Single-Stage High-Power-Factor Electronic Ballasts

with Buck-Boost Topology for Fluorescent Lamps
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Three novel single-stage electronic ballasts with the advantages of high-power-factor,
low current harmonic, high efficiency, and low cost are proposed for rapid-start
fluorescent lamps. Included are (1) single-stage high-power-factor electronic ballast with
asymmetrical topology, (2) single-stage high- power-factor electronic ballast with
symmetrical topology, and (3) single-stage single-switch high-power-factor electronic
ballast. The circuit configurations are obtained by integrating the buck-boost power-factor-
correction converter into the Class D or the Class E resonant inverter. With simple circuit
configuration and less component count, desired circuit performances of high-power-
factor and high efficiency are realized.

The control methods of pulse-width-modulation (PWM) with asymmetrical and
symmetrical approaches are utilized for the three presented ballasts. The buck-boost
conversion stage is operated at discontinuous current mode (DCM) to achieve nearly
unity power factor at a fixed switching frequency. With carefully designed circuit
parameters, the power switches can exhibit either zero-voltage switching-on (ZVS) or
zero-current switching-on (ZCS). As aresult, high circuit efficiency can be ensured.

Design equations are derived and computer analyses are performed based on the
lamp’ s equivalent resistance model and fundamental approximation. Accordingly, design
guidelines for determining circuit parameters are provided. Prototypes of the three
proposed circuits designed for a T8-36W lamp, two series-connected T9-40W lamps and a
PL-27W lamp are built and tested to verify the computer simulations and analytical
predictions.
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Abstract

Three novel single-stage electronic ballasts with the advantages of high-
power-factor, low current harmonic, high efficiency, and low cost are
proposed for rapid-start fluorescent lamps. Included are (1) single-stage high-
power-factor eectronic balast with asymmetrical topology, (2) single-stage
high- power-factor electronic balast with symmetrica topology, and (3)
single-stage single-switch high-power-factor electronic ballast. The circuit
configurations are obtained by integrating the buck-boost power-factor-
correction converter into the Class D or the Class E resonant inverter. With
simple circuit configuration and less component count, desired circuit
performances of high-power-factor and high efficiency are realized.

The control methods of pulse-width-modulation (PWM) with
asymmetrical and symmetrical approaches are utilized for the three presented
ballasts. The buck-boost conversion stage is operated at discontinuous
current mode (DCM) to achieve nearly unity power factor at a fixed
switching frequency. With carefully designed circuit parameters, the power
switches can exhibit either zero-voltage switching-on (ZVS) or zero-current
switching-on (ZCS). As aresult, high circuit efficiency can be ensured.

Design equations are derived and computer analyses are performed
based on the lamp's equivalent resistance model and fundamental
approximation. Accordingly, design guidelines for determining circuit
parameters are provided. Prototypes of the three proposed circuits designed
for a T8-36W lamp, two series-connected T9-40W lamps and a PL-27W



lamp are built and tested to verify the computer smulations and analytical

predictions.

Keywords: Fluorescent lamp, electronic ballast, power-factor-correction,
asymmetrical pulse-width-modulation (APWM), symmetrical
pulse-width-modulation (SPWM).
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4.9 (L, = 0.99 mH)
4-4-3-2 / (ZVS/ZCS)
(3-19%,
2 & 2 py 99
(R;ngzd )2 eR2.Z3 +(z§+Rarcrf) $R§rczg§1- L:30 (419
e 2% arc @ _B
(4-14) (4-6) d 045 055 V, 1738V Z,.
d 05 V, 1716V Z.
(4-6) (3-19) Ve d,
Zc Zc (3-17) ~ (3-20)
Y1 4-10 Y1 (4-10) (4-11)
ZVv§zCS d 05 (v 1>0)
ZVS/ZCS 4-10(b)  V, 1716V Z.
12880 y; O d, 045 055
ZVS/ZCS Y1 9 4-10(a)

4-10(c) V. 176V Z. 15820
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(100 ~ 120V, )

ZLC
ZLC =170 W
ZLC Ls Cs (Ls’ Cs)
Zc 170 W
2.5 2.5
(3-25) L. C,

Ls=213mH Cy=142nF
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500
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40
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60
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20¢
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170 220 270 320 370
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@V, =99V, d=045

Z c(w)
500

Y (degree)
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40

L
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40

1086 L

20

1 1 1 O

170 220 270 320 370

Ve (V)

(b) V, =110V, d.= 0.5
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500
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400

30¢
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1/
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40
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158.1;

20
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170 220 270 320 370

Ve (V)

(© V,=121V, d.= 055

4-10 ZVSZCS
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54 IsSpice
4-11 4-12

4-13 d 045 05 055

V¢ 100 V/div, 1,0 0.5 Aldiv, I ;: 1 Aldiv, | ,: 1 A/div, Time: 2 mg/div
411V, I, |

p

v
lamp

Viamp: 40 V/div, 1, 0.2 Aldiv, Time: 5 ug/div
4'12 Vlamp Iarc



Vost | ] T \_:
Vgs2 J | | | | | l_
Vab [ e 1 n
o P N
s [ f/_‘

(8 d, = 0.45
Vgsl l \ {_

(b) d,=05
Vgsi ] \
Iy mm

7 Sr'ay

(c) d,=055
Vi, Vgeo! 10 V/div, V.0 400 V/div, Current: 5 A/div, Time: 5 us/div
413V Voo Vo I Iy s lg g
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4- 4
T8-36W
4-2
4-2
(Vs) 110+10% Vg, 60Hz
(fs) 36 kHz
Lo 0.99 mH
L 2.13 mH
Cs 14.2 nF
Cy 12.1 nF
Lim 0.1mH
C 0.12 uF
Cqc 100 uF
4-6-1
APWM 4-14 4-15 4-16
555
74121 74123
74121
74123 7486 (XOR)
APWM
4-15 4-14 555
74121



74121 74123
74121 74123 7486
(XOR)
555 2
JUTTL 01
A =V
I V951
Q2 —Vgs2
74123 '
o3 — |

4-14

4-15
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4-17

Q,

4-18

0.99

100V
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100V DCM
DCM

DCM
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g S gar iy

WAAWZENP ANV

=

li,: 2 Aldiv, Ip: 2 Aldiv, Time: 10 ug/div

417 1, I, (V=100 V)
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Ve 100 V/div, |- 0.5 Aldiv, | ;: 1 A/div, Time: 5 ms/div

418V, I, | (V=110 V)

p

CE=1.35

W IAVERN

Viamp: 50 VIdiv, 1, 0.2 A/div, Time: 10 us/div

4'19 VI amp Iarc

4-19 Viamp
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4-20 100V 110v = 120V

Vab Iy (Isy I)
lg
D, S Q
s Q,
Vab + + + + E L
R T T
I 51 + ll/-‘/__lwﬂj EE + IV + 3
o ] ! | 4
,
V,,: 100 V/div, 1,: L A/div, Ig: 1 Aldiv, |g,: 1 A/div, Time: 5 ugdiv
(@ Vs120V

-
V,,: 100 V/div, I,: L A/div, I 1 Aldiv, |,: 1 A/div, Time: 5 ugdiv
(b) V=110V

420 Vy Iy lg g
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Is1 ‘ R T . . V/ 3

s T 4

l's2 el ’ i

T

V,,: 100 V/div, I,: L A/div, Ig: 2 Aldiv, |,: 2 A/div, Time: 5 ugdiv
(c) V=100V

420 Vy |, Iy g
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(6)
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Ql QZ 5_4 Vgsl VgsZ

Ql QZ dr Vgsl VgsZ

Q

S S
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p
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Q.
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Q

Q.

pl
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pl

DCM G,
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VgsZ
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QZ Ipl
|1
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Ipl D3 Ir
Q, v
V (ty <t<tg)
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Q,
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I Hiv-av | I 1 HIvV-bv
\651
i ks
Vib
Iy
i, TN .
I
/\ /\ Ipl B
|
N l\ D5
51
v
i)
‘//
ty bty 4 & toty totaty tg
@ (Vin () > 0)
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HV-b V

| 1 1 1v-av
gsl Yos1
Y I— o2 |_
v
Vib ab
| |
r ,-—\.\ —-\\ r // > \\
/ Ny, )
I |
p2 \ b2
L o
o6 N "6
N
| |
s1 S1
W d 4
|S2 /- ISZ
/ /
7
oty to t3 ty ts oty tat3ty ts
(b) Vi, (0 <0)
56

(Vael2)

Val2)
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11l Vo

Q, D Ln
I
D, Q Ly
Vs
d. Vgsl D,
D, Via Q,
D,- D, -Q, D,
d,
D- D, -Q,
QA Q
Q Q ZVSZCS
]
Ipl Ip2
110V
53

220V o7
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bl
57
5-3
/
5-31
58 |p |p
D, QbD, Q) S
S 0.5 2-1-2
fs
1Ts VoTs
|in(t): I b avg (t):T_ ol p(t)xd(t):$8|n(2p th) (51
s 0 p
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A= L (20 1,0 %05 (20 FLt)d(2p £ t)= Vi 52)
a) L in L L 16Lp fs
Vi
Vin| sin(2pf  t) |><E +Yoo >€i (53
2 2 é
(5-3) DCM
DCM Vgel2
\%3 Vim (5-4)
O
. . VgsZ
Vst \J\l \l | t
2 M e
58 I,
5-32
56 V,
_ . E2Vq4e . u
Vab(t)— a 5 sm(2npfst) ~ n=135... (5-5)
n 8 n H
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59 Vq Vab
/2
p
R:lrc Ceq Cfl Cf2
C:ID
C¢1C
Coq=Cp+— 2 (5-7)
C1#+Ci2
N Ls
M
I arc
Zin v +
V1® c ==Iarrp Rarc
‘ €q -
59
59
(1) f, ( natural resonance frequency)
f=—t (5-8)
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(2

Q

QL =20 5Ceq Rarc - e
_—S_
qu
€ Z,
Zo= ﬁ
Ceq
(5_9) Ls
_ Rarc
2p fo QL
- Q
2pfoRarc
Rarc
. 2pfC
Zin = j2p fslst 1P s
Rar~t+
arc i2p75Ceq
1
| Vi 120 fCeq
arc =[5
Zin Rarc 1
120 £sCeq
\Y
Mamp = 12
.2
g{_ efg 0 9 L& fs O
fos = f
\é g 0z QLfog

fL(

(5-9)

(5-10)

(5-11)

(5-12)

(5-13)

(5-14)

(5-15)



)

fr=fo [l =5
Qf

(5-15) f
(5-6) (5-15)
v _pVIarm g, &fs 28 fs ¢
de ¢ Eos 2 Lo
54) (5-17)
510
(base)
CCM 510
Qu
L Q
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(5-16)
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(5-17)
5-10
DCM
DCM
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1 1 1 1 1 1 1 1 1
05 0.6 0.7 0.8 0.9 1 11 12 13 14 15

Wo
5-10 DCM (Viamp=203V  V,=155V)
5-4
T9-40W
DCM
ZVSIZCS
51 Pam
Pac P, 3’W 3w
(5-2) Ly L 88%
L, Ly
L1 = Lp2 =0.46(mH)
Q f DCM  ZVS 510
Q=2 f, :]_f—z »30kHz V. /2

1.1
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T9-40W

110V, 60Hz

arc

37rW

3W

1015V

0.36 A

218 W

9.6 W

36 kHz

1) (5-12)

Ls=147(mH)  Ceq=19.1(nF)
(3'16) If
I+ =0.3(A)
Cn Cp
Cs1=Cfo=———=13.1(nF
N T
(5-7) Cp
Ci1Ct2
Cp=Coy- ————=12.6(nF
PTTE CcoptCen (F)
ISSpice 54
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512 5-13(a)
5-13(b)

Ve 100 V/div, |0 L A/div, | ;: 1 Aldiv, | ,: 1 A/div, Time: 2 ms/div
>0 I VR PR N

V|arnp rc

ERVER

Viamp: 40 V/div, 1, 0.2 Aldiv, Time: 5 ug/div
5'12 Vlamp Iarc
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I ._._........L’_,..---'-"'_L..__.._...._..I s

(8 V=155V

Isl S I H e
loF— oy A ]

(b) V=10V
Vya: Vgeo! 10 V/div, V,,: 400 V/div, Current: 5 A/div, Time: 5 us/div

r

513V, Ve Vi |
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5-6
5-6-1

International Rectifier
5-14 Vea Ve

>3 S S
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0.5
Vea Ve



(\/S) 110V, 60 Hz
( fs) 35 kHz
I—p]_1 L p2 046 mH
Lg 1.47 mH
Cq 2 UF
Ci, Cp, 13.2 nF
C, 12.6 nF
Lm 1mH
Cm 2 uF
C]_ 1 C2 Zm UF
D
Pl
IR2155
AT N
Ve V1. R1
L R Rr Ho Ff A%A Vv
= % c Ve—d »
CTI"\ R2
com L, WA
Vigs2
514
56-2
5_15 Vs Iin
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517 Viam
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(c) V=-155V
V. 100 V/div, Iy, Iy, 1: 2 Aldiv, Time: 10 ug/div
518 Vg Iy lg g
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S
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5 6-6
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S
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1 S
l, D,
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l, Vg
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IV-a(tg<t<ty)
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n=s

el \\_J
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4-3-1
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6-8

6-8

6-9

Cpf =Cp+Cs

Rarc
62 (63

Rarc
2 ~2
1"‘Wg RarcC pf

Req=

2 ~2
_1 +W§ RarcC pf

C
®«a— 2.2
WsRarcC pf

ws=2 fg

pf

6-8

(6-1)

(6-2)

(6-3)



CsCeq

C$_
Cs*Ceq
L
6-8 E
L=l —
WSC$

(6-4)
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Y Y L YL
ldc L
i I . . 'y
T Ve ¥ L C,_——v '
VQSJIESA ! _d Req §VR
6-10 E
6-3-2
6-8 6-10
E
ZCS [76] 6-11 E
E
Vcl D4 Idc
S C, 6-10
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Idc
Ir
\‘_\_‘_._'//
lge!, \
g //_T -
lep N
e
Wstzp—>
6-11 E
_I.
ls le1
lde Iy — C,

%lhs

l;

Iy (Wet)= 1 sin(wgt +f )

6-12 E
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| s(wt) = % (6-7)
1o Pd; Evgt<2p
pd; Ewgt<2p S C, C
C,
] 0 0Ewt <20d,
ICl(WSt): |l (6-8)
::: 0 0EWt <Zd,
Ver (wet)=i (6-9)
i : {1 gc(wst- 200y )+ 1 mlcos(wet# ) - cos(2od, + )} 20d Evst<2p
T WsC
VC1(2p)=O (6-9)
_ 2p(L- dy ) .
'm=lde cos(Zbdr +f ) cosf (6-10)
(6-10) 6-7) (6-8) (69 I o Vg
.I. Id ﬁ_ Zp(l‘ dl‘ )Sn (VVSt +f )9 0£W t<2pd
Il C§ cos(2pdy +f )- cosf 3 '
I s(vat)= i (6-11)
: 0 20d, Evst<2p
!
.I.
% 0 O£t < 2pd,
la(viet)=1 0 et (6-12)
! _201- dy Jsn{wet +f )6
'Ifldcg[ cos(2pd, +f )- cosf 2Pdr it <2p
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0 0 £t < 2d;

i
tabe (-0 Yool )- cosznc +£
Folge 1 2p(1-d; )lcosiwgt +f )- cosZod, +f )[U
i Cl%WSt P+ cos(Zod; +f )- cosf g2pd r EWgt<2p
(6-13)
lca(20)=0 (6-12) fd
(6-14)
__ cog2pdy)-1
tanf 6-14
=300 or ) ranapay ) (19
(6-14) f
cos(2pdr)-1 6 )
=p+tan” g2p1 4, )+sn (d ) (6-15)
6-13 f d, f 90° ~180°
f (°)
80
1 5|0
12|10
90 L L L L
0 0. 20. 40. 60. 81
dy
613f d,
(6-11)
W e :%-f (6-16)
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Wat| max £2pd, Is,max Wl =—--

WStI ,max >a)dr Is,max Wl = mdr Is,max Idc

! p(l-dr) 9

- = . = Wt £2pd
! E o, g Tt Ve,
=1
1l

2p(L- dy )sin(2pd; +f)6
H t d
% + cosf-cos(Zpdr+f)E,dC Wst| max >20dy

I dc Ll
Vcl

2
Vae=55 O calet)iwe)
0
_ ldc :(1 dr)[p(l‘ dr)COS(IUjr)‘*S'n(pdr)]",J
WsCy ¢ tan(pdy +f )sn(pd )

(6-18) (6-13) Va Vg

0 OEWgt<2nd;

tan(pd, +f )sn(pd, ) 5
(L- dp )l (2- dy Jeoslpd; )+sn(pd; )]

, cos(2pd, +f)- cosf

(6-19) A" Ve mex S
Wity max

t oo f 412208 - cos(2pd, +f)9
A ST R R

Wety e (6-19) Vore Vi 6-14
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(6-20)



d, d, 0.4 d, | e
Idc dr 04 dr Vs,max

O 1 1 1 1
0 0.20.40.60.8 1
dl’
6-14
6-10 V.,
(6_6) Vcl
Vi =1 msinwt +f | Reg +WLD90") (6-21)
=VRr sin(vvt +f )+VL cos(wt +f )
(6-21) Vo, V,
1? . 2sin(pd, )sin(pd, +f)
VR== @Y o Wet)sin (vt +f )d(wet)=- Vdc (6-22)
Py p(l- dr)
2
VL =E O/cl(Wst)Cos(Wst +f )d (Wst)
0

_1- 2(1- d; )?p? - 2c0sf cos(2pd, +f )+cos2(pd, +f )[cos(2pd; )- p (A- d; Jsin (2pd, )]
i 2(L- dy Jocoslpdy +f )[(1- dr Jocos(pd; )+ sin (pd )]

Vdc

(6-23)
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V2
(6-22) (6-24) R
26n (pd, Jsin*(pd; +f), 2
Req= Ve (6-25)

p2(1_ dr)ZHarrp

(6-10) (6-18) (6-22)

2sin(pdy Jeos(pdy +f )sin(pd; +f )[(1- dy Jpcos(pdy ) +sin (pd; )] (6-26)
p2(1- dr)

WesCiReq =
(6-10) (6-18) (6-23)

wel _ 2(1- dy )?p? + 2cosf cos(2pd; +f )- cos2(pd; +F )[cos(2pd, )- p(1- d, )sin(2pd, )]- 1

Req 4sin(pd; Jeos(pdy +f )sn(pd; +)[(L- dy Jpcosfpd; )+sin(pd, )|
(6-27)

6-4

OSRAM PL-27W

DCM  ZCS
6-1

Vdc dr
DCM Ve (4-3)
(4-3) (6190 (6-20) DCM S
d 6-15 E

r
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Idc Vdc
P
[
szlmp (6-28)
dc
6-1 OSRAM PL-2/W
V., 110 V, 60 Hz
P.. | 25W
I::.Iamp
P, 2W
V.. 521V
e 0.48 A
R.. 1085 W
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