Low Cost High Power Factor Electronic Ballast with no Input Filter
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Abstract— A new topology of electronic ballast for
fluorescent lamps employing the charge pump concept
but with no LC input filter is presented in this paper.
The use of magnetic coupled boost inductors together
with the connection of the resonant capacitor directly at
the input stage assures high power factor even with no
filtering stage for the input current. Thereby, the
proposed electronic ballast presents high input power
factor and arises as an interesting solution for large scale
production since the component count is reduced. With
the operating principle and the mathematical analysis
developed the unity power factor condition is obtained
easily. Proving the results of the design methodology,
experimental results coming from a prototype with fixed
switching frequency and also with self oscillating drive
technique are presented in a 2x40W electronic ballast.

L INTRODUCTION

The advent of the high frequency electronic ballasts
brought excellent results in terms of energy savings and also
several advantages when compared with previous
electromagnetic ballasts like light weight, reduced volume,
improved efficiency and absence of audible noise and
flickering. In other way, the natural solution for the input
stage in electronic ballasts does not present good results on
power factor correction aspects and, normally, this
drawback is solved in such a way that the costs of
production are raised turning the final product more
expensive[1, 2].

An interesting solution to obtain a low cost power factor
correction stage (PFC) is the integration of the input
rectifier with the resonant inverter in a single stage [3, 4].
One of the most efficient techniques employs the charge
pump concept like: voltage source - charge pump power
factor correction (VS-CPPFC), current source - charge
pump power factor correction (CS-CPPFC) and the
continuous input current - charge pump power factor
correction (CIC-CPPFC) [5-7]. Input stages with this kind
of integration presents low harmonic contents at the input
current and besides it, the component count is relatively
low, comparing with an active PFC solution, making this
circuits very attractive for large scale production.

Good results with the charge pump concept are only
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obtained employing a bulky and voluminous input LC
filter in order to minimize the high frequency harmonics at
the input current and also for electromagnetic interference
(EMI) requirements.

Therefore, topologies that allow an even bigger reduction
on the component count and/or in volume and mass causing
low impacts on the mains side are always some steps ahead
for industrial applications.

This paper presents new topologies derived from the CS-
CPPFC concept but with a significant reduction on the
component count, including the total absence of an input
filter stage. With the electrical connection of the resonant
capacitors directly at the ac side of the rectifier high power
factor is obtained without employing any filtering. These
capacitors together with the magnetic coupled boost
inductors play the role of the traditional LC filter.

1L PROPOSED TOPOLOGIES

With no PFC circuit as shown in Fig. 01, electronic
ballasts naturally presents a reduced component count and
low prices compared with that ones that include the PFC
stage, but the input current’s harmonics exceeds the IEC
61000-3-2 for Class C lighting applications limits.

D;

D,

Fig. 01 — Typical electronic ballast circuit with no PFC stage.

The proposed electronic ballast also presents a reduced
component count and the difference is the input power
factor that is increased in order to fulfill the IEC 61000-3-2
requirements.

Fig. 02(a) shows the symmetrical CIC-CPPFC topology
with the input filter L-C; [5]. Splitting the “s” node in “s;”
and “s,”, allows direct connection of the resonant tank at the
ac side of the boost inductors Ly,; and L;,,, as shown in Fig.
02(b). These boost inductor assures symmetrical operation
for the structure. In consequence, there is a direct path
connecting the input voltage source and the resonant circuits
of each lamp allowing Cg4; and Cy, to play the same role of
Ct. Fig. 02(c) shows the circuit with no Cy. Since L;,; and
Ly, should be magnetically coupled the input current will
not show instantaneous variations and the L inductor can be
eliminated of the circuit, Fig. 02(d).
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Fig. 02- (a) CIC-CPPFC electronic ballast. (b) electronic ballast with the
input inductor separated in L, and L;,, and with resonant tanks connected
to the AC side. (c) same as (b) but with no input filter capacitor Cg; (d)
resulting topology with no input filter Ly.

A topological variation of the Fig. 02(d) is shown in
Fig 03(a) where two input capacitors Cy and Cp, are directly
connected to the resonant circuit. Fig. 03(b) shows other
variation where the capacitors C;,; and C;, are directly
connected to the resonant circuit too. Another topological
variation is presented in Fig 03(c) even with only one
capacitor C;,; this structure keeps the same characteristics of
a CS-CPPFC circuit and this way, it will be analyzed in this
work.

I1I. STEADY-STATE ANALYSIS AND DESIGN
CONSIDERATIONS

A. Operating stages

The operating stages are shown for the positive half
period of the mains, and the results can be extended for the
negative part.

The following considerations are taken into account when
analyzing the structure:

o The voltage ripple at the dc bus will be neglected;

e Since the switching frequency is much higher than the
mains frequency, the input voltage will be assumed constant
during a switching period;

e The resonant tank will be modeled as an ideal high
frequency sinusoidal current source:

o All components will be considered to be ideal.

C
Fig. 03 — (a) Electronic ballast wgtlz 2 filtering capacitor and with no
resonant capacitors, Cq; and Cy,. (b) topological variation of (a) with the
input capacitor connected to the resonant tank. (c) structure with a single
input capacitor.
First stage - (t, t;): before ty, D;, and T where conducting,
Cin was discharging trough D, and the voltage across the
inductors Li,, and Liy, was clamped at (|vy|-Vg)/2. At to, the
current on the DC link capacitor reaches zero blocking D,
and starts the charging process of C;,. Considering the
voltage across Cp constant over a switching period a
resonant stage occurs between Ly,; and C;, This stage ends
at the moment that T, is turned off and T, is triggered. Fig.
04 shows this operating stage.

DD |

Fig. 04 — First operatiﬂg stage.
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Second stage — (t;, t;): At t;, T is turned off and Dr, starts
conducting the sum of the current trough L;; and L,,. At this
moment, the voltage at Cj, reaches its lowest level (|vy|/2)-
Viini- This stage is finished at t, when the voltage at C;,
reaches Vp/2 and D, starts to conduct. Fig. 05 shows the
circuit configuration during this stage.

DDk |
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Fig. 05 - Second operatiﬁg stage.

Third stage — (t,, t3): At t,, D, starts to conduct and the
voltage across C;, is clamped at Vp/2. During this time
interval the current trough L, and L, reaches zero and
consequently T, is turned on. This stage ends at t, when the
current at L;,; reaches zero and D, is naturally blocked. The
circuit for this time interval is shown at Fig.06.

Dok |
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S

Fig. 06 - Third operatiﬁg stage.

Fourth Stage — (t;, ty): At t3, the current at L, is null
blocking D, and starts the process of charging on the
capacitor Cy,. Like in the first stage, a resonant stage occurs
between L;, and C;,. This stage finishes when T, is
triggered on and T, is triggered off. Fig. 07 shows this
operating stage.

Fig. 07 - Fourth operatihg stage.

Fifth stage - (t4, t5): Att,, T is turned on and T, is blocked
and Dr,; starts conducting the sum of the current trough L,
and L,. At this moment, the voltage at C;, reaches its
highest level Vg+Viin-|vel/2. This stage is finished at t,
when the voltage at C;, reaches Vp/2 and D, starts to
conduct. Fig. 08 shows the circuit configuration during this
stage.

Fig. 08 - Fifth operatiﬁg stage.

Sixth stage — (ts, t5):. At ts, D, starts to conduct and the
voltage across Cj, is clamped at Vp/2. During this time
interval the current trough L, and L, reaches zero and
consequently T conducts the current. This stage ends at t,
when the current at L;,, reaches zero and D, is naturally
blocked. The circuit for this time interval is shown at Fig.
09.

) ZlgDz D4

Fig. 09 - Sixth operatir;g stage.
The time behavior of the main quantities on this analysis
is presented at Fig. 10.
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Fig. 10 — Switching waveforms.

B.  Design consideration

For the mathematical modeling of the circuit proposed
only the time interval t, - ts that means the period during
which Dy is conducting and there is current flow trough L;,,.
Since the current trough L, has the same behavior the
analysis developed to Lj,; can be applied to determine the
value of L;,,.

The following assumptions are made for the analysis:
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v, () =V, -sin(@-1) (D

i, (t)=1, -sin(w, -t+0) ()
Vi () = Ly % €)
()= 1, 2 @
i = Gy % ©)
Vi (£ = V330 (1) (6)

During the time interval t, - t; the following equations are
valid:
The voltage across Cy, is defined by Eq. (7).

Vein = _‘Vg (t)‘ Vi TV ™)
and
[y, O+ Vi + 00 + V5 =0 )

Applying Eq. (6) on Eq. (8) leads to:
[y, @) +2-v,,,, 47, =0 )
Substituting Eq. (4) on Eq. (9) :

di, (&
|y, @®)[+2-L,, -%(MVB =0 (10)
Integrating over the period:
0 v,(O|=V,
IL 2 dl'unz(t):w'j dt (11)
iLin2 (12) 15}

“Lin2
Solving Eq. (11) gives Eq. (12) that represents the current
on L;, within the time interval t, - t5.

v, )]~V
2. LinZ

During the time interval t; — t5 the following equations are
valid:
The voltage across C;, is defined by Eq. (13).

iLinZ (t) = '(t_tz)'i'iunz (tz) (12)

Ve (1) = Vi () +V = Ver (0 (13)
Applying Eq. (4) on Eq. (13) leads to:

dl in (t)
Ve () =L, # +Vy = Vert (0 (14)
Derivating Eq. (14) related to time:
dein (t) _ dziLinZ (t) _ defl (t) (15)

dt " dt
Considering the switching interval related to the mains
period it correct to affirm that:

Vet () +Vep, (0) = v, (1) (16)

That leads to:

dvey (1) _ dvep, (1) (17
dt dt

and:

Iy () = ly (2) = iy, () (18)
v, (t) v, (t)

 t=C, L~ _c 9 19
leZ( ) f1 dt f2 dt ( )
It is assumed that Cy = Cp:

vy, (1)
i (H=2-C, —2 20
Lm2( ) f1 dt ( )
or:
Ay (1) 0] an

dt 2. C'f1

Iep) (1) - Icsa ) +i, () +i,(t)=0 (22)

Taking Eq. (2), Eq. (4) and Eq. (18) and applying on Eq.
(22):

dein

—i,,,(t)+C, - % =—1,, -sin(w, -t+0) (23)

Substituting Eq. (15) on Eq. (23):
% dv,.. (t
~li () +C, -(LM i () D )j _
(24)

dr’ dt
=—1,, -sin(w, -t+0)
Substituting Eq. (21) on Eq. (24):

. i, () d’i,. (1)
—i  ()+C, .| 2L . Lin =
Lm2( ) in ( 2 X Cfl in2 dtz
=—1,, -sin(w, -t +0) 25)
Rearranging Eq. (25):
2.-C,, —-C, d*i  (t
iLin2 (t) L l + Cin ’ Lin2 ’ leZZ( ) =
2. Cfl dt (26)
=1, sin(w,-t+0)
Considering C¢>>Ci;:
d’i, (1)
i (n+C. -, —Lmlt7
leZ( )+ in in2 dt2 (27)
=1, -sin(w, -t+0)
Sonving Eq. (27) for ipjn(t):
[y () =1, -sin(0)-cos(@, - 1) +
v ()|-V, 28
& -sin(w, -t)+ K 29
2-Z,
Where:
1 1 L
0y=—F——, C, = e Z,= |2
’ V Cin ' LinZ ZO ’ a)() ’ Cin

For the time interval ts - t; the same analysis can be
applied resulting in:
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‘Vg (1 )‘ —V

2 ’ LinZ

Considering the power balance between input and output
the values of L;,; and L;,, can be calculated as well for the
input capacitor C;,. To calculate the average input current, is
taken the sum of the average current trough L;, over each
time interval considered. Performing on this way the
average input current, during a switching period, is
expressed by:

iLinZ(t) = '(t _t5)+iLm2 (ts) (29)

1 4 l s,
_1 ot —. dt +
Lavg T -[tz lL(t) i T J-ts lL(t) dt
, r (30)
1 I,
+_.J. lL(t)‘dt
Considering 6 = 0:
3
R P N Bl AP L L PO
Lavg g 4.7[,0{.20 256'L,,,|'fr
@,
Where: o¢ =— and
a)r
3
o 1—cos(a~T)_ 37
K==V,
4-7r~a-Zo 256'Lm1'fr (32)
085 « .IU+7.P0
V4 a+1 4'VP

Unity power factor can be obtained when K=0, resulting
in:

2-a 7-F,
]Lr' +
0.85-(a+1) 4.V,
v, = (33)
’ 1— 3z
cos(a 4) 37.

4moa-Z, 256-L,-f

_ 77'VP2
" 6Pt a’ - f,
3.x. 377 eh
1-cos(x )
64
2-P 1
C,= 20 . — 35)
n-ve - f, (1_(:05(0!.3'”)j+37'ﬂ- @
4 64
it
Where: 7 =—

1V. EXPERIMENTAL RESULTS

To prove the results of the mathematical analysis of the
electronic ballast, the power factor correction technique is
applied to a prototype for two 40W lamps using a fixed
frequency drive, as shown in Fig. 11, and to a commercial
electronic ballast for two 40W lamps too using a self-

oscillating drive.
i Iy
PN Rel
Y 81 et
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in2 %XDZ D

JX D, Ds
Fig. 11 - Diagram of the implerﬁented prototype for 2x40W lamps.
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A.  Fixed frequency drive

From Fig. 11, it can be observed that, in the absence of
the lamp, voltage surges do not occur because the inverter
does not have a load, therefore, no energy is accumulated to
supply bus capacitor Cz. On the other hand, if the lamp
doesn’t start-up or if it breaks, load will exist and the dc bus
voltage will increase a lot. Therefore, it is necessary to
design a circuit against voltage surges and to remove the
pulses of one of the switches to avoid damage. That circuit
is not presented in the paper.

The proposed methodology with a 1 of 85%, f; of 28kHz,
considering the design methodology of the resonant tank
presented in [8] and operating with 220V rms line input the
circuit result in the following circuit parameter values for a
2x40W prototype:

Cp=Cp=220nF  C,=Cp=12nF L, =L,=2.9mH
Cin:22nF Lim:Lm2:2.8mH
The experimental results are:
P,=72.5W FP=0.985 DHT=10.1%
CF=1.47 n=91%

The measured ac input current and its harmonic spectrum
are shown in Fig. 12. The line harmonic components, with a
THD (Total Harmonic Distortion) of 10.1% and a 0.985 PF
(Power Factor), satisfy IEC 61000-3-2 for Class C lighting
applications. Fig. 13(a) shows the measured current in one
of the lamps and the measured crest factor (CF) is 1.47. Fig.
13(a) present the voltage, current and power waveforms in
one of the lamps. It can be observed that these currents
present a rounder shape than that of a perfect sinusoid. This
increases their rms value, reducing their crest factor.

Fig. 14 presents the voltage and current waveforms of
one of the switches. Fig. 15 presents the voltage across one
of the lamps during the start-up process.

Fig. 16(a) shows the bus voltage during the start-up
process and Fig. 16(b) its ripple in steady-state. Note that,
after the start-up, the dc bus voltage stabilized around 430
Volts with a peak-to-peak ripple of 15 Volts. These data are
very close to those obtained during the design methodology,
proving the effectiveness of the presented methodology.
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Fig. 12 — (a) Measured ac input current and (b) its harmonic spectrum for

2x40W lamps (c:200mA/div; v:100V/div; p:250w/div; t:4ms/div).
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Fig.13 - (a) Lamp’s current, CF=1.47. (i: 200ma/div; t: 2ms/div); (b)
voltage and current in one of the lamps. (v: 50v/div; i: 200ma/div; p:
100w/div; t: 10ps/div).
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Fig. 14 — Switching voltage and current (v:100V/div; c:1A/div; t:4ps/div).
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Fig. 15 — Voltage across one of the lamps during the start-up process.
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Fig. 16 — (a) Dc bus voltage during the start-up process (v:100V/div;

t:40ms/div) and (b) bus ripple with the PFC strategy proposed for the

2x40W (v:5V/div; t:4ms/div).

B.  Self-oscillating drive

Aiming to verify the applicability of the power factor
correction technique in commercial electronic ballasts, a few
tests were performed on commercial ballast for two 40W
lamps wusing a self-oscillating drive. Some bench
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adjustments, such as the redefinition of the resonant tank
and the substitution of the bridge rectifier's diodes, were
necessary due to the operational characteristics of the
proposed topology. Changing the parameters of the tank
was achieved by using the methodology presented in [8].
The bridge rectifier's diodes operate at the switching
frequency, so they were substituted for fast diodes.

The results showed that there isn’t any restriction in
applying the self-oscillating drive using the proposed
technique. The measured efficiency is about 93% with an ac
input current THD of 10.2%.

The measured ac input current is shown in Fig. 17. The
harmonic components satisfy IEC 61000-3-2 for Class C
applications. Fig. 18 presents the measured lamp current.
The measured crest factor is about 1.63.

Fig. 19 shows the bus voltage during the start-up process
and Fig. 13 presents the voltage across one of the lamps
during the same process.
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T 2236V
e . .
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Ax1 200mMAQ
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Fig. 17 — Input waveforms for the 2x40W commercial ballast with the
proposed PFC circuit (c:100mA/div; v:100V/div; t:5ms/div).
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Fig. 18 - Measured lamp current for the 2x40W commercial ballast with
crest factor of 1.63 (c:200mA/div; t:5Sms/div)
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Fig. 19 — DC bus voltage during the startup (v: 100V/div; t: 40ms/div).
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Fig.20 — Lamp voltage during the startup. (v:250V/div; t:100ms/div).

V. CONCLUSION

The experimental results obtained could validate the
mathematical analysis and the design methodology.

The proposed topology has basically the same features of
the CS-CPPFC structure but the absence of the input filter
and the reduction on the volume of the input inductors L;,
and L;, reduces the component count. Since the self-
oscillating drive technique can be applied without any
restriction in the proposed topology, this ballast became
attractive for a possible commercial application due to its
simplicity and low cost.
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