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A Dynamic Conductance Model of Fluorescent Lamp
for Electronic Ballast Design Simulation

Ka Hong Loo, Member, IEEE, Dave A. Stone, Richard C. Tozer, Senior Member, IEEE, and Robin Devonshire

Abstract—A Spice-compatible dynamic conductance model of
a fluorescent lamp for use in electronic ballast simulation is pre-
sented. The time-dependent conductance of the fluorescent lamp is
derived from a plasma ionization balance equation that uses sim-
plified descriptions of the physical processes within the lamp as its
basis. The model has been designed to enable user-defined lamp
radius, length, buffer gas pressure and cold-spot temperature as
input parameters thus representing a valuable tool for ballast sim-
ulations. Simulation results are compared to experimental mea-
surements and satisfactory agreement is achieved.

Index Terms—Discharge model, electronic ballast, fluorescent
lamp, fluorescent lamp model, gas discharge lamp, low-pressure
discharge lamp.

I. INTRODUCTION

IGHTING currently consumes approximately 10-15% of

the global energy requirement [1]. Given the increasing
concerns about energy saving, an urgent need to improve the
efficiency of lighting systems proves to be of significant im-
portance. For general lighting, fluorescent lamps are known for
decades to be an efficient light source mainly used for home and
office lighting. Today approximately 1.2 billion units of these
lamps are manufactured worldwide each year [1]. A fluores-
cent lamp is essentially a low-pressure mercury-argon discharge
held in a cylindrical tube with phosphor coating that converts
the ultraviolet radiation produced into visible light. Its relative
merits compared to incandescent lamps include energy saving
and longer life.

During recent years, fluorescent lamps operating at high fre-
quency have emerged as energy-efficient alternatives to replace
the conventional 50/60-Hz systems and also the incandescent
lamps in the form of compact fluorescent lamps (CFL). Advan-
tages of driving fluorescent lamps at high frequency include in-
creased light output, elimination of flicker and audible noise,
lower ballast power consumption and extended lamp life. To
accommodate these changes, the conventional 50/60-Hz elec-
tromagnetic ballasts are also gradually replaced with the more
energy-efficient high-frequency electronic ballasts. These new
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ballasts also offer additional features such as compactness in
size and light in weight, dimming capability and power factor
correction.

Computer simulation using the widely used circuit simula-
tors such as Spice, Saber, and Simulink has become an indis-
pensable tool in the industrial development of electronic ballast.
These simulators, however, do not incorporate lamp models into
their standard libraries and the users are therefore faced with the
challenge to devise these models separately. Many previously
reported fluorescent lamp models [2]-[4] have approximated
the lamp as a power-dependent linear resistor or simply a re-
sistor with a cubic voltage-current characteristic. In general such
models are not physically self-consistent and require empirical
fittings on data obtained from lamp measurements. Their range
of applicability is also limited to the conditions under which
such data can be measured.

A dynamic conductance model of fluorescent lamp derived
from the time-dependent plasma ionization balance equation
is presented here. The model does not require any external
data from lamp measurements but relies only on the intrinsic
plasma data that can be derived from separate calculations.
Once determined, these data needs no further adjustment to
account for parameter changes arising from the changes in
operating conditions. In the following section, the theory of
the proposed model is given. Lamp data are measured for
both 50 Hz and high-frequency operations and compared to
simulation results in Section III. From these, a satisfactory
agreement is demonstrated.

II. LAMP MODEL

A. Francis Equation

A general differential equation is derived by Francis [5] to
describe the dynamic characteristics of any discharge tube. The
formulation employs three lamp variables: average electron
density, lamp voltage and lamp current, and is based on the
following three postulates.

1) The rate of electron production in the discharge column is

proportional to the current and voltage.

2) The rate of loss of electrons is proportional to the electron

density.

3) The instantaneous resistance of the discharge (vr,/71,) is

inversely proportional to the electron density.

From Postulate 1 and 2, we have the following differential equa-
tion, where « and 3 are constants

dn,

e = avpir, — Pne. D

0885-8993/$20.00 © 2005 IEEE
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From Postulate 3, we have the following equation, where F' is
a constant

F
xT_Z @)
1L Ne
Substitution of (2) into (1) gives
dne (a4
i = (Ft=o)ne ®

Using Postulate 3 and the relationship o = iy, /vy, where o is
the discharge conductance, one can rearrange (3) in a form that
is more useful for circuit analysis.

This gives

@ = (%) )
It was suggested by Francis that the constants «, 3, and F’ were
not arbitrary but were functions of the tube dimensions and
the gas filling. In fact the equation of the form given by (3)
is a plasma ionization balance equation and in the following
section the parameters determining the balance are derived
more systematically than in the simplified approach employed
by Francis.

B. Plasma Ionization Balance Equation

The “positive column” region of a discharge occupies nearly
the entire axial length of the discharge and dissipates typically
in excess of 85% of the electrical power input to the lamp. It
is assumed in this model that the cathode and anode drops are
small compared to the voltage drop across the positive column.
Due to its quasi-neutrality nature, the term “plasma” is usually
used to describe the positive column. In a steady-state plasma
driven by direct current, the number of electrons produced in a
volume is balanced by the number of electrons that diffuse to
the wall and subsequently recombine [6]

yi:DaV2<ne>®vi—DaV2(ne>:0 5)

Neo Neo

where v; [s~!] is the ionization rate, D, [m2s_1] is the am-
bipolar diffusion coefficient, n, [m~3] is the electron density
and neo [m—3] is the electron density at the discharge axis. D,
can be expanded and rewritten in terms of the electron tempera-
ture T, [K] and the mercury ion mobility jtio, [m?V~1s71] [6]
_ kTeum. ©)
e

For an argon-filled lamp, u;o, can be approximated by (7),
where T, [°C] is the gas temperature and Pyrgon [Torr] is the
argon pressure [7]

D,

(273 + Tas)'/?
P, argon
Applying the Schottky’s diffusion theory [8], which states that
in low-pressure discharges the radial profile of electron density

is described by the Bessel function .Jy, the following simplifica-
tion can be made

2.4
Ne = neOJO (TT)

2
o f me\ ﬁ _5.76
- ()= (%) -

ion = 8.11 x 1073 (7

®)
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Fig. 1. Ionization rates calculated as a function of the electric field at various

cold-spot temperatures (lamp configuration—R = 0.018 m, L = 1.2 m,
Pargon = 3 Torr).
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fitted using an exponential growth function of the

where R [m] is the lamp radius. Under transient condition, e.g.,
alternating current, the ionization balance equation is modified
to include an additional time-dependent term [6]

576 1 dn
=D, — e
v R2 ne dt ©)
Rearranging (9) gives
dne 5.76
dr = <l/i — Daﬁ) Ne. (10)

Equation (10) is the plasma ionization balance equation, which
states that the rate of change of electron density under transient
conditions is determined by the balance between the production
rate of electrons by ionization and the loss rate of electrons by
diffusion to the wall. Other recombination mechanisms such as
impact-radiative and molecular disscoiative recombination are
assumed to play a negligible role in the overall recombination
process. By comparing the corresponding terms in (3) and (10)
we can write down the following relationships:

)

FUL =1 = 'l/}ion = f(vL> (1D
5.76
/B = DHF = [wdif = f(Te7TgaS7 Pargon; R) (12)
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Fig. 5. Schematic diagram of the dimmable high-frequency electronic ballast
used to validate the proposed model in Spice.

Since the electrons that produce ionization gain their en-
ergy from the electric field, whose value is derived from the
lamp voltage, the relationship suggested by (11) appears to be
physically sensible. Nevertheless, by intuition the ionization
rate cannot be a function of the lamp voltage alone because it
must also depend on the number of mercury atoms available
for ionization. The given equation is therefore only applicable
when the lamp is operating at a given mercury vapor pressure
or cold-spot temperature Tcg [°C] (temperature of the glass
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Fig.6. Measured and simulated r.m.s voltages, r.m.s currents and average lamp
powers at various frequencies: (a) 40-W and (b) 20-W rated lamps. Solid and
hollow marks indicate the measured and simulated values, respectively.

wall that controls the operating mercury vapor pressure). In
order to generalize the model, the ionization rate must also be
made as a function of the cold-spot temperature Tcs so that
Yion = f(Tcs,vL).

C. Functional Fits for lonization and Diffusion Rates

In this section, functional fits are obtained for the ionization
and diffusion rates by finding simplified relationships between
these rates and their controlling parameters. As these relation-
ships are not easily found from experimental measurements,
they are calculated theoretically using a collisional-radiative
plasma model based on coupled rate equations that describe
microscopic electron and heavy particle collisions and radia-
tive processes. The detailed description of the plasma model
used for these calculations is given elsewhere [9], [10]. Data
extracted from this plasma model are described henceforth in
this paper as “calculated” data.

Fig. 1 shows the calculated ionization rates as a function of
the electric field at the cold-spot temperatures of 20, 40, and
60 °C. The power law function ; = aE® is shown to be a
satisfactory fit to the calculated data. Since the electric field in
the plasma is axially uniform [11], and since electrode drops
are being neglected, it can be obtained directly from the lamp
voltage using the relationship F = vy, /L, where L is the axial
length of the lamp. During the fitting procedure, the exponent of
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[Pt}

FE is kept constant at b = 4 while the parameter “a” is made to
be a function of the cold-spot temperature Tcs. A satisfactory

fit for the parameter “a” is given by the exponential function

shown in Fig. 2. Hence, we have
Yion = alvr/L|* (13)
a=1.75x 107 4+ 5.00 x 10~ exp(Tcs/12.4). (14)

From (6), (7), and (12)
T, (273 + Tas)/?

tair = 4.03 x 1076
Pargon-R2

15)
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Measured and simulated lamp voltage and current waveforms at various frequencies: (a) 20 kHz (measured), (b) 20 kHz (simulated), (c) 30 kHz (measured),

Pirgon, R, and Ty, are taken as user-defined model parameters.
The electron temperature 7T is directly proportional to the av-
erage electron energy (=3kT,/2) so it is expected to be a func-
tion of the electric field £ and hence the lamp voltage vy,. The
relationship between 7. and F is depicted in Fig. 3. The func-
tional fits for 7, the parameters “c” and “d” are given by

To = c+d|vL/L| (16)
¢ = 5750 + 9700 exp(—Tcs/32.5) (17)
d =10.8 + 88.1exp(—Tcs/33.3). (18)
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Finally, by treating the lamp as a circuit element with con-
ductance o, (10) is rewritten as (19) in terms of the lamp
conductance in a similar way to (4). The time-dependent lamp
conductance is then obtained by numerically integrating (20),
where o is the initial lamp conductance

d
d—j = (Yion — Yait) © (19)
t
o(t) = oo exp / (Yion — tair) dt. (20)
Jo

III. MODEL VERIFICATIONS

The fluorescent lamp model is implemented in a Spice simu-
lator according to the following procedure. The model is first set
up to prompt the user for model input parameters including the
lamp radius, length, argon pressure, cold-spot temperature and
gas temperature. Using these parameters, the model then com-
putes the parameters “a,” “c,” and “d” using (14), (17), and (18),
respectively, which are further inserted into (13) and (15) to cal-
culate ;0 and 1)q;¢. All these calculations are performed using
the arbitrary voltage source (B-element) function provided by
Spice. The voltage difference between 1);,,, and q;¢ is passed
into an integrator and an exponential math function blocks to
perform the calculations required by (20) to produce the new
lamp conductance o. Finally, the new lamp voltage vy, is de-
termined from the lamp current 77, by using the Ohm’s law
iL = 0ovJp, Flg 4.

In this section, the proposed model is used to simulate two
38-mm diameter tubular fluorescent lamps with power ratings

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 20, NO. 5, SEPTEMBER 2005

of 20 W (Toshiba FLL20S-W, L = 0.6 m) and 40 W (Toshiba
FLR40S-D/M/36, L = 1.2 m), respectively. Both these lamps
are by default filled with 3 Torr of argon and the typical gas
temperature is between 50 °C (I,;,s = 100 mA) and 70 °C
(Irms = 600 mA) [12]. The commercial 26-mm diameter lamps
that are filled with krypton(75%)-argon(25%) are not used for
verification because they do not correspond to the argon-filled
lamps that we attempt to model. A dimmable ballast of the
topology shown in Fig. 5 has been constructed to measure the
lamp voltage and current waveforms for the frequency range
20-40 kHz. The corresponding r.m.s. voltages and currents are
calculated from the measured waveforms and compared to sim-
ulation results. To show the applicability of the model at low
frequency, voltage and current waveforms are also measured on
the 40-W lamp operated at 50 Hz using inductive ballast.

Fig. 6(a) shows the variations of the r.m.s voltage, r.m.s
current and average lamp power of the 40-W lamp with ballast
frequency. Fig. 6(b) shows a similar graph but on the 20-W
lamp. Measurements show that as the frequency is increased,
there is a corresponding decrease of the r.m.s current delivered
to the lamp due to the increased impedance of the series ballast
inductance. This is accompanied by a slight increase in the r.m.s
voltage as suggested by the negative resistance behavior of
the lamp. The combined trend of voltage and current behavior
therefore gives rise to an overall decrease of the average lamp
power. In general, the r.m.s current and average power values
predicted by the model follow quite closely the measured
ones that both sets of values in fact vary approximately in
parallel to one another. Since the positive column typically
consumes about 85% of thetotal input power, where the rest
is consumed in the electrode region that is excluded from the
model, normalizing the average power curve by 0.85 brings
the predicted curve closer to the measured one.

While the negative resistance behavior of discharge lamp sug-
gests that a decreasing lamp voltage always accompanies an in-
creasing lamp current due to the ionization contribution from the
excited atomic states, the model’s prediction suggests that the
lamp voltage is independent of the lamp current. Such contra-
diction arises as a feature of the oversimplified approach taken
in formulating the Francis equation. This can be explained by
solving the equation for the steady-state case dn. /d¢t = 0 which
corresponds to the condition under direct current and high fre-
quency discharges.

From (3)
« [ BF
FU%—[3:0:>UL: ?

If the lamp geometry, argon pressure and cold-spot temperature
are kept constant, (21) suggests that the parameters «, 3, F' and
hence the lamp voltage vy, are constant and independent of the
drive conditions. Nevertheless, obtaining a similar expression
of vz, based on the ionization balance gives some insights into
the possibilities of resolving this disagreement. From (10), (13),
(15), and (16)

2

/L
¢+ dju/L|
4.0288 x 1075 (273 4 Tpas) /2
B a Pargon B2

Yion = Yait =

(22)
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Fig. 9. Lamp voltage and current waveforms at 50 Hz: (a) measured and (c)

(d) simulated.

At first glance, Ty, appears to be the only candidate that will
make vy, responsive to the drive conditions. This choice appears
to be reasonable in practice as changes in the lamp current ¢,
would alter the heating effect it has on the plasma. If Ty, is
made to increase with 7, while other parameters are kept con-
stant, this would imply that the diffusion rate v4;¢ increases and
a higher vy, is required to maintain the discharge, which gives
rise to a positive resistance behavior. Now since Pargon X Tgas
from the ideal gas law, there must be a corresponding increase
in Pargon as Tyas increases, and because vqir decreases more
rapidly with P,.40n than it increases with 1,5, an overall de-
crease of Y4;r and the maintaining voltage vy, is expected as ¢y,
increases, which correctly predicts the negative resistance be-
havior. Therefore, in order to improve the model further, both
Tgas and Pyrgon need to be functions of 4.

Fig. 7(a)—(f) show the measured and simulated lamp voltage
and current waveforms of the 40-W lamp operated at 20,
30, and 40 kHz. The general shape of the simulated voltage
waveforms agree well with the measured ones, except that
the peakvalues are consistently lower than measurements by
30-40%. This could partly be attributed to the exclusion of
the electrode voltage drop in the model. On the other hand,
the peak values of the simulated currents are consistently
higher than measurements by 19-52%, and the shape of the
simulated current waveforms generally resemble that of the
voltage indicating that the model starts behaving like a resistor
prematurely at these frequencies. The measured and simulated
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voltage-current characteristics are shown in Fig. 8(a) and (b)
respectively, where the resistive behavior of the model is evi-
dent. Nevertheless, the model correctly predicts the trend of the
characteristic varying with frequency and average power.

To test the applicability of the model at low frequency, voltage
and current waveforms are measured on the 40-W lamp oper-
ated at 50 Hz from 240 V,,,,s mains using inductive (L, = 1 H)
ballast. The results are shown in Fig. 9(a) and (b), and the cor-
responding simulation results are shown in Fig. 9(c) and (d) for
comparison. Except the obvious discrepancy in the peak voltage
values, both sets of results do show good agreement. The hys-
teresis effect associated with the change of the lamp impedance
or ionization state over a cycle is well predicted by the model.

Finally, the response of the model to dynamic changes in the
lamp current level is investigated. This is important for testing
the stability of lamp-ballast systems under abrupt transient
conditions such as supply voltage fluctuation, lamp failure
etc. To perform this test, the ballast frequency is stepped
from 40 kHz to 20 kHz to introduce a step change in the
average lamp current. The lamp’s response to the step change is
observed experimentally and compared to simulation in Spice.
The simulation results in Fig. 10(c)—(d) show that the model
copes well with the frequency step by responding quickly
to the change and produces the approximately correct current
values after the transition (the discrepancy in the voltage values
discussed earlier remains large). Initially as the step is applied,
both voltage and current increase rapidly because the electron
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Fig. 10. Step response to a change in excitation frequency (40 to 20 kHz): (a) voltage (measured), (b) current (measured), (c) voltage (simulated), and (d) current

(simulated).

density cannot change instantaneously and the lamp behaves
momentarily as an ohmic resistor. Following this the voltage
decreases and the current increases gradually toward their steady
state values as the lamp’s conductance changes with a time
lag. The predicted response time constant is about a factor
of two longer than the measured value.

IV. CONCLUSION

A general conductance model of fluorescent lamp for use in
both low frequency and high frequency ballast simulations is
presented. The model exists in a simple exponential-integral
equation derived from the time-dependent plasma ionization
balance. Its implementation is compatible with circuit simu-
lators. The model requires the user to define lamp parameters
such as lamp radius, length, argon pressure and cold-spot
temperature hence providing flexibility of application. Voltage
and current waveforms at various frequencies and power levels
have been measured and compared to simulation results, from
which satisfactory agreement is obtained. The current version
of the model does not predict the negative resistance behavior
of discharge lamp but produces voltage values that are inde-
pendent of the lamp current. This problem might be resolved
by employing current-dependent functions of the gas temper-
ature and argon pressure and further work will concentrate on
obtaining expressions for these two parameters.
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