A New Control Scheme of Class-E Electronic Ballast with Low Crest Factor 175

TPE 3-3-5

A New Control Scheme of Class-E Electronic Ballast with
Low Crest Factor

Hyun-Son Chon*, Dong-Yun Lee, and Dong-Seok Hyun

Dept. of Electrical Engmneering, Hanyang University, Seoul, Korea

ABSTRACT

In this paper, a new control scheme of Class-E mverter for reducing the crest factor of electronic ballasts for fluorescent
lamps usmg Pulse-Frequency-Modulation (PFM) 1s introduced The lifetime of the lamps 1s guaranteed by decreasing the
lamp crest factor and also voltage stress of the switch 1s sigmficantly decreased by a new scheme although conventional
Class-E mverter 1s used m thus paper. The proposed PFM control scheme didn’t use any auxiliary circuit. The proposed
control strategy 1s executed by feeding back the mput voltage, and the zeyo-voltage-switching (ZVS) s ensured by
mantainng constant turn-off time of the switch Therefore, the control principles of proposed method are explained m
detarl and 1ts validity is venified through several simulations and experimental results.

Keywords: Class-E inverter, Electronic Ballast, Crest Factor, Pulse-Frequency-Modulation {PFM), Zero-Voltage-
Switching (ZVS)

1. Introduction negatrve resistance characteristics in the desired region of

[1-8]

operation These characteristics make an unstable

Recently, with remarkable progress of the power condition of the lamp So, the electronic ballast must

semiconductor device, much attention has been focused provide a sufficiently a higher starting voltage, a current

the hugh frequency of the ballast for fluorescent lamp. The hmiting after startmg. Also, ngh crest factor of the lamp

fluorescent lamp provides a large percentage of lighting current veduces the hfetme of the lamp as well as

needs because its higher luminous efficacy (Im/w), which lurmnous efficiency The electrome ballast meets the

v
1s the energy conversion efficiency of the lamp. However, traditional accepted lumt of crest factor 2 1 However, the

the size of fluorescent lamp is considerably larger than lifetime of the lamp 1s not guaranteed by above mentioned

condition As a result, crest factor value should be
mcandescent lamp because 1t needs a large fixture and

required below 1 7 to assure 1ts lifetime, m these days!”!

ballast Electrontc ballast 1s required for the fluorescent
Recently, for low cost electronic ballast applications,

lamp or gaseous discharge lamps smce these have
smgle-stage schemes were preferred The single—stage

ballast topologies, Class-E inverter has drawn much

Manuscript received Apnl 11, 2003, revised August 5, 2003 attention because of its simplicity and inherent soft
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fluorescent lamps presents advantages such as: high
efficiency, sumplicity, lightweight,
operation and smusoidal output Also, 1f the lamp 1s

high {frequency

operated 1 very high frequency (in the range of MHz), 1t
15 possible to substitute the electrodes of the lamp by
capacitance. All these characteristics make them very
adequate to handle fluorescent lamps! %

However, the conventional Class-E electronic ballast
has some drawbacks such as high crest factor of the lamp
current In addition, 1t has some drawbacks such as the
1cduced switch utilization ratio because of the voltage
stress of switch by resonance during turn-off time and the
mncieased conduction loss in Class-E electronic ballast
Therefore, conventional Class-E mverter 15 difficult to
make an electronic ballast of low cost.

Recently, Class-E nverter of the various kinds was
proposed to solve these problems!™. It 1s applied to the
mverter for electronic ballast due to the reduced voltage
stress by clamping the main switch voltage compared with
Class-E mverter. Also, the Hybrid-ACCE 1nverter has
good characteristics, which are the switching loss and EMI
of overall systemn due to the reduced switching of the
auxtliary switch. However, i spite of these characteristics,
this Class-E inverter has disadvantages of high crest
factors or hugh cost system due to the additional auxaliary
circuit,

Therefore, the Class-E electronic ballast with a new
control scheme 1s proposed to solve these problems In
this paper, the proposed control scheme 1s achieved by
variable switching frequency through the feedback of the
mput voltage High crest factor of electronic ballast for
fluorescent lamps can be reduced by the proposed new
control scheme (PFM) In addition, the voltage stress of
the switch can be reduced by variable frequency The new
Class-E electronic ballast for the fluorescent lamp has the
advantages of not only good performance of conventicnal
Class-E electrome ballast but also a low cost system due
to the reduction of voltage stress of the swiich Also, the
switching loss of the Class-E mverter is reduced because
Zero-Voltage-Switching  (ZVS) of the
accomplished at turn-on The operation principle of the
characteristics of electronic ballast with the proposed PFM
control scheme 18 described in detail, and ts validity 1s

switch is

verified through simulation and experimental results,
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2. Circuit Description

Fig 1 shows the overall Class-E nverter system for
electronic ballasts

It consists of the rectifier brnidge diode on the part of the
mput, small filters, L; and, Cy, the current shape inductor,
L;, switch, S, parallel capacitor, C,,, blocking capacitor, C,
resonant 1nductor, L, resomant capacitor, C,, start-up
capacitor, C,, and lamp equivalent resistor, RUN

2.1 The Principles of Operation

The Class-E 1nverter for the electronic ballast operates
identically m comparison with a conventional Class-E
mverter, Turn-off time of switch should be constantly
maintained to achieve ZVS of the switch, and achieving
ZVS at turn-on reduces thus switching loss. Also, the
switching losses are reduced due to resomance between
current shaper inductor, Z,, and parallel capacitor, C,, at
turn-off As a result, the switch of the inverter system has

zero-switching  loss, which means high

[12]{13]

nearly
efficiency To analyze operating modes of the
Class-E electrome ballast system with the proposed

control scheme, we make the followng assumptions.

- All components are 1deal.

- Input voltage of DC hnk is constant n one switching
cycle.

- Electronic batlast operates m its steady state.

Operating principles of the Class-E electronic ballast
with the proposed PFM control scheme are explained in
detail when it is applied to the lamp

Fig 2 shows theoretical waveforms and Fig.3 shows
operational modes of the Class-E mverter,

Ve CsL éR
Fig 1 The overall Class-E inverter system for Electronic
Ballasts,
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Fig 2 Theoretical waveforms of the Class-E inverter mode
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Fig. 3 Equivalent circuit and operational modes of the Class-E
mnvertet,
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2.1 1 Turn-on state of the switch Stage 1
(Mode1, Mode 2, Mode 3)

The anti-parallel diode of switch, D, 15 conducted at £,
and at this fume, the ZVS condition of the switch, S, can be
sanisfied The load
anti-parallel diode of switch, and switch, S, 18 turned on

current, lm, flows through
under ZVS condition at 7; In this stage the supply current
1r;and 1, pass throngh switch The switch voitage and
current equations of the equivalent circuit are represented
by Eq. 1 and Eq. 2 during tlus stage

bel
Vdc + Ll IL] - 0 N
oy
diy, 1 .
- Li dt +— chrdt + R.’ampllamp =0 (1

{on) r

. Vd
Law T +l.’amp :ILI (ron)-l-L_C(t_ton)

1

+7,  sin(at+ @) (2)

lawmp

where, w=2xfs, ' the switching frequency, ¢: the load
angle.

2 1.2 Tum-off state of the switch Stage 2
(Mcde 4, Mode 5):

When switch, S, s turned off at #;. Switch voltage, V..
15 mereased at mode 4, and then the switch voltage 15
decreased by turned over of the load current at mode 5
The supply current, 1;, and the output current, 7, passes
through C, The voltage and current of parallel capacitor,
C,, equations of the equivalent circuit are represented by
Eq 3 and Eq. 4 at turn-off,

—V, + 1, A L
dr

J' d g =0 3)
dlLr

= +—I at p

j-lcpdt_ off +Rx’ampl!amp =0
P
lcp = lLl + j:i'amj':l

d

P famp sin{a¥ + @)+ 17 famp sin{ax + @)

(4)
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3. Analysis of Class-E Inverter System :2’ [
:23121-
Fig. 4 shows the relation between switch voltage & ‘
current and switching frequency by condition of mput § 02
voltage and switching frequency Fig 4(a), (b) and (c), (d) g%if-
are plotted by the result of Eq. 2 and Eq. 3. At this time, é‘z:
resonant time, g is assumed constantly. &4l
Fig 4(a) and (b) shown that the mput voltage 15 fixed *03
and switching frequency 1s variable As known by Fig. g:
(@), switching frequency 15 changed from 33 kHz to 45 B TR e Ny P
kHz due to avoid acoustic noise and switch voltage %7 SYTLUIT L Sittheg Frbguency () L ¢
acquires 650V As seen by Fig. 4(b), Peak current of lamp Ltam Variable f;
1s vanable to 0 75A. As known m Fig 4(a} and 4(b), (b)
switch voltage and lamp current are decreased by the o ?
mereased switching frequency because switch voltage 15 in 300 T T
mverse proportion to switching frequency, as mentioned 790
Eq. 2 and Eq. 3. ,530
Fig. 4(c) and (d) show that mput voltage 1s changed by %‘m
120Hz ripple components and switching frequency 1s % éb
changed from 33 kHz to 45 kHz As known in Fig 4(c) %3‘00:
and (d), switch voltage and peak current of lamp 1s s
clamped constantly 1if mput voltage and swiching E»guu—
frequency are changed at the same time. As known 1n ?5;190’
these results, the clamping level of lamp current 18 decided usﬁ T e e e A d s
by switching frequency Switching frequency is 1 mverse Statthung Freguenty (k)
proportion to clamping level. Therefore, high crest factor Ve vanable f;
of electromic ballast for fluorescent lamps can be reduced (¢)
by the proposed new control scheme (PEM). In addition, . .
the voltage stress of the switch can be reduced by variable ’0;_;,
frequency. |
E0F
e IR Bl
800+ ~ %% 0;5
700 \\ §§gm,
2800 ié%oa
gsm— § :052-
gmor E "j1
‘%300- . %0 31 32 33 314 35 36 3? 38 319 40 4‘1 4‘2 4‘3 4.4 4‘5 45 47 43
: S‘Mlching Frequency {(kHz)
200+
0ol Lamy variable f;
N @
30 31 32 33 34 35 36 37 38 30 40 41 42 43 44 45 4B 47 45
Swihn Fregaency et} < - - Fig 4 The relation between switch voltage & current and
¥ variable f; switching frequency by condition of mput voltage and switching

(a) frequency
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4. The Proposed New Method Principle for
Reduction of Crest Factor

4.1 Definition of Crest Factor
The crest factor (CF) is defined as,

I
CF = lamp, peak 5)

I lamp,rms

1t 1s related with the lifetume of the lamp. The crest
factor less than 17 results 1n the maximum long life
expectancy™, If the ripple of the lamp current envelope
becomes smaller, the crest factor will be reduced. The
crest factor 18 considerably related to the lamp hifetime. So,
if peak current of lamp 1s reduced, the crest factor 1s
reduced as known by Eq. 5.

4.2 Pulse Frequency Modulation (PFM)

In this paper, the Class-E mverter with the proposed
PFM scheme can clamp lamp current without the any
auxibary circwt. In addition, 1t can decrease voltage stress
of switch through modulation of switching frequency. As
a result, the crest factor and the rated voltage of switch can
be reduced by clamping the lamp peak current Also, the
output power of the Class-E mverter with the PFM scheme
1s the same as the conventional Class-E inverter, since
Class-E with PFM
conventional Class-E mverter at below clamping level

inverter scheme acts as the
The overall block diagram and of the proposed comtrol
scheme is shown 1 Fig. 5(a). The proposed simple control
scheme consists of one-control loop and 1its control loop
modulates switching frequency.

Fig 5(b) shows the mmplemented control circuit to
execute the proposed control scheme The proposed
control cirewt consists of three control parts Among them,
feedback part feeds back the input voltage and compares 1t
with the clamping level As a result, clampimng level of the
mverter system 1s calculated by the mput voltage Next, the
caleulated value is added on the PFM part and the switchimg
frequency 1s modulated by PFM part Lastly, the turn-off
tume of the changed switching frequency does not stay
constant In this case, ZVS of the swilch cannot be
achieved, So, turn-off time of the switch must be
constantly mamtamed to get ZVS of the switch The fixed

Copyright (C) 2003 NuriMedia Co., Ltd.

turn-off tume part guarantees the regular turn-off time to
assist the resonance between the L; and C, Therefore, the
proposed control scheme makes the constant turn-off time
and the changed switching frequency according to the
mput voltage as well as crest factor of the lamp and the
voltage stress of the switch is significantly reduced.

Fig. 6 shows the conirol principle of the proposed PI'M

As known mn Fig 6(a), the PEM control scheme decides
whether switching frequency 1s modulated or not by mput
voltage. Therefore, according to the mput voltage, vy, the
proposed PFM scheme to reduce the crest factor and to
clamp switch voltage using class-E mverter 18 explained
through experimental results as followmgs In case that
mput voltage mcreases, the lamp current, 7y, 1s clamped
any constant level by increasing switching frequency First,
when the system with the proposed control scheme
operates at constant switching frequency, f;;, hike the
conventional Class-E nverter, the lamp current, z,,,, goes
up 1n proportion to the mput voltage as known. As input
voltage reaches, ¥, the lamp current, y,,, 1s arrived at

Claws F
Taverter Resonant CirLunt

S W{Eﬂs

Switching
FM Sl

Skff 7T

Inpuy Sauces

Dhuade Rectifier Inpun Filter

JE H /7 PP part Fize¢ Turn—off kene part
< . /7
- .

(b} Control circurt

Fig 5 Block diagram & Control circuit of Class-E electrome

ballast system with new control scheme
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(b) Modulation of the switching frequency vs peak current of
lamp with clamping level 1n one switching cycle

Fig 6 The control principle of the proposed PEM

clamping level After that, mn case that input voltage 1s
larger than V), the switching frequency should be
ncreased so that the lamp current, i, 1s constantly
mamtamned at clamping level That 1s to say, as mput
voltage goes up from ¥y to V3, V; o Vj, the switching
frequency is increased from fto £, fz to f; respectively.
Subsequently, as mput voltage reaches the maxmmum
voltage, V,, the switch voltage can be kept at clamping
level constantly by increasing the switching frequency to
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JSee. As mput voltage 1s reduced after one half cycle,
Vi—V'—V,'—=V,, the switching frequency 1s also
decreased, fi,—f;—f.>— f; Then, the Class-E inverte:
with PFM control scheme acts as a conventional Class-E
mverter by operating constant switching frequency, fi,
repeatedly when input voltage 1s lower than ¥,

As shown 1n Fig 6(a), the lamp current 1s clamped by
the proposed control scheme as a constant level i spite of
the change of wnput voltage, v,, switching frequency, £,
repeatedly when input voltage 1s lower than V, As shown
mn Fig 6(a), the lamp current is clamped to a constant level
by the proposed control scheme Then, the control
principles of the opposite waveform are the same as above
explamed

Fig 6 (b} shows the modulation of the switching
frequency vs the peak current of lamp with clamping
level 1n one switching cycle As known n Fig 6(b), peak
current of lamp 1s clamped, as switching frequency 1s
increased from f;; to £y with closed loop during one cycle of
lamp current Inverter system with the proposed PFM
method acts as the constant switching frequency at below
clamping level of lamp current, and acts as variable
switching frequency at over clamping level of lamp
current according to the magnitude of the feed back mput
voltage.

As a result, the peak current and crest factor of the lamp
is significantly reduced as shown m Fig. 6 So, the
proposed control scheme guarantees the hfe of the lamp

5. Simulation and Experimental Results

To verfy the validity of the Class-E mverter system
with the proposed control scheme, the experiment was
performed under the same circuit and parameters m Table
1 The simulation and experiment were performed under
the same power with and without the proposed control
scheme using the conventional Class-E wnverter. Here,
switching frequency of the Class-E mverter with the
proposed control scheme 1s changed from 33 kHz to 45
kHz so that mverter avoids acoustic noise and switch
voltage acquires 650V as mentioned above.

Fig 7(a) and (b) show the output power of the
conventional Class-E nverter and the Class-E mverter
with proposed control scheme respectively
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I Utihzed parameters for expermment of the proposed

Class-E mnverter with PEM control scheme

T
et

FECOMTON AN i

110Vac/60Hz

V, Input voltage
f, Switching frequency 33kHz ~ 45kHz
f, Resonant frequency 46kHz
Ly Input filter ImH
C: Input filter 1uF
L, Resonant inductor 4 3mH
Riamp | Equivalent lamp resistor 2189
C, Resonant capacitor 100nF
C, Parallel capacitor 40nF
Cy Blocking capac:tor 100uF
Cs Start-up capacitor 5nF
L, Current shape inductor 0 35mH
S Switch IGBT F 90N60UFD
AVGouP a2 1E)
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(b) The output power of Class-E mverter Class-E with
PEM control system

Fig 7 The simulated results of average output powet,
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From these waveforms, the conventional Class-E
mverter and the Class-E mverter using proposed control
scheme 1s confirmed to equal output power about 40W,

Fig. 8 shows the switch voltage, V., and the switch
current, 1, of conventional Class-E inverter without PFM
in case that the system 1s operated at constant switching
frequency, 40 kHz. In this case, the peak current of the
switch was measured about 4A and the switch voltage, V..,
15 increased by 4.8 (Quality Factor) Therefore, it is shown
that conventional Class-E nverter has the peak voltage of
the switch, which 1s about 750V,

Fig. 9 shows the switch voltage, ¥, and the switch
current, i,,, of the Class-E inverter with the proposed PFM
control scheme m case that switching frequency 1is
continuously modulated from 33 kHz to 45 kHz In this
case, the peak current of switch was measured about 3A
The peak voltage of switch 18 measured about 650V As
shown in Fig 9, the switch voltage is considerably
reduced due to the proposed control scheme being
mmplemented. If Class-E mverter with the PFM scheme
does not implement the PFM control, the switch voltage 1s
increased as high as switch voltage of the conventional
Class-E inverter. Also, it is verified from Fig 9 that the
switch current is reduced, so it means power to be constant
while switch voltage 1s mereased. It is very interesting
feature of the class-E inverter using the proposed PFM
method 1n this paper.

v.i‘“

(250V/div , SA/div , time 2ms)

Vi‘ W2 lS W

Fig 8 The experimental results of the conventional Class-E
mverter without PFM,
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Vi

o

(250V/div , 5A/div | time 2ms)

V\w: I

Fig 9 The experimental results of the Class-E nverter with
PFM

As known seen from the Fig. 8§ and the Fig. 9, a new
control method using proposed PFM 1s confirmed that the
peak current of the switch and voltage stress of switch can
be significantly reduced

Fig 10 shows the voltage and current of the switch of
the Class-E nverter with the proposed PFM conirol
scheme

Fig. 10(a) shows waveforms of the switch voltage and
current when 33 kHz. As seen in these waveforms, 1t can
be found the Class-E mnverter is operated by low frequency
when the 1nput voltage 1s lower than clamping voltage
level of the switch, and also ZVS of the switch 1s safely
achieved at turn-on

Fig. 10(b) shows waveforms of the switch voltage and
current when the mput voltage attains to 1ts maxmmum
voltage of over clamping level, the switching frequency 1s
continuously changed by 45 kHz. From these waveforms,
we know that the switch current and switch voltage 1s
contiuously clamped at the same level as the Class-E
mverter operated with constant frequency control. Also, m
spite of the switching frequency being varied, the ZVS of
the switch can be achieved stably

As known seen from the Fig 10(a) and the Fig. 10(b}, a
new control method usmg proposed PFM 15 confirmed
that the ZVS of the switch can be achieved

Fig. 11 shows the experimental results of the lamp
current of the conventional Class-E mverter and the
Class-E verter system with the proposed PFM control
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(250V/div, 5A/dwv , time* 10us)
(8) Vo 1 (At below clamping level)

(250V/dwv , 5SA/dv, time  10us)
(b} Vi, 15 (At over clamping level)

Fig 10
system with the proposed PFM control scheme.

The experimental results of the Class-E nverter

scheme Upper trace of Fig 11 1s the lamp current of the
conventional Class-E inverter and under trace of Fig 11 1s
the lamp current of the Class-E nverter system with the
proposed PFM control scheme

As shown m Fig 11, the peak current lamp of
conventional Class-E mverter was measured about 1A In
this case, 1t 15 shown that conventional Class-E nverter
has the crest factor, which 15 about 1.9 Also, the peak
current lamp of the Class-E mverter system with the
proposed PFM control scheme was measured about 0 75A
In this case, the crest factor of the Class-E inverter with the
proposed control scheme 1s measured about 1.58 Therefore,
Fig 11 1s shown that the peak current of the Class-E
mverter system with the proposed PFM control scheme
lower than the peak current of conventional method,
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Liamp)_conv

Liamp| prop

P S AR T A
ettt

(1A/dwv , ime 2ms)

Liamp

Fig 11  The experimental results of conventional Class-E
inverter and the Class-E mverter system with the proposed PFM
control scheme

Eventually, 1t 1s considerably less than conventional crest
factor 1.7 as well as 15 very interesting feature of this work.

As aresult, a new control method usmg PFM 1s confirmed
that the crest factor of lamp current and voltage stress of
switch 1s reduced through experimental results.

Therefore, we know that the above experimental results
are good agreement with the theoretical analysis m the
section IV

6. Conclusion

In this paper, the operation of the electromic ballast for
fluorescent lamps 15 considered 1n detail, and a new control
methed using PFM for reducing crest factor 1s proposed
Also, the feasibilities of the class-E electromc ballast with
the proposed control scheme are verified through the
expertmental results. From these results, the feasibihities of
the Class-E electronic ballast with the proposed control
scheme are the same as the followings

Reduction of the crest factor by the proposed Class-E
electromc ballast using PFM

® Reduction of the voltage stress of the switch by
varymg switching frequency

® Low cost system because the ratmg voltage of the
switch 1s reduced by suppressing the voltage

* The stable ZVS of the switch
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