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Abstract - Time-domain analyses are given for the electronic
ballasts adapted from a self excited half-bridge series resonant
parallel loaded inverter operating in either high quality factor
(>2.5) or low quality factor (~1.0) conditions. The operational
principles of the inverter applied as an electronic ballast are
described in detail from which the voltage and current stresses
imposed on switching devices can be determined analytically,
and a systematic design procedure can be, therefore, outlined.
In addition, practical considerations taking into account the
storage time of the switching devices and the nonlinear
characteristics of the saturable core are addressed. The

computer simulations and experimental results from

laboratorial prototype are used to verify the theoretical

predictions and discussions.
I. Introduction

A great attention has been paid recently in the tech-
nology of designing and developing fluorescent lamp
electronic ballasts, because numerous benefits can be ob-
tained by high frequency operation of the lamps. At high
frequency operation, luminous efficacy of fluorescent
lamps is 10-20% higher than that of 60 Hz [1], flickers
fall to unnoticeable levels, and annoying humming as
well as stroboscopic effects can be omitted completely
[1-7]. The size and weight of the inductors and capacitors
used for current limiting in the high frequency operated
electronic ballasts are much smaller than those in the tra-
ditional electro-magnetic ballasts. In addition, by imple-
menting intelligent control scheme to the electronic bal-
lasts, more energy saving from the lighting systems can
be achieved. There are many resonant inverters that can
serve as power stages of fluorescent lamp drivers. The
self excited half-bridge series resonant parallel loaded in-
verter is one of the most popular topologies and has been
developed into commercial electronic ballasts. In recent
years, several papers have been published and dedicated
in analyzing the series resonant parallel loaded electronic
ballasts using fundamental approximation [8-10]. How-
ever, variations of the switching period due to the storage
time of the BJT switches and the nonlinear characteristics
of the saturable core have not yet been analytically ad-
dressed. In particular, these variations become more criti-
cal for the electronic ballasts with low quality factors in

which the predescribed two effects primarily determine
the switching frequency.

This paper presents steady-state analyses of the self
excited half-bridge series resonant parallel loaded elec-
tronic ballasts taking into account the storage time and
the effect of the saturable core. The system state equa-
tions and operating constraints are first listed and ma-
nipulated from which sets of control curves, groups of
design rules, and steps of design procedures will be then
illustrated and addressed analytically or numerically.
Though the quantitative analyses in time-domain are
complicated and troublesome, they yield accurate results
when analyzing low Q systems. In practice, power
switches are non-ideal. Particularly, it is worth pointing
out that the storage time of the BJT is undesired long in
typical applications and play important roles in determin-
ing switching period. Including the storage time in the
analyses will make the paper become more uniquely
valuable.

a

II. Operational Principle of the Electronic Ballast

A simplified schematic of the electronic ballast
adapted from the described self excited series resonant
parallel loaded inverter is shown in Fig. 1. The key
components of this circuit are a series resonant tank
(Cr,Lr), two pairs of alternatively driven switches, and
three mutually coupled windings T1_1, T1_2 and T1_3
which are employed for driving switches Ql and Q2.
Each pair of switches consist of a transistor Q1(Q2) and
an anti-parallel diode D1(D2). Switching devices Q1, Q2,
D1 and D2 take turns conducting to form a switching
cycle. It should be pointed out that with or without D1
and D2, the storage times of transistors vary widely
resulting in different behaviors of systems.

After power is applied to the circuit shown in Fig. 1,
the trigger which is formed by resistor R1 and capacitor
Cl along with the DIAC initiates the self-excited
processes; that is, the DIAC triggers transistor Q2 and
then the system will run by itself. As C1 is charged upto
the breakdown voltage of the DIAC, the DIAC conducts
and a voltage pulse supplies to the base of Q2, thus
turning it on immediately. This causes a current flowing
through Cr, Lr, T1 1 and Q2, and inducing a positive
voltage on winding T1_2. The induced voltage takes over
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the role of the trigger and drives Q2 into deep saturation
while keeps Q1 off with a negative voltage induced on
T1_3. Once switch Q2 is continuously turned on, the
circuit establishes a resonant current in inductor Lr and
through the primary winding T1_1. This varing current
induces a change of magnetic flux density in the saturable
core T1. When the current drives the core into a
saturation region, the voltage induced on T1_2 drops to
zero and the minority carriers stored in the base of Q2 are
drained out. The duration from beginning to discharge the
minority carriers until the transistor being turned off is
defined as the storage time of Q2. At the moment that Q2
is turned off, it completes the half-period operation;

therefore, the switching frequency £, ¢ can be determined
and, in addition, it can be shown that fs is higher than

the resonant frequency f£. Typical current and voltage
waveforms are depicted in Fig. 2(a) and 2(b). It should be

noted that the storage time (7%—:.') lasts for around

two-thirds of one-half switching period % . Once switch

Q2 is truned off, the current flowing in Lr freely wheels
through D! and during this time interval, switch Q1 is
turned on. Hence, transistor Q1 is turned on at zero
voltage which results in eliminating trun-on switching
losses. However, this circuit has significant switching
losses during the trun-off transition. Usually, therefore, a
lossless snubber capacitor (CQ1) is supplemented in
parallel with Q1 to reduce turn-off switching losses to a
negligible level. This phenomenon can be illustrated by
Fig. 3 in which the cross over area of collector current j.
and collector-emitter voltage . in Fig. 3(b) is much
smaller than that in Fig. 3(a).
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Fig. 1 Schematic of the self excited half-bridge series
resonant parallel loaded electronic ballast.
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Fig. 2 The inductor current, capacitor voltage, base
driving voltage and current waveforms.
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Fig. 3 Collector current and collector-emitter voltage
waveforms of the circuit operated (a) without
lossless snubber capacitor (CQ1) and (b) with
the capacitor (CQ1) .

IIL. Analyses of the Series Resonant Parallel Loaded
Inverter

The series resonant parallel loaded inverter is the
kernel of the proposed electronic ballast. To yield useful
design information, theoretical analyses of such an
inverter become essentially critical. For without losing
the primary goal and purpose of writing this paper, we
make the following reasonable assumptions in the
analyses:

(1) The on-resistance of each switch is neglected.
(2) The effects of the lossless snubber are neglected.



(3) The arc voltage of the fluorescent lamp is much
higher than those across the filaments so that the re-
sistances of the filaments are negligible.

(4) Capacitance Csl >> Cr and Cs2 >> Cr.

(5) The power factor of the fluorescent lamp operated at
high frequency is unity; that is, the equivalent imped-
ance of the lamp is pure resistance.

In the following, we will derive the equivalent circuit
from which the important parameters and equations can
be determined

111.1 The Equivalent Circuit

According to the operational principles and assump-
tions metioned above, the schematic depicted in Fig. 1
can be further simplified and shown in Fig. 4. In the fig-
ure, usually, because of Csl >> Cr and due to the
switching actions, the dc source can be replaced by a
square wave voltage one. That is, voltage ripples on Csl
and Cs2 during a switching period can be neglected. The
amplitude of the square wave voltage source is Vs, where
Vs = 1/2Vin. Since at high frequency operation a fluores-
cent lamp can be approximated by a resistor [1], the cir-
cuit becomes a second order low-pass filter. The parame-
ters of the equivalent circuit can be summarized as fol-
lows: Resonant inductor 7 =/, resonant capacitor
C = and R = R, represents the equivalent resistance of
the lamp. The natural frequency ., resonant frequency
®. and damped frequency ¢, are defined by

00 =1/VLC 0, = 0011/ andos = 0oy 1-1/(40) |

respectively. The angular switching frequency is denoted

by @, = 2nfs that is, the switching period z:%:%ﬂl. In

addition, the characteristic impedance z,, the quality
factor Q and damping factor ¢ are denoted by

= =R -1 i
Z=NLIC , Q_/ZJ anda_ARC,respectwely.

II1.2 Analyses of the Circuit

In order to determine the component values, the
dynamics of the equivalent network needs to be
investigated, and from which several time moments are
calculated so as the component ratings can be specified.
For the equivalent circuit shown in Fig. 4, the state
variable equations describing the dynamics of the
network can be expressed as follows :

X=Ax+ Bu (D

where vector x denotes the system states, A and B are
constant matrices, and u is an input. Inductor current
iL(t) and capacitor voltage v(.'(t) are chosen as state

variables. Equation (1) can be rewritten and represented
by the following equation sets:
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Fig. 4 A simplified equivalent circuit of that shown in Fig.
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The general solutions of (2) are given as follows:

4
dt

i (1)
vc(t)
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vC (t)

o Y
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Vo ~Vre

0

@

Ve
ir(t)=e™'(-Kicoswat + K sinwat) + —
k 3)

5

Ve
=Kae*”sin((mt—9|)+E , 0<t<

N

and

v (1)=V, +K;Z,e* sin(w,-8,-6,)

=V, +K,Z,e* sin(w,1-8;)

where
0aTls

s

V. (Im—E) eﬂ% + Kicos
KI=1L()+-R;, K R

waT
2

sin

K=(K+K)", 6= tan"(%),

0: = tan"(&) =tan"'(4Q' -1},
a

0;=01+6:and, lw=-i(0).

At the steady state, there exist the following relationships:

T.
11(0) = "iL(—A) = _lLo s

2 5)

and

T
VC(O) = —VC(E\') = _V4.0 . (6)

Using the relationships shown in (5) and (6), 7, and V,
can be derived and shown as follows:
— (Cle _CZBI)
r (Ale - AZB])
and

M



_ AICZ _ AZCI
° Ale - AZBI ’ (8)
where

A= Lla+Jod), B=-1, C|=V.‘—L(0t+Km¢:)%,

oTs
A =(a+Jod), Bz=el/,

V. & wdql:

— Ve wdals .
CG=—e? - (—)(a+wsK)cos——+ (s —aK)sin y
2=7 (R)[( aK) 5 (w4 ) 5 ]
G._T.\‘ aly
e? +cosels cos L _ T
Je—m— 2 andg-_—-—2 .
. (1)47; . 04T
sin—= sin

Thus, (3) and (4) can be determined and represented in
terms of parameters defined above.

There are several time moments which should be
calculated for determining the component ratings. These
include the time of 5, pand 4 which satisfy the

following relationships:

in(n)=0, dilt) _ 0 and v(t) _ 0, It is explicit that
dt dt

the calculations of 1, | r,and ¢, can help to determine the
diode current, capacitor voltage and inductor current
ratings. Time ¢, and ¢, can be obtained readily, while 4,
needs to be solved using numerical method because j, (1,)
is a transcendental function. The expressions for ¢, and
¢, are shown following:

hed ©)
0){’

b= (0,420:) | (10)
Wa

Since the steady state solutions for j,(r) as well as
ve(t), and the critical time moments have been obtained,
we can utilize them when determining the component
ratings. For simplicity, we define the following
expressions:
M,(t):—l+-a—2cos[2(m‘,t—91)]-—2—‘;—sin[2(m,,t—9,)] ,

o 0

M,(t)=0, cos(w, -0, )+asin(w,-90,) ,
Mz(t)::-—]-+izcos[2((o‘,t—93)]—m—‘;sin[2(w‘,t—93)] s
a o Wy

M,(t)=0,cos(w, -0, )+asin(w,-0,) ,

Lis (1) = [i; () dt
1 R I/‘ 1 —af V2
=ZK32€2 Ml(t)—2K3?—ﬁe Mz(t)-f.R_szt ,
Vcsl(l)=J.VC2(t)dt
= %K;Z(,ze_m Mi(t)-2Vs K Zo lze“" M) +Vit

0
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Vi (0) = [¥iC0)dt = KEZe™ M)

[CSl(t)=ji(2v(t)dt =—K3e'“’Mz(t)+£(Q—3e*”Ma(t) , and

- Ke™

2
0

The currents and voltages flowing through devices or
across them can be then determined in terms of the above
defined symbols.

R.M.S. inductor current:

% P
|2 mnp _12 L,_
1, _[T o ‘L(’)dt] _{T}[IUI(Z) 1131(0)]}

s

Iu(t)=

Vs
Mi(t)+—t .
0+ >

an
Peak inductor current:
—03 . VS‘
Ly =ii(t) = Kse *? sin6: +7€ (12)
Peak switch current:
o8y 1%
— — (] H S
Loy, =1, =Kse ™ sm92+7 (13)
Peak diode current:
. C.B,-C,B
]DF =|,L (0)| = 114, —172 27
Ale "AzBl (14)

R.M.S. capacitor voltage:

2 (% £ (2, T %
o =| 2% A2 e & v 15
V. [TJ (t)a't} {T[V (F)-¥ (0)]} (15)

x d0

Peak capacitor voltage:
—(81+202)

Voo =ve(ts)=Vs + Kioe ©¢

sin®: (16)
HIL.3 Normalization

In order to readily and widely apply the derived
results in the design of the proposed ballasts, we
introduce a per unit (p.u) system which is defined as
follows:

1p.ulV]=Vi=Vi, 1p.u[Z])= Rix = Zous ,
lp.u[A]zV"mZm, 1p.u[m]=mo=mnm,

pafT) =2 = o, 1palL]=2wf ., and

1
€l o2y

Based on the per unit system, the graphs which are useful
for designing the ballast are depicted and discussed in the
following section. The procedure of determining the key
component values is, therefore, established.
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Fig. 5 Design curves for the design of the series resonant
parallel loaded electronic ballast. (Q: 0.72, 0.8~
1.5)

IV. Design Procedure
IV.1 Creation of Design Graphs

In designing the proposed electronic ballast, the given
parameters include only the input voltage y,, the
specification of a lamp such as arc voltage y/,,. and arc
current /.., and the switching frequency. Except the pre-
mentioned parameters, all the parameters are unknown
and have to be calculated or determined by another
methods. Since graphs present more useful and explicit
information than equations do in designing a resonant
inverter, the results of V.., 1., 1.,, Vi I and Jp,
obtained in section I11.2 are plotted in Figs. 5(a)-5(¢) as
functions of normalized switching frequency. These
graphs will be utilized in determining the component
values. The detail is shown in the following sub-section.

IV.2 Determination of Component Values

In order to make use of the analytic results derived
previously, the specified parameters (V.. , R.. and @)
are first normalized to its corresponding base, and the
component values are then determined using graphic

approximation method. The normalized parameters are
collected as follows:

V rc V re
Arc(n) = ! = L pu[V]
Vbtu‘e V\ (1 7)
Riram =1 pu[Z] (18)
Vircin
1,vln(n) = e = V.m(n) pu[A] (19)
tre(m
W,
@, =—
@, (20)

In the above parameters , ¢, is exclusively unknown.

(1)Determining the Q and ¢,



As can be seen from Fig. 5(d), the rms value of
capacitor voltage y(¢) is quite dependent on the quality
factor Q and the ¢,. In the figure there are many choices
of Q and , which meet the requirement of Ve, = Vi -

Usually, a lower Q is chosen so as the component
stresses of the switches, the resonant inductor and
capacitor can be reduced. Also, a lower Q system
possesses the property of low sensitivity but might yield
high current crest factor. If Q is determined to be Q1, one
can read ¢, =@ from Fig 5(d). Thus, the natural
frequenty o can be calculated using the following
equation:

® —_ ms
0~
wnl
(2) Calculating the resonant component values.
Once the @, and Q are determined, the resonant

inductor and capacitor can be calculated using the
following relationships:

@n

1
=0
LC, (22)
and
RArc(n) = 1 - Q )
{L/ {L/ '
C, C, (23)

(3) Construction of the switching period.

The resonant devices can be determined primarily due
to that the self-excited switching period is specified and
treated as a constant value. However, there are many
variables such as the specifications of the saturable core
and the power bipolar junction transistor (BJT) which are
highly related to the switching period. It can be observed
that the switching period comprises two main time
intervals: (a) the time interval of the core operated in non-
saturation region, and (b) the time interval during the
storage time of a power BJT. Thus, the selection of a
power BJT as well as the design of its base driver, and the
choice of a saturable core become relatively critical when
constructing the switching period. A detailed description
in determining these values is presented as follows:

For convenience, the base driving circuit is redrawn
and shown in Fig. 6(a), of which its associated
waveforms are depicted in Fig. 6(b). Fig. 6(c) illustrates
the B-H curve for the saturable core operating in the

circuit. The interested two time intervals are: Interval 1:

core - non-saturation interval (0-7,) and Interval 2 :

storage time (¢, -__271).

(a) Determination of ¢,
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From the waveforms shown in Fig. 6(b), it can be seen
that the base current j , is zero at the time t = ¢,, thus,
we can obtain the following relationship:

i/.(h) = Jieurys (24)
where [,ur, is the current that flows through the primary
winding of the base driving transformer and drives the
core into its saturation region. Inductor current [, is
determined by characteristics of the core and the number
of turns winded on it. In the design, we first specify the
t.; that is, J,sr is fixed, and then find an appropriate
combination of a core and a number of turns which can
yield this 7, -

According to (3) and (24), ¢, can be determined from
the following equation:

&l

e™ sin(wats —6:) = —
3

(b) Selection of the power BJT and its base resistor g,

v

)

@25

IL(MT) -

As described previously, the switching period com-
prises two primary time intervals. Hence, once ¢, is de-
termined, the storage time ¢, can be represented by the
following equation:

T

ls=——1s-

(26)

The storage time ;, of a power BJT, however, is a
complicated function of the forward base current j7,,, the
reversed base current j,, the current gain g in the

saturation mode, the collector current ;. and the minority
carrier life time ¢, in the base, and is represented in
equation (27) [11].

t.v = ‘[tfn __-’11_+1_
T
bf 27
where ;= _;L In our case, J,, is not constant at all. Thus,
of

for simplicity but without losing the accuracy, J,, is
replaced by its averaged value 7, which equals to

Vria / R,, where V., represents the averaged value over
the time interval of 0 to ¢,. Moreover, the collector
current is approximated to be j. . The life time ¢, and
the current gain g can be obtained from a simple testing
circuit, which can be, usually, found in a power BJT data

book. As a summary, R, can be determined from the
following simultaneous equations:

i;r_z

t -—Ti—t =1T.In
Ty TR Rlo

Ve wan +

(28)



Vr2— Vm:(,m«) *

N
ira=i—( —), 29
R Ni )
dira N
LT_l =—Vra,
dt N, (30)
— 14
Via=—jvradt,
fy Vo (3 1)

where p, and p, are the number of turns of the primary
winding and the secondary winding of the driving
transformer, respectively.

It is very troublesome to solve for g, directly from
(28) to (31). The suggested approach to determine R, is
using a computer simulation. For instance, using
the .STEP function in SPICE program running
recursively and iterately can finally yield a proper g, to
satisfy the above equations [12].

(4)Determination of Component ratings

To complete the selection of components in the design,
their current and voltage ratings need to be specified. Fig.
5(a)~ 5(e) illustrate the ratings of several key components.
For example, given a Q and an ¢, , the peak current /,,
flowing through the switches can be read out from Fig.
5(b). In addition, it can be observed that the peak current
or voltage varies widely with the changes of ¢, .
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Fig. 6 (a) The base driving circuit of the schematic shown
in Fig. 1 for determining the core-non-saturation
interval.

(b) The related current and voltage waveforms of
the circuit shown in 6(a).

(c) The B-H curve for the saturable core operating
in the circuit shown in 6(a).

V. Computer Simulation and Experimental Results

To illustrate the design procedure, a laboratorial
electronic ballast is implemented, where its design
parameters are listed as follows :

Vi =2V, = 160V, Cs=Cn = luF,
C =18nF, L =2.5mH,
R =220hm, and f, =25KHz.

The fluorescent lamp used in the design example is a
Two-D 38 watt lamp whose specifications are

Vire = 120Vemy, Lie =300mAeny, and Rue =4000hm .

Fig. 7(a) and 7(b) shows the waveforms of the arc
voltage and current of the lamp, yielded from the
simulated and experimental results. They are found that
the results are highly consistant except at the peak of the
current. It is worth pointing out that the determination of
a proper storage time takes a lot of efforts because this
parameter (can be considered as a coersive parameter)
varies with any change of most of the BJT parameters
and temperature. For an engineer's approach, circuit
simulators are helpful when determining this parameter
used in the design.
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Fig. 7 (a) Simulated waveforms for the arc voltage and
current of the lamp.
(b) Experimental waveforms for the arc voltage
and current of the lamp.

V1. Conclusion

In this paper, a self-excited half-bridge series resonant
parallel loaded electronic ballast has been analyzed in

detail. The closed form solutions for j,(¢) and v () are

derived, on which the normalized design curves used for
selecting the component values and ratings are illustrated,
thus simplifying the design procedure as well. Based on a
time domain analysis and supported by computer
simulators, a systematic design procedure has been
outlined. To demonstrate the design procedures, and
verify the analytic results, a prototype of the electronic
ballast is implemented.

There exist some discrepancies between the the pre-
dicted and the measured results, due to the assumption of
modeling the fluorescent lamp as a resistor. For further
improvement of the consistency, modeling the fluores-
cent lamp more accurate are indispensable.
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