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Abstract - A new model has been developed which
describes the non-linear resistance of fluorescent
lamps operating at high-frequency. A parabolic fit
has been performed on actual lamp data which
allows for simplified solutions to non-linear
differential equations  describing  various
fluorescent lamp output stages. A lamp waveform
analysishasalso been done using the model which
shows an elliptical lamp current to be optimal.

|. INTRODUCTION

Various models exist that describe the resistance of
a fluorescent lamp operating at high-frequency [1].
These include both linear and cubic approximations.
The linear, or resistor, approximation is given as,

v=iR Q)
where,
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Instantaneous lamp voltage [Volts]
Instantaneous lamp current [Amperes]

Thismodel is smpleto use but has limited accuracy.
The cubic model is given as,

v=Ai +Bi® )

This is closer to the actual but more complicated
to use. An approximation is needed which is both
simple and accurate. The focus of this paper ison a
simple and accurate parabolic model which allows
for solutions to non-linear differential equations and
provides a rapid method for obtaining ballast design
parameters. This paper includes the parabolic
model, optimum lamp waveform analys's, solutions
to non-linear differential equations, and comparison
with existing linear solutions.

Il. THE PARABOLIC MODEL

Using a parabolic function to model the non-linear
lamp resistance yields,

v =Ki (3)

Voltage and current measurements taken from a
fluorescent lamp operating at high-frequency are
plotted (Figure 1) together with the linear, cubic and
parabolic models.
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Figure 1, Non-linear lamp resistance and fitted models for T8/32W
lamp type running at 50kHz (Plamp=30W, R=656 Ohms, k=2615,
A=278, B=5740).

The parabola is a good fit for higher current
regions of the v-i curve, where most of the power is
consumed by the lamp. The cubic is linear for low
values of current and does not predict the sharp
increase in the actual voltage as the current
increases. The parabola, however, increases sharper
in voltage for a better fit at the higher current values
and may predict higher harmonics. Overall, the
parabolic is comparable to the cubic and easy to use.



1. THE OPTIMUM LAMP WAVEFORM

The parabolic model was used to calculate various
lamp parameters such as crest factor, peak voltage
and current, voltage and current harmonics, and
power, for the following lamp current waveforms:

=1, (pulse) (4)
I =1, sn’wt (sine-squared) (5)
| =41 ft (triangle) (6)
| =1,snwt (sinewave) (7
| =21,,/ft (parabola)

(8)
| =1,_41- 16f %> (ellipse) 9)
=1, (rectangle)

(10)

where,

|, = Lamp current amplitude [Amperes]

The waveforms were selected to transition in shape
from a high, narrow pulse to a short, wide rectangle,
in search of an optimum with which the lamp should
be driven. Driving the lamp with a pure sinusoidal
current, for example, gives alamp voltage and power
of the form,

V =ki? =kl 2 sin® wt (11)
P:iklg (12)
3

When plotted (Figure 2), the lamp voltage has
some zero-crossing distortion and increases sharply
as the current increases yielding higher voltage
harmonics. The current crest factor should be
reduced to maximize lamp life and the maximum
peak current should also be reduced to maximize
ballast output stage efficiency. For these reasons, a
sinusoidal lamp current is not necessarily the
optimum.
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Figure 2, Sinewave lamp current and predicted lamp voltage for
T8/32W lamp type running at 50kHz.

Driving the lamp with a triangular current gives a
lamp voltage and power of the form,
V =ki’ =16kl 2 f *t? (13)
SEDE (14)
4
When plotted (Figure 3), peak currents and

harmonics are higher than the sinusoidal case, and
get worse moving in the direction towards a pul se.
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Figure 3, Triangular lamp current and predicted lamp voltage for
T8/32W lamp type running at 50kHz.

A rectangular current yields a crest factor of 1.0
and minimizes peak lamp current. The associated
voltage and current harmonics, however, are high,
tending to show that a sguarewave is not an
optimum either. In order to best select the optimum,
the results from each waveform are normalized and
plotted (Figure 4).
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Figure 4, Optimum lamp waveform analys's summary for T8/32W
lamp type.



The édlipse (Figure 5) proves to be more of an
optimum waveform with an acceptable crest factor,
lower peak currents and lower voltage harmonics
due to a more sinusoidal lamp voltage.
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Figure5, Elliptical lamp current and predicted lamp voltage for
T8/32W lamp type running at 50kHz.

IV. NON-LINEAR SOLUTIONS

The parabolic mode allows for closed-form
solutions of non-linear differential  equations
describing different fluorescent lamp output stages.
A typical output stage consists of an L in series with
the lamp (Figure 6).

Figure 6, Series L-lamp output stage

Assuming the lamp has already been ignited and
is running at nominal power, and using the model,
the following non-linear differential equation results:

L9 g2 =y (15)
dt

for which a solution exists of the form,
i(t) =.[=" tanh i (16)
t) w/ g L

The linear and non-linear solutions for the lamp
current are plotted (Figure 7) over one-half of a
complete cycle during steady state. From the plot it
is seen that the non-linear solution rises sharper than
the linear solution. This results in a dightly lower
peak current for the non-linear case. A dight
difference in phase can also be seen, which, for a
given lamp power, will result in a higher operating
frequency for the non-linear solution.
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Figure 7, Linear and non-linear solutionsfor the seriesL-Lamp
output stage. Lamp type: T8/32W

The lamp voltage is also plotted (Figure 8), which
shows a higher peak voltage and higher harmonics
for the non-linear case due to the non-linear lamp
resistance.
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Figure 8, Linear and non-linear solutionsfor the seriesL-Lamp
output stage. Lamp type: T8/32W



Another popular output stage consists of an L-C-
lamp series configuration (Figure 9).

Figure 9, Series L-C-lamp output stage

If the cubic model is implemented, the result is a
non-linear differential equation of the form,

Lg+Ai+Bi3+1(}jdt=Vin 17)
dt c

The solution is not known for this Rayleigh/Van
der Pol type equation. Using the parabolic, however,
the following non-linear differential equation and
solution results,

LY iz + L g =v, (18)
dt c
ézkvmcﬂ@

. e u
\ﬁn:Lﬂ+ki2+ L Iné—L - u (19)
dt 2kC g di ]‘u

32kC— -
dt |H
or,
Polf8.m L Loy B g
k@ C 2kCge 0
where,

g = charge stored in capacitor C

These are new solutions and are not known to
have been discovered before. Using (18), (20) and
basic circuit analysis, the inductor current and lamp
voltage are again plotted (Figures 10 and 11) for the
linear and non-linear solutions. From the plots, a
dight difference in the peak current can still be seen,
but the phase difference is now negligible. Thelamp
voltage solutions show even higher peak voltage
differences and till higher harmonics in the non-
linear case.
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Figure 10, Linear and non-linear solutions for the Series L-C-lamp
output stage. Lamp type: T8/32W
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Figure 11, Linear and non-linear solutions for the Series L-C-lamp
output stage. Lamp type: T8/32W

The traditional output stage consisting of an L in
series with a parallel lamp and C (Figure 12) has
also been solved.

Figure 12, Series-L paralld lamp-C output stage



A mathematical solution exists which when
plotted (Figures 13, 14 and 15) shows some
interesting results. Here a “bump” occurs in the
capacitor current (Figure 13) for the non-linear
solution.  This is due to the non-linear lamp
resistance decreasing as the lamp current approaches
zero. The decrease in lamp resistance gives an
increase in the capacitor current and therefore a
sharp increase in the lamp current near zero. This
causes the non-linear lamp current to go to a lower
peak than the linear solution, for a given lamp
power. Thisresultsin alamp current which appears
elliptical in shape, giving rise to a more sinusoidal
lamp voltage (Figure 15) as predicted earlier (Figure
5).
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Figure 13, Linear and non-linear solutions for the series-L parallel
Lamp-C output stage. Lamp type: T8/32W
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Figure 14, Linear and non-linear solutions for the series-L parallel
Lamp-C output stage. Lamp type: T8/32W

250

20

Voltage [Volts]

Non-linear Solution
——————— Linear Solution

-250

Time [us]

Figure 15, Linear and non-linear solutions for the series-L parallel
Lamp-C output stage. Lamp type: T8/32W

V. CONCLUSIONS

The parabolic model is smple, accurate and has
greatly smplified lamp waveform analyss. The
parabolic model has also provided new closed-form
solutions to non-linear differential  equations
therefore reducing ballast design time.  Future
improvements include expanding the model to
include dimming, in which k changes as a function

of lamp power.
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