e‘aea;fézcz)at REe o = 75 |ns
BYV26F and G - - 150 ns
Cyg diode capacitance f=1MHz;VR=0V,
BYV26A to C see Figs 17 and 18 = 45 s pF
BYV26D and E - 40 - pF
BYV26F and G - 35 - pF

1996 May 30




Product specification

Philips Semiconductors

Fast soft-recovery BYV26 series

controlled avalanche rectifiers

SYMBOL PARAMETER CONDITIONS MIN. TYP. MAX. UNIT
dlg maximum slope of reverse recovery | when switched from
|W current lF=1AtoVR230V and
BYV26A to C digfdt = 1 Alps; = ki Alus
see Fig.21
BYV26D and E - - 6 Alus
BYV26F and G - - 5 Alus
THERMAL CHARACTERISTICS
SYMBOL PARAMETER CONDITIONS VALUE | UNIT
Rih j-tp thermal resistance from junction to tie-point lead length = 10 mm 46 KIW
Rihj-a thermal resistance from junction to ambient note 1 100 KIwW

Note
1. Device mounted on an epoxy-glass printed-circuit board, 1.5 mm thick; thickness of Cu-layer 240 um, see Fig.19.
For more information please refer to the “General Part of associated Handbook”.

1996 May 30
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1N4933 THRU 1N4937

FAST SWITCHING PLASTIC RECTIFIER
VOLTAGE - 50 to 600 Volts CURRENT - 1.0 Ampere

FEATURES

e High surge current capability

@ Plastic package has Underwriters Laboratory
Flammability Classification 94V-O Utilizing
Flame Retardant Epoxy Molding Compound

® \oid-free Plastic in a DO-41 package

e 1.0 ampere operation at Ta=55 ** with no thermal runaway
® Fast switching for high efficiency

® Exceeds environmental standards of MIL-S-19500/228
MECHANICAL DATA

Case: Molded plastic, DO-41

Terminals: Axial leads, solderable per MIL-STD-202,

Method 208
Polarity: Band denotes cathode
Mounting Position: Any
Weight: 0.012 ounce, 0.3 gram

(25.4) 1.0
MIN

}

(5.2) .205
3.1 160

[oE

(25.4) 1.0
MIN

s

107 (2.7)

[ 080 (2.0)

Dimensions in inches and (millimeters)

MAXIMUM RATINGS AND ELECTRICAL CHARACTERISTICS

Ratings at 25 = ambient temperature unless otherwise specified.

Single phase, half wave, 60Hz, resistive or inductive load.

For capacitive load, derate current by 20%.

1N4933 | 1N4934 | 1N4935 | 1N4936 | 1N4937 | UNITS
Maximum Recurrent Peak Reverse Voltage 50 100 200 400 600 \Y/
Maximum RMS Voltage 35 70 140 280 420 V
Maximum DC Blocking Voltage 50 100 200 400 600 V
Maximum Average Forward Rectified 1.0 A
Current .375"(9.5mm) lead length at Ta=55 **
Peak Forward Surge Current 8.3ms single half sine 30 A
wave superimposed on rated load(JECEC method)
Maximum Forward Voltage at 1.0A 1.2 \Y
Maximum Reverse Current T,=25 510 e A
at Rated DC Blocking Voltage T,=100 ** 500 = A
Typical Junction capacitance (Note 1) CJ 12 pF
Maximum Reverse Recovery Time(Note 2) 200 ns
Typical Thermal Resistance (Note 3) R =+ JA 41 oo /W
Storage and Operating Temperature Range -55 to +150 ..

NOTES:

1. Measured at 1 MHz and applied reverse voltage of 4.0 VDC
2. Reverse Recovery Test Conditions: lg=.5A, Ir=1A, l,=.25A
3. Thermal resistance from junction to ambient and from junction to lead at 0.375"(9.5mm) lead length P.C.B.

mounted




RATING AND CHARACTERISTIC CURVES
1N4933 THRU 1N4937

500 100 =
Noninductive Noninduclive +0.5A
A5
(+) ¥D.UT 0 \
L 25vde PULSE ‘ =
= (approx) GENERATOR 025 /

8] NOTE 2
10
Non OSCILLOSCOPE
]’Inductive NOTE 1

-1.0 /
NOTE:1.Rise Time = 7ns max.
Input Impedance = 1 megohm.  22pF SET TIME _>'1tm;‘_

2.Rise Time = 10ns max. BASE FOR
50 ns/cm

Source Impedance = 50 Ohms

Fig. 1-REVERSE RECOVERY TIME CHARACTERISTIC AND TEST CIRCUIT DIAGRAM
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Harmonics from Compact Fluorescent Lamps

Rudolph R. Verderber, Fellow, IEEE, Oliver C. Morse, and William R. Alling

Abstract— Measured characteristics of compact fluorescent
lamps (CFL’s) and incandescent lamps with diode-type devices
have low power factor (47 to 67%) and/or high total harmonic
distortion (100% THD). There is little effect on a building’s power
quality if the CFL’s comprise less than 10% of the buildings’
load. Even if the CFL is as high as 26% of the building’s load,
the voltage distortion is less than 5%. Circuits and their estimated
costs are presented to correct for power factor and suppress the
harmonics.

I. INTRODUCTION

HIS PAPER presents some data on the performance

of compact fluorescent lamps (CFL’s) and other types
of devices for use in incandescent sockets to improve the
efficacy or reduce energy. These systems have low power
factor and/or high total harmonic distortion (THD), and their
impacts on the power quality is of primary concern. Utilities
have also expressed concem since they have been actively
recommending their use in their demand-side management
(DSM) programs through giveaways and rebates. At present,
no serious power quality problems have been reported with
the use of CFL’s. One reason may be that these lamp systems
presently comprise a very small portion of the lamp market
and are usually only a small portion of a building’s load.
However, if their use continues to escalate such that they are a
major portion of a building’s load power, quality may suffer.
In fact, the poor power factor and/or high harmonics might
limit the use of CFL'’s as an efficacious replacement for the
incandescent lamp. Their potential impact on power quality of
the electrical load is described for a building where the lighting
is initially 50% of the load and resistive (100% power factor
and no harmonics). The lighting load is gradually refitted with
a CFL operated at high frequency, and the change in power
quality is determined.

Although the CFL lamps are generally cost effective, their
high initial cost compared with the incandescent lamp has
limited their acceptance. Thus, manufacturers have introduced
the simplest ballast (magnetic and electronic) designs. These
low-cost designs employ neither power factor corrections nor
harmonic filters. Several circuit approaches that could be used

Paper 1USD 92-5, approved by the Production and Application of Light
Committee of the IEEE Industry Applications Society for presentation at
the 1991 Industry Applications Society Annual Meeting, Dearbon, MI,
September 28-October 4. This work was supported by the Assistant Secretary
for Conservation and Renewable Energy, Office of Buildings and Community
Systems, Building Equipment Division of the U.S. Department of Energy
under Contract DE-ACO03-76F00098. Manuscript released for publication
September 9, 1992.

R. R. Verderber and O. C. Morse are with Lawrence Berkeley Laboratories,
University of California, Berkeley, CA 94720.

W. R. Alling is with Diablo Scientific Laboratories, Danville, CA 94526.

IEEE Log Number 9208781.

to reduce the harmonic content of these lamps are described
and discussed in terms of their cost and applicability for CFL's.

II. EXPERIMENTAL

New CFL’s were obtained and burned in for 100 hr. Lamps
were operated at 60 Hz with either magnetic ballasts or at
high frequency with electronic ballasts. The integrating sphere
was calibrated with a standard NBS lamp. The lamps were
positioned base up when burned in and measured to assure
that the lamp’s cold spot and mercury reservoir coincided.
The lamps operated in this position provided maximum light
output and efficacy [1]. The CFL characteristic measured
included the light output, input power, voltage, line current,
and harmonics (fundamental up to the 32nd). In addition to the
CFL’s, incandescent lamp systems that had diodes and triacs
in series were also measured.

The building simulated assumed i) total initial building load
was 100 kVA at 0.85 lagging power factor, ii) lighting was
50% of the total load at unity power factor with no harmonics
(incandescent), and iii) the CFL replacements have a THD of
115% (0.60 PF); the CFL’s voltage and current are in phase
and are four times more efficacious than the incandescent
lamps.

III. RESULTS

Lamp Performance

Tables I and II list the electrical and optical data collected
for the incandescent lamp systems and for the CFL’s, re-
spectively. The incandescent lamp with the diode will have
high even harmonics because of asymmetry (dc component),
whereas the lamp with the triac had high uneven harmonics
(no dc component). The two incandescent lamps with diodes of
opposite polarity are a resistive load. Table II shows that all of
the CFL tested have low power factors (between 47 and 67%).
The low power factor of the lamps operated at high frequency
is primarily due to high total harmonic content with some
leading phase component. One should notice that the ballast
factor determines the lamp’s light output and varies from a low
of 62% to over 114%. It is essential for the lighting designer
to know a ballast’s ballast factor for the CFL in order to obtain
the specified illuminance. The data shows CFL’s operated at
high frequency are sometimes twice as efficacious as CFL’s
operated at 60 Hz.

Building Model

Table III list the power quality of the building when sockets
are refitted with CFL’s. When the CFL replacements are about

0093-9994/93$03.00 © 1993 IEEE
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TABLE 1
INCANDESCENT-TYPE LAMPS
100W 100W (2) 100W* 100W
DIODE (2) DIODE TRIAC
POWER (W) 101.3 85.5 175 88.5
CURRENT (A) 0.85 1.03 1.46 0.81
POWER FACTOR 1.00 0.70 1.00 0.92
LIGHT OUT (im) 1740 780 1584 1290
EFFICACY(Im/W) 17.2 9.2 9.7 14.5
HARMONICS (%)
2nd 0.1 39.5 0.1 1.8
3rd 2.9 3.9 25 22.2
4th 0.1 10.5 0.1 1.8
5th 2.0 15 18 14.2
7th 1.1 1.2 14 9.1
9th 0.4 0.5 0.6 5.6
THD 3.7 41.0 34 29.0
* Two 100 watt lamps with diodes in reverse polarity
TABLE 11
CoMmpacT FLOURESCENT LAMPS
60HZ _HIGH FREQUENCY
TW TW 15W 20W 20W W 15W 18W 20W 20W
POWER (W) 95 93 197 203 203 107 143 173 178 233
CURRENT(A) 017 016 040 033 034 013 018 031 023 032
POWER FACTOR 047 050 041 051 050 067 065 047 064 061
LIGHT (lm) 380 320 560 1040 1030 610 930 1260 1040 1370
RATEDLO(m) 400 400 90 1200 1200 600 90 1100 1200 1200
BALLAST
FACTOR 095 080 062 087 086 102 103 115 087 114
EFF. (LM/W) 40 4 gu¥ 51 5 67 SbSied?3 B9 N\
HARMONICS (%)
3rd 81 86 178 124 153 794 813 957 &5 791
Sth 23 28 19 23) 26 485 508 83 351 489
7th 11 13 3 27 22 184 206 76 48 05
9th 06 08 02 11 09 135 162 5381 351 321
THD 81 91 180 125 157 100 106 162 %8 114

TABLE [11
100-KVA BUILDING SIMULATION LOAD

10 25 50 100
TOTAL
HARMONICS (%) 1.7 45 938 235
TOTAL POWER
FACTOR 0.84 0.82 0.78 0.65
% CFL LOAD 15 4.1 9.4 26.3
VOLTAGE
DISTORTION (%) 03 0.7 15 4.4

25%, the building’s power factor is reduced by about 5%.
When all of the CFL’s are installed (26.3% of the building
load), the voltage distortion at the service entrance is still
within the IEEE-519 recommended limits (5%). Fig. I is a plot
showing the impact of a harmonic source of 115 and 55% on
voltage distortion as a function of its relative load. For a load
with a THD just above 100%, the 5% voltage distortion limit
is exceeded when its relative load to the system is about 30%.

1V. METHOD OF CORRECTION

Power Factor

Power factor correction and suppression of harmonic dis-
tortion go hand in hand. There are two methods for correcting
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Fig. 1. Voltage distortion versus percent CFL load.

Fig. 2. Typical voltage and current waveform for an IBM computer power
supply unit. The sine wave is the input linc voltage waveform, and the spiked
wave is the input current. This produces extremely high harmonic distortion,
and the measurement will normally measure a power factor of 0.4-0.6. The
types of loses associated with this type of distortion can be significantly greater
than the losses associated with the 0.5 power factor. 4

power factor. There are passive methods and active methods.
Simple power factor correction can be accomplished using a
capacitor to shift phase angle until the line current and voltage
are in phase, i.e., power factor= 1.0.

The electronic correction of power factor and/or suppres-
sion of harmonic distortion is more complex. The front end
of electronic fluorescent ballasts convert the alternating line
current to dc. This is accomplished using a full-wave rectifier
bridge followed by a filter capacitor. The bridge conducts
during the period of the cycle when the line current exceeds
the capacitor voltage. The effect is that current is drawn from
the power source over a very short time, as shown in Fig. 2.
The line current is no longer sinusoidal, which results in the
generation of harmonics. The amount of harmonic distortion is
generally expressed as a percentage of the fundamental 60-Hz
current. European Standards (IEC 555-2) express the amount
of harmonic distortion in absolute terms as the maximum
permissible current allowed at each harmonic frequency.

Conventional Magnetic Ballasts

Most CFL’s operated at 60 Hz employ uncorrected magnetic
ballasts and suffer from a poor lagging power factor as shown
in Table 1. In this case, a capacitor is added to the circuit to
correct the power factor. A more unique circuit [2] developed
for the Navy’s 20-W F20 T-12 lamp is shown in Fig. 3.
This circuit not only corrects the power factor but reduced
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Fig. 3. Power factor correction for magnetic ballast.
A s c2
INDUCTOR YRy T
= C1
T —TEre)
B=>

Fig. 4. Passive power factor correction L

the third harmonic to less than 3% for the 20-W F20 T-12
fluorescent lamp. This circuit could also be applied to the
CFL’s. Although the slight extra size might limit applications
for the CFL with adaptors that fit into the Edison sockets,
there are many suitable hard-wired CFL applications where
the additional size poses no restraints.

Electronic Ballasts

With electronic ballasts, there are more methods of cor-
recting power factor and suppressing harmonic distortion.
The obvious method of solving the harmonic problem is the
elimination of the filter capacitor that causes the problem.
Unfortunately, without the filter capacitor, the unfiltered dc
is 100% modulated at 120 Hz. This modulated wave is
undesirable for fluorescent systems, reducing system efficacy
and lamp life while increasing the lamps flicker. The latter will
be the source of stroboscopic and subliminal flicker effects.
At present, most CFL’s operated at high frequency employ no
filtering, as evidenced by their large harmonic content.

Passive Correction Methods

Five methods of passive correction are described. Fig. 4
shows a method using a tuned series LC network before the
input bridge (L1, C1). The value of L, and C} is calculated to
be between 2.5 to 3.0 times the line frequency. Cy is the filter
capacitor and can provide nearly ripple-free output, depending
on the size of the capacitor. This circuit corrects the power
factor and provides limited harmonic distortion improvements
to meet the current U.S. recommendations but not the current
European standards. Placing the inductor before the diode
bridge provides the power supply with considerable protection
against line spikes and transients.

Fig. 5 shows a parallel-tuned resonant circuit similar to the
circuit shown in Fig. 4. L;, C are tuned to the third harmonic,
and this circuit provides good power factor correction and
limited harmonic distortion suppression. The main advantage
of this circuit is that of cost and size and the attenuation of
the third harmonic. The major disadvantages include virtually
no attenuation of the higher harmonics and a slightly more
challenging task of building L; with acceptable levels of
audible noise.
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Fig. 6 is a circuit similar to the circuit shown in Fig. 4 with
Ly, Cy placed after the bridge, which allows a smaller and
cheaper magnetically biased inductor. This circuit provides
good power factor correction but limited improvement in
harmonic distortion.

Fig. 7 is a method of correction sometimes known as the
“valley fill” circuit. It has adequate power factor correction
and moderate amounts of harmonic distortion suppression.
Capacitors Cj, C, are charged in series to the peak line
voltage such that each will have one half the peak line voltage
across it. When the line voltage drops below the 50% point,
the capacitors discharge, filling the valley and preventing the
voltage from going to zero. The load must be able to tolerate
or compensate for a ripple of about 50%. The cost of this
circuit is reasonable, and the harmonic distortion levels are
reduced by about 75%. Further improvements in the harmonic
distortion are possible by putting an inductor in serics with
D,. In addition, a pair of input inductors or a balum should
be used for transient protection and RFI suppression.

Fig. 8 shows another variation of the previous correction
methods that allows for a substantial reduction in harmonic
energy. The method is also resonant at the third harmonic,
but here, the extra harmonic energy flows into the load, and
it is possible to use smaller components to accomplish the
same end result. This circuit has the potential of meeting most
European standards at reasonable cost.



VERDERBER et al: HARMONICS FROM COMPACT FLUORESCENT LAMPS

= R10SE - Zk o2 s €3
=]

TO CONTROL LOGIC

Fig. 9. Active power factor correction I.

LA =~ ]
L1
D1 s C2
aL
1C

TO CONTROL LOG

Fig. 10. Active power factor correction II.

Active Correction Methods

For the higher wattage CFL's, the size and weight of
the passive corrective components increases significantly, and
corrections using active devices become more economically
feasible. Fig. 9 shows a circuit of correcting power factor with
active devices. Although the circuit looks like a conventional
switching regulator, the novelty lies in the fact that C is
very small, and the line frequency ripple is filtered by a large
capacitor C3. The output voltage is controlled by the duty
cycle of the switching frequency, but unlike other circuits, the
duty cycle is held constant over each half cycle and changes
only when the input ripple voltage is held to zero.

Fig. 10 shows the same implementation of a fly-back or
boost method of correcting power factor, which is being used
by many power supply companies whosell in the European
market. Again, the output capacitof is large and the input
capacitor small. For further information on active power factor
correction, see U.S. patents 4 737 636, 4 277 728 and U.K.
patents 2 024 544 and 2 124 045. Since these active circuits for
power factor correction and harmonic distortion suppression
can add signiﬁcgﬂ’t cost, they most likely are not used for the
low-wattage CFL’s until they are imposed to regulations.

V. DISCUSSION

Incandescent Lamps

The semiconductor devices in series with incandescent
lamps are used in two ways. There are retrofits (diode button
types) that are placed in sockets or incorporated in a standard
incandescent lamp in which the life of the lamp is greatly
extended. As shown in Table I, the efficacy is also greatly
reduced and becomes economic effective only if the labor
to change a lamp is high [3]. Some special incandescent
lamps are designed to be operated with a diode in series. The
diode reduces the 120-V input voltage to about 85 V. This
allows smaller size, lower resistant filaments that operate at
a higher current (increasing filament temperature), permitting
better optical control and higher efficacies with little sacrifice
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of life. Their effects on power quality has been described in
[4]). However, the results show that if these lamps are made
with diodes of opposite polarity in a random manner, the poor
power quality aspect will be greatly reduced.

CFL

In most commercial buildings where incandescent lamps are
a small portion of the lighting load power, quality problems are
unlikely if retrofitted with CFL’s. In the above example of a
building, the voltage distortion at the service entrance met the
IEEE-519 voltage distortion when all the incandescent lamps
were replaced. Another concern is the high harmonic triplens
for the CFL since they will increase the neutral currents in
three-phase electrical distribution systems. Even if both the
transformer and neutral wire are properly sized to carry the
additional load, the I%R line and transformer losses will be
increased. Care must be exercised to assure that these circuits
do not become unbalanced by placing all the CFL retrofits
on a single three-phase branch, further increasing the neutral
currents.

Today, there are no power factor or harmonic standards
for CFl systems. In fact, there are no harmonic standards for
any gas discharge lamp system. The IEEE-519 Standard is
only concerned with the harmonics for a complete electrical
distribution system and not any particular component. There
is a consensus by the ANSI Fluorescent Lamp and Ballast
Committee for the 4- and 8-ft fluorescent ballasts that rec-
ommends limiting THD to 32% and the third harmonic to
27%. Some utilities have offered rebates only for electronic
ballasts that limit their THD to 20% or less. The electronic
ballast manufacturers have responded to this challenge by
introducing a low-harmonic version at a slight increase in cost.
In the future, a similar approach may be taken by the utilities
for CFL’s or they may consider providing higher rebates for
CFL’s with lower harmonics as an incentive to the end user
for the added cost of this product.

Cost and Other Considerations

Table IV describes the relative cost and merits of imple-
menting each of the corrective scenarios previously described.
Although there can be wide variations in cost between different
manufacturers, the authors’ (WRA) experience has been that
the simple power factor correction method can be implemented
for a direct labor and material cost of between $0.50 and $0.75
in 1991 dollars. The active schemes can be implemented for
between $2.00 and $2.50. The reader should bear in mind that
the specific costs are highly dependent on purchasing volumes,
degree of factory automation, and learning curve experience.

VI. SUMMARY

The measured performance of CFL’s and some rectified in-
candescent lamps will cause considerable harmonic distortion
of the input power. This includes both the electronically and
magnetically ballasted CFL’s with poor power factors and/or
high harmonics. The model of a building’s electrical load
indicate that there is little cause for concem for power quality
problems when the CFL’s are less than 25% of the building’s
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TABLE IV
CosTs AND Sizes OF CORRECTIVE CIRCUITS
CIRCUIT COSsT SIZE  COMPLEXITY
Figure 4 Lowest Largest Minor
Figure 5 Low Large Minor
Figure 6 Low Large Minor
Figure 7 Moderate Large Medium
Figure 8 Low Large Minor
Figure 9 Highest Small Major
Figure 10 Highest Small Major

total load. Several reasonable low-cost passive circuits that can
improve the power factor as well as suppress the harmonic
distortion have been described. The use of active circuits will
be more effective but more costly. The active methods are best
considered for the larger wattage CFL's (above 30 W) and for
special applications where minimum harmonics are required.
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An Electronic Ballast with Wide Dimming Range,
High PF, and Low EMI
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Abstract—The authors describe an electronic ballast design with
the capability of low radiated and conducted EMT over a wide dim-
ming range. It overcomes some limitations of traditional electronic
ballasts that use frequency variation for dimming control. The pro-
posed design allows soft switching of the ballast from full-power
operation down to less than 10% power. Low-cost and low-voltage
power metal oxide semiconductor field effect transmitters (MOS-
FETs) can be used in the proposed dimmable electronic ballast.
The design approach is described and implemented successfully in
a2 X 36 W fluorescent lamp system.

Index Terms—Dimmable electronic ballasts, clectromagnetic in-
terference, power factor correction.

[. INTRODUCTION

LECTRONIC ballasts have now been recognized as an
E effective means of energy saving in lighting systems.
Typically, electronic ballasts reduce the power consumption
of tubular fluorescent lamps by 15%—20% when compared
with passive ballasts. The use of dimmable electronic ballasts
can further reduce power consumption in building areas where
continuous full-power operation of the fluorescent lamps is not
necessary. Most of the modern electronic ballast design and
research proposals employ resonant converters as the power
circuits for driving the lamps [1], [3]-[8] as shown in Fig. 1.
The basic concept is to utilize the resonant voltage across the
resonant capacitor C; to cause the lamp arc to strike at high fre-
quency, typically from 25 kHz to 50 kHz. Because of the high
frequency of the excitation voltage, the lamp is essentially in a
continuous on-state condition, therefore providing high-quality
illumination by eliminating the flickering effect.

In this paper, the potential problems of some traditional dim-
ming control methods using the half-bridge resonant converters
are discussed [11]. A dimmable electronic ballast with a variable
dc link voltage is proposed. A front-end SEPIC ac—dc converter
with input power factor correction and variable dc voltageis used
to feed a half-bridge resonantinverter which, in turn, isusedasthe
electronic ballast. This dimming control by varying the dc link
voltage enables soft-switching to be achicved over a very wide
dimming range. Consequently, the proposed ballast has low ra-
diated and conducted electromagnetic interference (EMI) emis-
sion, and low switching stress. Although three power switches
are needed in such topology, the maximum dc link voltage can be
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Fig. 1. Half-bridge resonant inverter for electronic ballast applications.

chosen so that relatively low-voltage and low-cost power MOS-
FETs can be employed in the half-bridge inverter. This feature
greatly reduces the overall cost of the electronic ballast. For ex-
ample, standard electronic ballasts have dc link voltage ranging
from 310 V to 400 V. In this implementation, a maximum dc link
voltage of 120 V is adopted, allowing low-cost power MOSFETs
with 200 V voltage rating to be used in the ballast circuit. Itis also
importantto note that the half-bridge inverter operates at constant
switching frequency, thus making the ballast component design
very simple. The proposal can be applied to both single lamp and
multiple lamp systems, and has been successfully tested in a
2 x 36 W fluorescent lamp system [2].
[I. EXISTING DIMMING CONTROL METHODS AND THEIR
LIMITATIONS IN HALF-BRIDGE RESONANT CONVERTER

Most of the existing electronic ballasts employ a nominally
constant converter dc voltage Vi.. Two commonly uscd power
control methods can be used in this type of power converters.
These methods are

1) duty-cycle control;

2) frequency control.

A. Dimming Control by Duty-Cycle Control

The simplest method to vary the load power in a half-bridge
inverter is to control the duty cycle (d) of the switches S1 and
S52. The ideal maximum duty cycle is 0.5. In practice, the max-
imum d should be slightly less than 0.5 so that a small dead
time (Off time for both S1 and $2.) is availablc to avoid shoot-
through in S1 and S2.

Potential Problems: The switches can be turncd on at
zero-voltage conditions if the inductor current is continuous
and lagging the half bridge voltage Vi,. The turn oft transition
however has to be alleviated with snubber capacitors to achieve

0885-8993/01$10.00 ©2001 IEEE
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near ZCS. This is advantagcous because the zero-voltage
switching method [14] can be employed. Thus, EMI emission
and switching stress in the power switches can be substantially
reduced. However, if the duty cycle is too small that the inductor
current becomes discontinuous, zero-voltage switching condi-
tions will be lost and the switches will suffer high switching
stress because the dc link voltage is very high. This discon-
tinuous current operation could lead to reduced reliability and
increased EMI emission. The problem is explained with several
consecutive operating states in this section. (The schematics
highlight the main current paths. Capacitors C' are assumed to
be large enough that the voltage at point Y is Vic/2.)

Stage 1: S1is ON and S2 is OFF.

Consider the state that S1 is turned on and S2 is turned
off. The conducting path is shown in Fig. 2(a).

Stage 2: S1 and S2 are OFF. Cs1 is charged and C's2 is
discharged.

Then S1 is turned off whilst S2 is still off. Fig. 2(b)
shows the conducting paths. During this stage, Cs2 will
be discharged and Cs1 will be charged up to Vac. When
Cs?2 is discharged, the anti-parallel diode of S2 will start
to conduct.

Stage 34: S1 and S2 are OFF, anti-parallel diode of S2 is
ON.

If the duty cycle is not too small so that continuous in-
ductor current is maintained, the anti-parallel diode of S2
is conducting, clamping the voltage across S2 to almost
0 V. When S2 is turned on later, it is turned on under
zero-voltage condition. Stage 3B will not exist under con-
tinuous inductor current operation. If the duty cycle is very
small and the inductor current decays to zero before 52 is
turned on, discontinuous inductor mode exists as described
in Stage 3B.

Stage 3B: (Discontinuous Current Mode) S1 and 52 are
OFF, i, decays to zero.

When the inductor current drops to zero before S2 is
turned on, the voltage across S2 is not clamped to near-zero
voltage. Asboth S1and S2 are turncd oft, the voltage across
52 and thus the capacitor C52 will rise. When §2 is turned
on in the next stage, the stored energy in Cs2 will be dissi-
pated in S2. A large current will discharge in $2, causing
high discharge current, switching loss and stress in S2.

Besides the small duty cycle, discontinuous current operation
problem also occurs when the lamp becomes faulty. When the
faulty lamp behaves like an open circuit, the inductor current
will flow through the resonant capacitor, which is normally a
very small capacitor with very large impedance. Thus, the con-
verter may operate in discontinuous current mode. Unless the
switches are protected by snubber circuits, they will suffer se-
vere switching stress.

B. Dimming Control by Varying Switching Frequency

A second method to reduce lamp power is to control the
switching frequency [10]. This is in fact the most common
method for dimming control. If the switching frequency is
increased, the inductor’s impedance is increased. Thus, the
inductor current is reduced. Measurements of a 4-ft, 40 W
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Fig. 2. (a) Schematic of the half-bridge inverter with main current path
highlighted for Stage 1. (b) Schematic of the half-bridge inverter with
main current path highlighted for Stage 2. (c) Schematic of the half-bridge
inverter with main current path highlighted for Stage 3A. (d) Schematic of
the half-bridge inverter with main current path highlighted for Stage 3B
(discontinuous current mode).

fluorescent lamp versus switching frequency is shown in Fig. 3.
It can be seen that the lamp power (and thercfore light intensity)
decreases with increasing switching frequency.
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Measured Lamp Power Versus Switching Frequency
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Fig. 3. Typical measurements of lamp power versus switching frequency for

a 4-1t, 40 W fluorescent lamp (duty cycle is 0.45).

The limitations of this frequency control are as follows.

1) The dimming range is restricted by the switching fre-
quency range. The power range of the dimming control
is limited if the switching frequency range is small.

2) In order to achieve dimming control at low lamp power
operation, the switching frequency range has to be very
wide (e.g., from 25 kHz to 50 kHz). The frequency range
of the magnetic cores, the gate drive circuits and elec-
tronic control circuit may limit the range of dimming con-
trol.

3) Soft switching is not easily achieved over the entire
switching frequency range. At light load, soft switching
cannot be achieved and the switching stress on the power
electronic devices will become large. The switching
transients due to hard switching are major sources of
electromagnetic interference (EMI) emission.

4) If the inverter bridge is not soft-switched, the switching
loss of the inverter will be increased, leading to reduced
efficiency.

5) Fluorescent lamps radiate a low level of infrared (IR) ray
at frequency similar to that used in IR for remote controls.
If the variation of the switching frequency of the ballast
is large, other IR remote controlled systems such as TV
sets could be adversely affected [16].

6) The lamp current is approximately inversely proportional
to the inverter frequency. Dimming control is not linear
with frequency variation.

7) When the lamp is faulty and becomes an open circuit,
discontinuous current mode will occur, especially when
the switching frequency is at or near the lower frequency
limit.

. PROPOSED DC CONVERTER VOLTAGE (Vi) CONTROL
A. Dimming Control By Varying V.

Unlike the traditional electronic ballasts that use a nominally
constant dc converter voltage (Vi ), we propose the use of vari-
able converter dc voltage as the means to provide a smooth
and desirable dimmer control for fluorescent lamp systems. The
front-end ac—dc PFC converter is designed to provide a nominal
dc voltage that can be optimized for the full lamp power for a
given L,—C, resonant tank and the fluorcscent lamp type.

The proposed method is to

1) control the output dc voltage Vq. of the front-cnd con-
verter in order to control the lamp power;

2) use constant duty cycle (near 0.5) for the switching of
the half-bridge inverter in order to ensure a wide power
range of continuous inductor current opcration for soft-
switching operation. (This also makes the switching con-
trol simple);

3) use constant switching frequency in the converter (so that
the L,—C, tank can be optimized for a given type of lamp).

B. Advantages

The new proposal, as shown in Fig. 4, comprises an ac-to-dc
SEPIC converter (or other types of ac—dc power factor corrector
with dc output voltage control capacity) providing a variable
dc voltage and a standard half bridge L—C' resonant converter
operating at fixed frequency as the electronic ballast. The stan-
dard half bridge L—C resonant converter for driving fluorescent
lamps can be easily designed to operate with ZVS under fixed
frequency. The turn-off loss is virtually eliminated with snubber
capacitors connected across the switches. Lamp power can then
be controlled by varying the dc voltage V.. With this configu-
ration a number of advantages can be seen.

1) Higher efficiency may be obtained because the switching
frequency can be chosen just above the resonant fre-
quency to minimize the reactive power.

2) The reactive component can easily be designed with fixed
frequency operation based the fluorescent model [12].

3) The ZVS condition can be maintained over a much wider
range (5% to 100% of lamp power).

4) At extremely low Ve, soft switching at turn off may be
lost.discontinuous inductor current operation may exist.
However, this operation is no longer a problem because
the switching stress and loss at very low Vi is very small.
Also hard-switching of power devices at low Vi (say 20
V) does not generate much EMI emission.

5) Smooth and almost linear lamp power control can be
achieved.

6) Low cost solution can be obtained. The input dc voltage
for the converter can be chosen at a much lower voltage.
(in this case 30 V=120 V over the full dimming range of
5%—100%). Low voltage MOSFETs and capacitors can
be used. This cost saving feature compensates the need
for a two-stage circuit configuration.

7) The dimming control is essentially achicved by control-
ling the SEPIC converter since the sccond stage is oper-
ated at constant frequency. So a simple ac—dc controller
can be used for the dimming control.

8) The lamp current is approximately proportional to the dc
converter voltage. Dimming control is almost linear with
dc converter voltage variation.

The ac-to-dc SEPIC converter preceding the half-bridge clec-
tronic ballast will ensure high input power factor and low con-
ducted EMI whilst providing a controllable dc voltage. A SEPIC
converter was chosen because it automatically operates with
unity power factor at fixed frequency in the DCM with duty
cycle control [15]. Some other advantages of using the SEPIC
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Fig. 4. Electronic ballast with SEPIC PFC and half bridge resonant converter.
TABLE | Ty
CIRCUIT PARAMETERS OF TIIE
SEPIC PFC 304~
Parameter Values 25
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L1 1 mH B3
g Pm 20/~
L2 250 uH T
g fame K
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10}~
c2 200 uF
5|
e : 0\ o :
converter operating in the DCM as PFC pre-regulator are listed 0 20 40 60 80 100 120
as follows. 0 vd 120,
1) It operates as a voltage follower, meaning that their input RE Vhass
current naturally follows the input voltage profile without X Plamp, exper.
the need for any active current loop. ©6© Plamp, calc.
2) The input current is defined at the design stage by the
cortect choice of the input ind@tar. Fig. 5. Measured and calculated lamp power.
3) The main switch can be zero-current switched ON and the / e
output diode can be turned OFF naturally. Only a simple The averaged input current is given by
and small turn-off snubber is needed for the main switch. T,
. . o . i S
But this is the only lossy snubber in the entire system. I = TIPS, @
El'l

IV. CIRCUIT DESCRIPTION AND DESIGN
A. SEPIC Converter

In Fig. 4,a SEPIC converter is operated asa PFC with variable
output dc voltage. C1, Cx2, and Ly form the input filter
for filtering the switching ripple current. Switch S, L1, L2, C1
and D1 are the main component of the SEPIC converter. C2 is
a large capacitor to smooth the ripple voltage. The following
analysis shows how to design the converter to operate in the
DCM under all loading conditions.

The averaged output current is given by

T

L= 1
I“ 4qu "{l(: ( )

where
V1 amplitude of the ac voltage;
d duty ratio of S
1, switching period;
L, the cquivalent inductance of L and Lo in parallel;
Vae  the dc output voltage.

In order to operate in the DCM, the duty cycle of the converter
must satisfy
A/
: M
oMl

I 3)
where M is the dc voltage conversion ratio M = Vae/V1.

Substituting (3) into (1) we obtain the criterion for operation
under DCM

MW,

Dol S e
= §(M + )21,

4)
Design example: The SEPIC PFC is designed with the fol-
lowing characteristics:
VonsEl5AsV,
Vie - 30:to 120V
fo 5k
T, 22.5 us;
r 5 W at min load to 72 W at full load;
I 0.6 A;
20% of I at full load.
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Fig. 6. (a) Input voltage (50 V/div) and current (0.5 A/div) of the electronic
ballast at 100% rated power. (b) Input voltage (50 V/div) and current (0.5 Aldiv)
of the electronic ballast at 30% rated power. (¢) Input voltage (S0 V/div) and
current (0.5 A/div) of the electronic ballast at 8% rated power.

Inspection of (4) reveals that the right hand side increases
with M forall 0 < M < 1. With these specifications, the range
of the dc voltage conversion ratio M is

0.2<M<O08.

Therefore the minimum value for L., occurs when M is min-
imum and the circuit parameters are listed in Table 1.

1 — 1
f /.———-‘.
0.98 0.8
// 2
Q
el s
0.96 0.6 5
w =
o w
0.94 ./ —a—PF 0.4 %
—e—THD [~
0.92 —e— Efficiency 0.2
0.9 —L =T

4 18 29 42 53 61
Lamp power /W

Fig. 7. Power factor, efficiency, and THD of the system.

B. Half Bridge LC Resonant Ballast Driver

A halfbridge LC resonant circuit is used for electronic ballast
application with wide dimming range. The two MOSFETs are
switched alternatively at a fixed frequency. L, and C\ resonate
at the switching frequency.

Before the gas inside the lamp has been ionized, the lamp
behaves like an open circuit and the tuned circuit has a very
high @ factor, thus high voltage is available for ignition. After
the lamp has been triggered, the fluorescent lamp bchaves as a
nonlinear resistance [12] and the lamp power is controlled by
properly designing the resonant inductor and capacitor for the
specific de voltage and switching frequency [13].

The circuit component of the half bridge circuit are designed
as follows.

1) The maximum dc input voltage was chosen to be 120

V allowing the use of 200 V low voltage MOSFET. A
switching frequency of 50 kHz has been chosen (This
frequency was limited by the power dissipation of the
low-cost standard gate drive IC used in the prototype).
The resonant inductor and capacitor values were calcu-
lated to be: L, = 0.5 mH, C; = 0.022 nF.

2) Theoretical and measured lamp power: Theoretical pre-
dictions were obtained from a simple fluorescent lamp
model reported in [12]. The calculated and measured
lamp power is plotted in Fig. 5. The calculated lamp
power and the mecasured lamp power agree well with
each other when the lamp power is above halt of the full
power. The discrepancy widens when the lamp power
is low because the assumption made in the lamp model
[12] that the lamp voltage is constant is no longer valid
under such low lamp power condition.

V. EXPERIMENTAL RESULTS

The SEPIC PFC uses a commercially available control IC,
UC3801, configured with voltage mode control. An IRF740
MOSFET (400 V, 8 A) was used as the main switch S. Asimple
RC snubber is used to protect S and also to reduce EMI from
the switching of S. This is the only lossy snubber used in the en-
tire system. D1 is an ultra-fast switching diode and MUR1560
has been chosen. A self-oscillating driver control 1C, IR2155,
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Fig. 8. Switching waveforms of the MOSFET used in the SEPIC PFC. (a) Upper: Vds (100 V/div.), lower: 1d (2 A/div.). (b) x-axis: Vds, y-axis: 1d.
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Fig. 9. Switching waveform of the MOSFET in the half-bridge converter at maximum power. (a) Upper Vds (50 V/div.), lower: 1d (1 A/div.). (b) r-axis: Vds,
y-axis: Id.
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Fig. 10.  Switching waveform of the MOSFET in the half-bridge converter at minimum power. (a) Upper Vds (50 V/div.), lower: 1d (1 A/div.). (b) r-axis: Vds,
y-axis: Id.

was used in the half-bridge resonant circuit to provide the fixed 1) Power quality : The complete system was built and tested
frequency gate drives to the half bridge MOSFETs. Two 200 \Y with an ac power supply sctat 110V, 60 Hz. Fig. 6(a)-(c)

IRF620 MOSFET (200 V, 5 A) were uscd. show the input current and voltage waveforms under threc
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Fig. 11. Lamp voltage and current with Ve = 100V (50 V/div.; 0.2 A/div.).

different lamp output power levels (100%, 30% and 8%
of full lamp power). The line current follows the input
voltage closely under both 30% and 100% power showing
a PF very close to unity. Current distortion is negligible.
The operation at 8% power reveals that the line current is
slightly distorted around the zero crossing intervals. This
is due to the input filter interaction. The capacitance of
the input filter becomes dominant when the output power
is reduced to such low levels.

Fig. 7 shows the measured power factor, current THD
and efficiency of the systemover the entire dimmingrange,
i.e., from 10% to 100% of the full lamp power. Apart from
the lowest lamp power level, a very high power factor
(> 0.99) can be seen throughout the range of dimming
levels whilst the THD is well under 10%. The overall ef-
ficiency of the system increases with output power. An ef-
ficiency of 92% at the full rated power has been achieved.
Switching waveforms: Fig. 8 shows the switching wave-
forms of the MOSFET used in the SEPIC PFC captured
around the peak of the input ac voltage waveform. It is
clear that the MOSFET turns on with almost ZCS. In
order to reduce the turn-off switching stress, a small RC
snubber can be connected across the MOSFET in the
SEPIC converter. This is the only “lossy” snubber re-
quired in the proposed system. Because the size of this
snubber capacitor can be very small (typically 220 pF),
the turn-off loss is not significant.

Fig. 9 shows the switching waveforms of the MOSFET
used in the half-bridge converter when the input voltage
is 100 V, the .X =Y plot shows the switch voltage and cur-
rent. It can be seen that the switch voltage is a well-con-
trolled trapezium waveform. 7ZVS can be observed at turn
on since the switched current is negative, carrying by the
body diode before the MOSFET is switched on. The turn
off is also a soft transition effected by the snubber capac-
itors. These can also be visualized in the .X—=Y" plot.

Fig. 10(a) shows the switching waveforms when the dc
22 V. The switch voltage appears clean without

7VS is still maintained
at turn off is slightly af-
Fig. 10(b).

voltage is
any significant switching noise.
at turn on whilst the transition

fected, as shown in the switching trajectory in

Tek HITE IODMS/?

Fig. 12. Lamp voltage and current with Vac

3)

U1 et al.: ELECTRONIC BALLAST WITH WIDE DIMMING RANGE, HIGH PF, AND LOW EMI

471

C1freq
49.9004KH2

7

TTV g Mar 1999
15:02:15

— 20 V (50 V/div.; 0.02 A/div.).

However, this is not a problem since the switch voltage
has been reduced by five-fold to a very low voltage.
Fluorescent lamp voltage and current waveforms:
Fig. 11 shows the Jamp voltage and current waveforms
when at 100% lamp power. The lamp current and lamp
voltage are in phase, but the nonlinear V—I characteristic
of the fluorescent lamp is clear. Fig. 12 shows the same
waveforms at 10% lamp power, the lamp current and
lamp voltage are not in phase and the nonlinearity of the
Jamp impedance is still present.

V1. CONCLUSIONS

The authors present an alternative approach to the design of

dimmable electronic ballast. The

dimming control is achieved

by controlling the de link voltage [17] of the half-bridge elec-

tronic ballast instead of

frequency control or duty-cycle con-

trol. Examination of the experimental results confirm that wide
dimming range. high power factor and soft switching can be
achieved over a wide dimming range in the proposed method. It
has been previously proved that such soft-switching technique
can significantly reduce EMI emission [9]. Despite the use of
a two-stage approach, low-cost and low-voltage power devices
and components can be used in the half-bridge ballast circuit.
Such advantages have been verified in the practical implemen-
tation. By using appropriate choice of constant switching fre-
quency. IR interference with other remote controlled systems
can also be avoided.

[

[5

]

=
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DESIGN CONSIDERATIONS
FOR ECONOMICAL ELECTRONIC BALLASTS
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Abstract : Electronic ballasts generating high frequency
supply are being widely used for fluorescent lighting
applications to reduce the power consumption of the
circuit, improve lamp efficacy , eliminate flicker and provide
instant start. Lighting represents quite a substantial amount
ofenergy consumed andthus the technology of electronic
ballasts is recsiving wide acceptance. However, in order
tocompete withthe lower cost conventionalballast system,
the demandis more for economical designs of theelectronic
ballasts, without significant sacrifice to the benefits
obtainable, norto the system reliability. This paper presents
the design considerations for electronic ballasts such that
economical designs take these into account. Typical
circuit configurations suitable for economical designs are
discussed.

INTRODUGTION

Fluorescent lighting is widely used in industrial and
commercial applications mainly due to its high efficacy
rating compared to incandescent lamps. The fluorescent
lamps are usually 36w/40w (4 feet long) or 18w/20w
(2 feet long). Conventional fluorescent lighting systems
operate from the 230 V, 50 Hz ac mains using a simple
series choke coil as the ballast, whose functionis to create
enough voltage to start the lamp (with the help of an auto-
disconnecting glow starter) and also to limit the lamp

current once it has started. Such a system is simple and

economical, but suffers from several disadvantages like
low input power factor, additional loss in the choke,
delayed start, flicker and stroboscopic effect.

Electronic ballasts utilizing transistor inverters are in
use for quite some time and it is well knownthatenergising
the lamp with a high frequency supply results in several
advantages like increased efficacy, no flicker or
stroboscopiceffect, instant startevenat low supply voltage,
reduced heating load on air conditioning system, etc.
Lighting represents quite a substantial percentage of
energy consumed and thus the technology of electronic
ballasts is being widely used in commercial and industrial
applications, mainly to reduce the energy consumption
without reducing the light output. With an electronic
ballast, firstly, the fluorescent lamp generates more light
output per watt of energy consumed, when energised at
high frequency. Secondly, the loss in the ballast itself is
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0-7803-2423-4/95/$4.00©1995 IEEE

411

R. P. DHANUKA

Hertz Electronic Devices
P-23B, (Sch-52) C.I.T. Road.
Calcutta-700 014, INDIA.

reduced by using electronic power converters. However,
even today, the electronic ballast cannot compete
significantly with conventional ballasts since the total cost
investment in a fluorescent lighting system with electronic
ballast is higher than that of a conventional choke system,
even though the amount of energy savings per year in an
installation consisting of over few tens of fluorescent
lamps, can be significantwith electronic ballasts, to partially
offset the high initial cost. On the other hand, inadequately
designed low cost electronicballasts with poor performance
and reliability can do enough harm to the application
market by earning a bad reputation for electronic ballasts
in general. Thus, in order to satisfy the demand, there
should not be significant sacrifice to the benefits obtainable
from the electronic ballast, nor to the reliability of the
system. Several types of ballast circuits have been
developed, with varying power circuit topologies, but the
commonly used circuit options for economical system are
discussed. They utilize a rectifier - filter circuit at the input
so as to obtain adirect voltage from the ac mains and then
uses self-oscillating resonant high frequency inverter
circuit to produce sinusoidal lamp voltage and current with
high efficiency and minimum RFI problems. This paper
highlights theimportant design considerationsfor electronic
ballasts such that their performance or reliability is not
sacrificed [1-3) when selecting a low-cost circuit topology

INPUT RECTIFIER - FILTER STAGE

Electronic ballasts must be designed to withstand a
hostile environment when put into service in industrial or
commercial application. Of particular importance in the
design of the input rectifier filter stage are the following
criterion:

a) Input power factor

b) Line harmonic distortion

c) Output voltage ripple

d) Line transient protection

e) In-rush current limiting

f) RFI-EMI generation

a) Input power factor : This is required to be at least 0.90
as per standard requirements for commercial and industrial
lighting ballasts. Non-sinusoidal input currents contribute
significantly to poor power factor since the proper way to



calculate power factor is to divide input watts by the
product of true-rms line voltage and line current. Thus the
presence of harmonics [4] increase the true-rms current
magnitude, causing reduction in power factor. Poor input
power factor means more current for the same watts
consumed, causing additional losses in the supply lines
and transformers. Also, many installations use diesel
generatorsetsto overcome commercial power interruption
problems and poor power factor means increased volt-
ampere loading on the generator ie., a higher size (and
more costly) generator is required. Alternatively, for a
given size of generator, more number of tubes can be
operated if their ballast power factor is high. Both passive
and active techniques can be used for power factor
inprovement.

b) Line harmonic distortion : This is not specified at
present in most countries. The line voltage distortion is
caused by the voltage drop in the line series impedance
due to the flow of harmonic currents. Thus, unless the line
impedance is very high or the total lighting current inan
installation is very large, this may not be a necessary
criterion for economical designs. Also to be noted is the
fact that if line harmonics are kept within limits to ensure
good input power factor, the line voltage distortionwill also
be reasonably low. However, if diesel generator sets are
used for supplying the lighting load during commercial
power interruption, then severe distortion of the voltage
can result from the relatively large source impedance of
the generator.

c) Input current harmonics : As already pointed out,
harmonics in the input line create problems with both
power factor and line voltage waveform [4]. In addition, the
flow of harmonic currents cause heating in the supply
transformers and lines thereby increasing the power loss
in the systems. Harmonic currents through transformers
cause increased audible noise, copper 10ss, stray fluxloss
and iron loss. Harmonic currents flowing through wiring
cables cause increased copper loss due tobothincreased
magnitude of total currentas well as increase inconductor
resistance dus to skin effect of high frequency harmonics.
In addition, parasiticheating of the cable will be caused by
dielectric loss at the harmonic frequencies. In particular,
the third order harmonic currents flow through the neutral
of a 3-Phase 4-wire system, which can significantly
increase losses in the neutral wire since it is always of
lower size than the phase wires. Excessive harmonic
currents can result in blowout of fuses in usual power
factor correction capacitor banks since the capacitors
provide a low impedance shuntpathtotheflow ofharmonic
currents compared to the line series impedance. Above
all, the common energy meter, designed and calibrated
for sinusoidal current, give erroneous readings in the
presence of harmonics(5). It is well known that this-error
is positive when operated with rectifier type loads, ie., the
meter runs at a higher speed than what it should. This is
undesireable for the owner of the ballast installation,
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although the percentage error may not be large unless
severe amount of harmonics are generated.

d) Output voltage ripple : The presence of large low
frequency ripple on the output voltage causes modulation
of the light output, similar to the usual stroboscopic effect.
For economy reason, the dc voltage is hardly regulated
and thus filtering should be adequate to keep ripple at its
minimum. Due to cost constraints, usually only a capacitor
filter is used instead of inductor-capacitor types. If the
value of capacitance is increased toimprove output ripple,
its charging current from the ac supply becomes more
peaked, resulting in stress to the rectifier diodes and
increased line current harmonics. Thus, a compromise
must be reached.

e) Line transient protection : Power line disturbances in
the form of voltage surges can result inimmediate failure
of the ballast due to the higher susceptibility of
semiconductor devices to failure than the conventional
electromagnetic ballasts. There is hardly any definite
standard available for electronic ballasts. Thus itis accepted
that general guidelines for electronicinstrumention should
be adequate. Thisimplies the essential use of Metal Oxide
Varistor for suppressing transient voltage spikes and the
use of small LC filters at input. Design is difficult since
provisions must be already kept to permit continuous
operation at the steady state highest expectedline voltage
excursion, but cut off transient voltages beyond this value.
This increases the cost of capacitor and semiconductors
due to the high voltage rating required.

f) In-rush current limiting : Since the input stage uses a
capacitor filter, it draws a large charging current from the
ac input upon energisation from the mains when the
ballast is switched on. It is important to keep this within
limits since very high currents at switch-on can cause
spurious tripping of the circuit breakers feeding the ballast
load. This may also require derating of the circuit breaker
when used on electronic ballasts.

g) RF1-EMI generation: Electronic ballasts are likely to be
used in areas where other communication equipment or
entertainment equipment are likely to be operated. Since
the supply for the ballasts is the same for these equipments,
conducted RFIthrough the supply lines cause disturbances
on these equipment in various ways. Even if the supply
lines are not the same, the wiring for the ballast carries the
harmonic currents around the area, creating unwanted
EMI disturbances, which are easily picked up by other
audio-visual equipment used in the same area. Apart from
these, any sensitive metering or other instrumentation is
likely to be disturbed by the RFIVEMI generated by the
electronic ballasts.

The mostcommonly used rectifier-filter topology suitable
for low-cost designs are shown is Fig. 1. The circuit of Fig
1a shows a simple diode bridge rectifier followed by a
capacitor filter. This circuit has low cost since it uses only



(a) Conventional Type

(b) Valley-Fill Type

Fig 1 : Typical Rectifier-Filter Circuits

four diodes and one capacitor, but it suffers from the
disadvantages of poor input power factor (about 0.6) and
high line current harmonics. The output dec voltage ripple
can be kept low (less than 20%) by increasing the size of
the capacitor, although a compromise is necessary against
increase in the peak current drawn from the supply, which
stresses the rectifier currentratings. A small resistor inthe
charging path helps to reduce the stress.

Several techniques forimproving the input power factor
along with reduction of line current harmonics are known,
but the prime consideration is usually low cost. Thus
system designs involving inductor filters and active
correction are not attractive. Under this situation the so
called “valley fil" technique shown in Fig 1b is cost-
effective. Here, input is rectified into dc by using a bridge
circuit, but two (instead of one) filter capacitors are
connected across the output through a network of three
more diodes. The objective is to charge these two
capacitors from the rectified mains in series sothat each
charge to half the peak voltage. Thus, only when the
rectified dc after the bridge falls below half the peak
voltage at the end of a mains half-cycle, the capacitors
start discharging in parallel, filling the valley between two
peaks of the rectified voltage. This charging/discharging
of the capacitors is facilitated by the additional diode
network. This technique gives adequate power factor
correction (about 0.92) and small amount of harmonic
currents at moderate cost . However, the dc voltage
output has a ripple of about 50%, which will give rise to
modulation of the light output. Thus, the inverter system
must be able totolerate orcompensate thisripple. However,
in general, the flicker caused is not too large and thus the
system is usually acceptable. Note that the circuit costis
slightly higher than that of Fig 1a due to the increase in
number of diodes and capacitors, even though each
capacitor is rated only at half the peak voltage.

In order to provide protection against line voltage

transients and flow of RFI/EMI disturbances, a filter is
connected in series with the input as shown in Fig 2,
consisting of small capacitors C1, C2 and a small ferrite-
core common-mode choke L1. A Metal Oxide Varistor
(MOV) is connected across the filter output to cut-off
voltage transients beyond the permissible limit so as to
protect the semiconductor circuit that follows. Often, in
order to reduce cost, the filter components C1andLlL1 are
not used, when the line residual inductance does give a
small amount of filtering effect in conjunction with C2.

In order to limit inrush currents during switch-on, a
negative temperature coefficient resister (NTC)of suitable
value and wattage is connected in series with the mains.

OUTPUT INVERTER

The major design considerations forthe inverter section
are :

Fuse NTC ® L

y, MOV
To
Bailast
—0
Raak current
Limik L]

Fig 2 . Input Filter with Protections



a) Open circuit voltage : This should be high enough to
initiate ionisation of the medium inside the lamp and thus
startthe lamp properly withoutflicker. However excessively
high voltages can reduce lamp life. Also during lamp
replacement, it is desireable that a very high voltage
should not exist at the lamp terminals, to reduce the risk
of shock hazard to the service personnel. Thus it is
convenient to use a circuit that will generate the correct
starting voltage only when the circuit is completed after
proper insertion of the lamp into the holder.

b) Flicker: Inconventional electromagneticballasts, flicker
is caused by the fact that the lamp arc is extinguished at
every zero crossing of the current and is re-struct
automatically again at a rate twice that of the supply
frequency. This gives a stroboscopic effect to the light,
which often generates problems in the work area being
illuminated by such lamps. The problems vary fromdifficulty
in vision-based precision measurement, adjustment of
small parts, to physiological problems like headaches and
eye strain. In electronic ballasts, due to the highfrequency
of operation, the medium inside the lamp does not get
enough time to deionise at the current zero crossings,
thus creating a continuous arc. However, the presence of
ripples on the dc input voltage to the inverter can create
modulation of the lamp current, thereby introducing a
effect similar to the flicker in conventional ballast. Thus
adequate care should be taken to restrict the flicker,
although the effect will be less in some types of phosphor
coating.

c) Lamp starting : During the starting process in
conventional ballasts, the neon glow starter takes several
attempts before a stable arc is struck inside thetube. This
causes an irritable delayed operation of the lamp with
large flicker during starting. In the electronic ballast, the
circuit must be designed to provide instant and flicker-free
starting to the lamp. This is possible by using both the
techniques of filament heating and application of high
voltage across the lamp so as to result in very quick
jonisation of the medium and thus instant start. During this
interval, both the filament current and lamp voltage must
be kept within limits in order to extend the lamp life. An
additional requirement often expected from electronic
ballasts is that they should be able to start the lamp from
very low voltage so that dimming is possible.

d) Lamp currentwaveshape : The waveshape ofthe lamp
current, measured by its crest factor, (which is the ratio of
peak value to rms value) plays a significant role in its
reliability. It has been shown that higher crest factors of
lamp current not only reduce the lamp life, but also
generate higher RFI/EMI problems. Thus, it is desirable
that the current should be as close to a sinewave as
possible, with its crest factor never crossing 1.7

e) Lamp life expectancy : The life expectancy of lamps
operated from electronic ballasts must be maximum.
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Factors that contribute to reduction in lamp life are
excessive open circuit voltage and lack of filament heating.
The tungsten filaments are coated with alkaline rare earth
material to achieve thermal emission at low filament
temperatures. If the starting voltage is not right,
considerable sputtering of the lamp electrodes take place,
resulting in end discoloration, decreased lumens and
reduced lamp life. Removal of filament power for lamps
operated at high frequency has been shown to result in
reduction in lamp life due to similar effects.

f) Lamp-ballast system efficacy : This is defined as the
ratio of light output from the lamp in lumens divided by the
input power to the lamp-ballast system in watts. It is well
knownthatthe efficacy of the lamp increases with increase
in supply frequency to about 20 kHz and then flattens.
Thus, operating the lamp with a supply greater then 20
kHz will extract maximum light output per watts consumed.
However, the lamp efficacy is a function of lamp wall
temperature, being highest around 35°C. Thus, the ballast
current must be controlled to prevent unnecessary
temperature rise of the lamp. On the other hand, the
ballast itself must be designed for high efficiency so that
the overall system efficacy is high. Also, higher ballast
efficiency implies less heat generation in the ballast, and
consequently lessertemperature rise inside a lamp fixture
so that lamp efficacy does not deteriorate.

g) RFI/EMI ; The switching process intheinverter generates
high frequency disturbances in the form of RFIl and EMI.
This must be kept within limits by suitable designs in the
inverter itself.

h) Regulation of light output : As the voltage changes
about the center design point, there is a corresponding
change inthe light output. Highly regulated ballasts provide
reasonably constant light output over the allowable voltage
range, but low cost designs are loosely coupled. In the
latter ballast applications, the lighting design should use
higheraverage lightlevels to compensate forinput voltages
below the center design voltage. However, loosely coupled
ballasts provide the inherent advantage that they can be
used to dim the fluorescent lamps by centrally controlling
the supply voltage.

A wide range of power circuit topologies and control
techniques are available for high frequency ballasts [6].
The topology may either be the voltage fed or current fed
inverter type, but both utilize resonant circuit techniques
due to the distinct advantages of near-sinusoidal lamp
current (which means low crest factor and less RFI/EMI
problem) and high voltage generation during start. The
voltage fed type is simpler and cheaper and is commonly
used for economical ballast design. A LC type of output
filter is used, such that it forms a series resonant circuit
with the lamp load connected across the filter capacitor.

When the circuit is energised by turning on the power



transistor, while the fluorescent tube is off, the circuit
behaves as a series LC circuit (since lamp impedence is
infinite now) with its own resonant frequency. This
generates the necessary high voltage acrossthecapacitor,
permitting early ionisation of the medium inside the
fluorescent lamp. During this period, the lamp current
flows through the filaments which are also in series with
the capacitor, causing easy ionisation in the lamp. The
magnitude of current is limited by the value of series
inductor. When the tube is fully ionised, the arcis struck,
causing its impedance to drop to a low value depending on
the lamp characteristics. This increases the damping
across the capacitor, shifting the resonant frequency.
However the lamp current keeps flowing through the
filaments so as to extract maximum lamp life. Also, note
that this feature ensures that the series circuit is
disconnected when the lamp is removed, preventing very
high voltages from being generated during lamp
replacement.

Two specifictopologies of voltage fed resonantconverter
are suitable for economical designs: the asymmetrical
bridge and the half bridge, as shown in Fig 3 both using
bipolar transistor as the commonly used device for low
cost. The main power circuit of Fig 3a shows an
asymmetrical bridge topology, using a single capacitor in
series with the output, whose purpose is to block the flow
of dc current. It is chosen so that its reactance is small
compared to the output filter capacitor such thatthe value
of the former does not significantly affect the resonance
frequency. It has the advantage of simplicity, but the
power dissipation in the two transistors is inequal. The half

1
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(a) Asymmetrical Bridge

bridge converter of Fig 3b does not theoretically need a
seperate dc blocking capacitor and generates a
symmetrical output waveform with same heating of both
transistors. However, in practise, a series dc-blocking
capacitor is necessary due to asymmetry of the circuit
component characteristics.

In order to maintain simplicity, the circuitis designed to
self-oscillate, using a current feed-back transformer to
provide drive to the corresponding transistor. Starting is
initiated by a RC circuit and diac trigger to the lower
transistor, initiating its turn-on. The resulting current flow
through the current transformer adds to the base drive of
the lower transistor. Due toresonance of the output stage,
the lamp current is near sinusoidal and as soon as it
attempts to reverse, the lower transistor base drive is
reversed, turning it off, while the upper transistor is
automatically driven by a positive base current. In this way
the oscillations are sustained and the starting diac oscillator
is deactivated by forced discharge of its capacitor through
a diode every time the lower transistor turns on.

The most severe design problem with these circuits is
the starting transisent, resulting in high inrush currents
and high starting voltages. It also demands gain linearity
of the bipolar over the current range from inrush value to
steady value. The design of the currenttransformer is also
critical since the core size, core material, primary and
secondary turns, all affect normal operation. The situation
is complicated due to the shift of the circuit oscillating
frequency from starting time to steady state. Small
snubbers are necessary across the transistors.

+ = m:" J:
e e
cT :ll. Tube ::c
2 ;i —
iy |
mea

(b) Half Bridge

Fig 3 : Typical Inverter Circuits



CONCLUSION

Theimportantdesign parameters for electronicballasts
have been discussed such that these are taken into
account for reliable designs of economicalballasts. Lower
cost is necessary in order to compete with conventional
electro-magnetic ballasts, but the performance
characteristics cannot be sacrificed. For this purpose, the
importance of the circuit topology and various components
have been highlighted, providinga guidelinefor thereliable
design of low-cost electronic ballasts.
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Abstract-This paper provides a guideline for designing a
frequency controlled dimmable electronic ballast for the
fluorescent lamp. The design equations are derived based on
a power-dependent lamp model. The dimming characteristics
of fluorescent lamp by frequency control can be predicted by
incorporating the lamp model into the electronic ballast. The
circuit parameters are designed by considering both the
starting voltage and the filament power during the dimming
operation. An electronic ballast with the half-bridge series-
resonant parallel-load inverter is used as an example for
illustrating the design procedure. The calculated results are
verified by experimental tests on a laboratory prototype
circuit,

Index Terms- Fluorescent lamp, electronic ballast, dimming
operation, resonant inverter.

I. INTRODUCTION

High-frequency electronic ballasts have been widely used
to drive fluorescent lamps for improving light quality [1], [2].
In addition to numerous benefits over electromagnetic
counterparts, electronic ballasts can provide dimming
capability with additional control circuitry [3]-[7]. Basically,
three parameters of an electronic ballast can be controlled for
regulating the power of the fluorescent lamp: the dc-link
voltage, the duty-ratio, and the switching frequency. Among
several control methods, the frequency control method has a
wider dimming range with simple circuit configuration, and
thus is popularly adopted in practical implementation.

An electronic ballast mainly consists of a load resonant
inverter operating at a frequency higher than audio frequency.
The fluorescent lamp takes part in the operation of the
resonant inverter. Therefore, the design of an electronic
ballast has to include the electrical circuit model of the lamp.
Various models had been proposed for precisely describing
the electrical dynamic characteristics of a fluorescent lamp
[8], [9]. These models however are too complicated to be
used in the design of an electronic ballast, especially for those
with dimmable capability. In practice, a fluorescent lamp can
be characterized as a resistor when driven by a high-
frequency electronic ballast. The lamp resistance does not
keep consistent but should be power dependent. When a
dimmable electronic ballast is designed, a lamp model based
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on power-dependent resistance appears to be simple and
accurate [10], [11].

In this paper, a power-dependent lamp model is obtained
from experimental tests. Based on the model, the electronic
ballast incorporating with the fluorescent lamp can be
analyzed with a simplified equivalent circuit. With the simple
equivalent circuit, the design equations can be derived, and
then the operating characteristics of the lamp within the
dimming range can be precisely calculated. The circuit
parameters are determined by considering the starting voltage
and the filament power to achieve a longer lamp life-time and
wider dimming range. The design considerations and the
design procedure are discussed by an illustrative example.

II. ELECTRONIC BALLAST AND EQUIVALENT
CIRCUIT

Fig. 1 is the basic circuit configuration of an electronic
ballast with the half-bridge series-resonant parallel-load
inverter. Two active power switches are turned on and off
alternately by gate circuits to drive the load resonant circuit at
a high frequency which is preferably higher than 20 kHz. The
load resonant circuit consists of a resonant energy tank, a
capacitor, C 1 and the fluorescent lamp. The resonant energy

tank is formed by an inductor, Ls, and a capacitor, Cs. The
functions of capacitor Cj are to provide a sufficiently high

voltage across the lamp during starting transient, and then a
proper filament current at steady state. In addition to these
functions, C/reduces current harmonics through the lamp and

improves the crest factor of lamp current because the
reactance of the capacitor at its harmonics becomes much
smaller than the lamp resistance.

By symmetrically driving two active switches, a square-
wave voltage source with a DC term of V./2 is applied to the
resonant circuit. For a well-designed electronic ballast, almost
all the harmonic voltages, as well as the DC term, can be
filtered out by the resonant circuit. Only the fundamental
component of the square-wave voltage at the switching
frequency will be present in the load resonant inverter [12],
[13]). Therefore, an approximate analysis can be made using
phasor representation of the fundamental component. The
equivalent circuit of the load resonant inverter for the
fundamental approximation is shown in Fig. 2.



A power-dependent resistance model for the lamp is used
in the equivalent circuit. The lamp arc is modeled by a power-
dependent resistance, R(P), and a constant resistance, .
represents the lamp filament at each terminal [10]. Actually,
the resistance of a filament is distributed from one end to the
other end. The lamp model with lumped circuit used in [11]
may be more accurate to account for the lamp power
distribution. However, it will increase the complexity in
circuit analysis. It is known that the voltage drops on the
filaments are so small as compared with the lamp voltage, and
thus can be neglected. Moreover, It should be noted that the
lamp arc power can not be measured independently from the
filament power since the lamp arc current flows through the
filaments. The lamp voltage measured from the left side of
the lamp (Points A and B in Fig. 1) inevitably includes a part
of voltage drop across the filaments, and thus the measured
lamp arc power includes a part of filament power. Therefore,
the measured lamp voltage and power will be consistent with
calculated results by using the model in Fig. 2.

The dimmable electronic ballast with frequency control is
discussed by an illustrative example designed for a rapid-start
fluorescent lamp of 40-W T12 1160mm. Table 1 lists the
lamp specifications from the manufacturer in which only
parameters at the rated power are specified. The total lamp
power includes the arc power of 38W and the filament power
of 2W. The dimming operation is limited to approximate 10%
of the rated power, in this case, 4W. According to Table I,
the lamp starting voltage, V., has to be greater than 220V,
to ensure successful starting. However, the starting voltage
should be as low as possible for retaining a longer lamp life.

Is
—
A Lamp
m a
Lg Cs

V(P) Cr

B

Fig. 1 Basic circuit configuration

Lamp model

I(P)\l/ : i/lf
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Fig. 2 Equivalent circuit of the electronic ballast

TABLE | LAMP SPECIFICATIONS (40-W T12 1160MM)

Rated lamp arc power
Pp s 38 Watts
(rate)
Rated fi
ed filament power 2 Watts
Py
Filament resistance
9.6 2
i
tarti It
Sta ;j)g voltage >220 V.,
start

The lamp model can be obtained from experimental tests.
The lamp voltage can be represented by a power-dependent
voltage equation [10]. The voltage equation for the lamp in
the illustrative example is:

V(P)=123-0.747P. (1)

The lamp resistance can then be derived.

4G

R(P)= 7

III. CIRCUIT ANALYSIS

In Fig. 2, the rms value of the fundamental component of
the square-wave voltage is :

V1=[g:£.

3)

The fundamental frequency, f; , is identical to the switching
frequency of the inverter. For facilitating the analysis, Fig. 2
can be further simplified to its Thevenin equivalent circuit
with respect to the lamp, as shown in Fig. 3. The voltage
source and the series impedance are:

s o
eq:VI';p_—~ C))
VAP »
_
e (5)
ZS+Zp
where
oy | 1
Zs =]Zs=/{27‘fsl’x ~2ﬂf c ] (6)
s
—_— ‘ : I .
szzrf-#_/zq/’ :2"/-]5;{/_—5;—=Zpéep. (7)
5

It is found from Fig. 3, that a change in the operating
frequency would cause a variation in the impedance of the
Thevenin equivalent circuit, and hence a variation in lamp
power. Thus, one may regulate the power delivered to the
lamp by varying the switching frequency of the inverter.
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Fig. 3 Thevenin equivalent circuit

From Fig. 3, the lamp voltage can be expressed as :

e

Before ignition, the lamp resistance can be regarded as an
open circuit, therefore, the starting voltage, V,,,, is equal to

R
Zeq + R(P)

V(p)= ®)

the magnitude of the Thevenin equivalent voltage, i’;.

v,

14 g

start

)

Neglecting the heat produced from the arc current flowing
the filament, the filament power can be expressed as :

2
V(P

2|

[V. DESIGN PROCEDURE

Py(P) =2r, (10)

The circuit parameters at rated lamp power operation are
determined from Step | to Step 3 :

Step 1: Determine the switching frequency at rated lamp

power.

Theoretically, the switching frequency at rated power can
be arbitrarily chosen. Considering the voltage and current
stresses and switching losses of the inverter, it is desired to
operate the inverter at a frequency range in which the load
resonant circuit always presents inductive [4], [12]. More
importantly, the increase in the frequency will reduce the

lamp arc power and will cause a smaller impedance of C'f As

a result, the filament power will be increased as the lamp arc
power is reduced. This is helpful to maintain a stable arc
current at the lower lamp arc power, and hence to have a
wider dimming range. It is because that not only the I,
produces filament heat but also the arc current flowing
through filaments provides self-heating at steady state
operation. In this design, the rated switching frequency is
chosen to be 36 kHz.

C

Step 2: Calculate the parallel capacitance, =
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The current flowing through Cf can be obtained from the

filament power and resistance.

P

U
e 2['/

(1

Since the filament resistance is very small as compared with
the reactance ofo, Cjcan be calculated by using (12).

1

e —— 12
271’fo 0

Here, the lamp is designed to operate at the rated power at

36kHz switching frequency. Then. Cfis 15nF.

Step 3: Calculate Z; at the rated power.

Ideally, an electronic ballast is able to start the fluorescent
lamp with the minimum starting voltage under any required
output power. Such an ideal operation can be achieved only
when the dc-link voltage is adjustable. Before switching on
the ballast, the dc-link voltage has to be pre-adjusted in
accordance with the desired lamp power. This needs an
adjustable dc-link voltage with a sophisticated control circuit.

For an electronic ballast with only a fixed dc-link voltage,
the lamp is started at a specific power and then adjusted to the
desired lamp power after start-up. In other words, the ballast
is operated at a starting frequency to produce the minimum
required starting voltage on the lamp, and then is adjusted to
a frequency to produce the desired lamp power. In such a
design, there can be two cases depending on whether the dc-
link voltage is pre-specified or not.

Case 1: The dc-link voltage is pre-specified.

For many practical applications, the dc-link voltage is pre-
specified by the rectifier stage. In this case, the other circuit
parameters has to be designed to meet this operation
condition. Substituting (4) and (5) into (8), we can rewrite (8)

as :
e .

4
F—=+]
e

vy

(13)

Substituting (6) and (7) into (13) and rearranging it, we get

2
[RZ (P)Z% +(z§ +2R(P)rj) ]z} +2R*(P)Z}Z4 Z,
+R2(P)Z;[]—(L

2
))-o
KR

(14)

From (14), Z; can be solved.
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For the illustrative example, let the dc-link voltage be
310V. There are two solutions of Z,.

Z, = j325.1 Q ,~jl13.50

Since the electronic ballast is preferred with an inductive load,
the value of -j113.5 is not adopted.

Case 2: The dc-link voltage can be arbitrarily chosen.

In this case, the dc-link voltage can be chosen to produce
the required starting voltage at the rated switching frequency.
Preferably, the dimming circuit should be designed so that the
lamp is started up at full light output with the minimum
starting voltage. This requirement can be fulfilled by using an
appropriate dc-link voltage and starting the lamp with the
specific frequency. Once the starting voltage and the starting
frequency have been determined, Z, at rated power can be
solved by substituting (5) and (9) into (8).

7,7 V yiare RCP
— £+ R(P)| = il (16)
iz V(P)

From (16), the Z, value can be obtained by computer
calculation. For the illustrative example, the two solutions of
Z, are j182.3Q and j793Q. The dc-link voltage can be solved
by substituting (3) and (9) into (4).

)

The de-link voltages corresponding to the two solutions
are :

Ve=188.7V., for Z,=j182.3

V.=825.0V.., for Z=/793.0

Obviously, the second solution is impracticable since it
requires a much higher dc-link voltage.

Step 4: Calculate the characteristics of dimming operation.

Theoretically, there are infinite different pairs of Ls and Cs
with the impedance of Z, obtained at Step 3. The dimming
operation for each pair can be calculated by using the
equations derived above with the aid of computer calculations.
The calculated results for Cases 1 and 2 are shown in Figs. 4
and 5, respectively.

Figs. 4(a) and 5(a) illustrate the curves of the lamp arc
power versus the switching frequency. Each curve represents
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RY(P)ZY +{Z2 +2R(Pyry )

(i3)

the variation of the lamp arc power for a specific value of C..
The curves for the two cases are similar except for that the
curves of Case 2 are with wider operating frequency ranges.
All these curves have an intersection at the point with the
rated lamp power and the rated switching frequency of 36kHz,
but have different frequency ranges. At the point of
intersection, the values of Z, for all curves are the same. As
predicted, the lamp power is reduced as the operating
frequency is increased for all curves. As Cs is decreased, the
lamp arc power becomes more sensitive to the variation of the
switching frequency.

The starting voltages corresponding to different starting
frequencies are illustrated in Figs. 4(b) and 5(b). For Case 1,
the starting voltage is about 1100 V,n,, which is impracticably
high, when the ballast is started at the rated switching
frequency. Such a high voltage may destroy the lamp. In this
case, the ballast should be started with a higher frequency at
which the lamp will be operated at a lower power when it has
been started up. Therefore, the starting frequency should be
properly chosen to obtain an adequate starting voltage. For
Case 2, the starting voltages at the rated switching frequency
for all curves are designed to be exactly 220V ,,,. One can find
another frequency in each curve with which a starting voltage
of 220V, can be obtained. However, starting voltages at
other frequencies may be too high, resulting in detrimental
effects to lamp life, or may be too Jow to start the lamp.

Step 5: Chose adequate Ls and Cs to meet the specifications
from the calculated results.

Figs. 4(c) and 5(c) illustrates the variation of the filament
power. For both cases, the filament power are designed to be
2W at the rated power. The filament power is increased as the
lamp arc power is decreased. The increase becomes
significant when a large Cs is used. In order to maintain a
stable lamp arc at reduced lamp power levels, it is suggested
that during dimmed operation, the filament power should be
adequately increased as the arc current decreases to make up
the self-heating resulting from arc current. However,
excessive filament heating can cause premature end-
blackening and degrade lamp life. The filament power in the
dimming range should be well designed for proper heating. It
is suggested that the filament power should be increased from
2W at the rated lamp power to about 4.5W at the lowest lamp
power. Among these curves, it is found that the curve with Cs
=10nF for both cases can match the suggested value at the
lowest lamp power. Then, Ls is calculated to be 3.39 mH of
case 1 and 2.76 mH of case 2, respectively..



case | and 2.76 mH of case 2, respectively..
Lamp arc power (watt)

40
A0 1000
500
2000 200
10 =
0 Co(pF:12 5 10 20, 50100
30 35 40 45 50
Frequency (kHz)
(a)
Vstart (volt)
2000
1500 [
1000
C <(nF): 1000
sogn o sl
0 1 A\ f
30 35 40 45 50
Frequency (kHz)
(b)
Filament power (watt)
8 C  (nF)
o [
20
10
e e
r\
2 -
0 L 1
0 10 20 30 40
Lamp arc power (watt)
(c)

Fig. 4 Calculated results for Case 1 (a) lamp arc power vs. switching
frequency (b) starting voltage vs. switching frequency (c) filament power
vs. lamp arc power
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Fig. 5 Calculated results for Case 2 (a) lamp arc power vs. switching
frequency (b) starting voltage vs. switching frequency (c )filament power
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V. EXPERIMENTAL RESULTS

A prototype circuit was built and tested to verify the
theoretical prediction. From Figs. 4 (c ) and 5 (c ), the curves
of Cs around 10nF will be selected. The measured values of
the circuit components are as the followings:

Casel: V¢=310.0V,n,, C,=14.67nF, Cs=10.26nF, Ly =3.37mH
Case2: V¢=188.7Vm, Cp=14.67nF, Cs=10.26nF, Ly =2.72mH

The experimental results are shown in Fig. 6 to Fig. 9. It is
found that experimental results agree well with theoretical
predictions. Dimming operation from 38W to 4W was
obtained by controlling the switching frequency from
approximately 36 kHz to 44 kHz. In this dimming range, the
filament power varies from 2W to 4.4W. When 220V,
starting voltage is desired, according to the calculated results,
the starting frequencies are 39.7 kHz and 36 kHz for Casel
and Case 2, respectively. Figs. 8 and 9 show the lamp voltage
and current waveforms from starting to steady state for Case 1
and case 2. The starting voltages are 220V,., for both cases.
After start-up the lamp is operated at 27W for Case |, and at
the rated power for Case 2.
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VI. CONCLUSIONS

Dimming operation of an electronic ballast driven
fluorescent lamp can be achieved by controlling the switching
frequency. The design equations are derived from the
Thevenin equivalent circuit based on the power-dependent
lamp model. Using the derived equations, the circuit
performances including starting voltage, lamp power, and
filament power can be calculated, and the circuit parameters
can be determined accordingly.

The design criteria are created under practical
considerations, such as: the voltage stress on the circuit
components, the operating frequency range, and the available
de-link voltage. More importantly, the lamp life-time was
conserved by considering both the starting voltage and the
variation of filament power during dimming operation.

A design example is given to illustrate how the design was
done step by step. The laboratory circuit with the designed
circuit parameters was built and tested. The experimental
results show that design equations can predict the circuit
behavior precisely.
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