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In the designprocessof sleetrical circuits that operate fluorescent lamps, knowledge 
of the sleetrical characteristics of these lamps is essential. lmplementation of a 
physical lamp model within a circuit simuiatien program, similar to the ether sleetrical 
components of the circuit, would shorten development time, possibly improve the 
quality and lower the eest price of the circuit. 
In 1996 Ted Vos, a graduate student of 'Eindhoven University of Technology' (TUE), 
developed with support of Marnix Tas (TUE) a simuiatien program called VITL, 
Voltage (V) and Current (I) of TL lamps, for dynamic simulations of TL lamps. Th is 
model was a simple discharge model for performing simulations of the dynamic 
behavier of a TLD 36W lamp. The validity range of the stationary characteristics of 
the model was limited. 
Within the present project, the VITL model has been improved. A more general model 
with less restrictions for lamp current and mercury pressure has been created. In 
addition to that the extended model can be used for a wide range of fluorescent 
lamps. Therefore the extended model has been called VIFL, Voltage (V) and Current 
(I) of Fluorescent (F) Lamps (L). 
For verification of the model the dynamic and stationary behavier of three different 
lamp types were investigated experimentally. To create a wide validity range, lamps 
with different radii were used: TLD 36W (r1a = 12.25 mm), T5 28W (r1a = 7.0 mm) and 
PL-C 26W (r1a = 5.0 mm). The VIFL model describes the stationary voltage of these 
lamps within 20 % of the experiental value for all currents and cold spot temperatures 
above 30 oe. The model also gives a goed description of the dynamic characteristic. 
VIFL has been implemented in an sleetronie circuit simuiatien program 'SPICE', 
which makes lamp-ballast simulations possible (both at high frequency and at low 
frequency). 
Substantial improvements of the VIFL model were realized thanks to the following 
modifications in the VITL model: 
• The introduetion of a metastable level in the VIFL model makes a separate 

treatment of the lower lying resonant and metastable levels possible. As a result 
the predietien of a positive characteristic at low currents, caused by decoupling of 
metastable and radiative level, became possible. 

• Associative ionization of two excited atoms is an important ionization process in a 
fluorescent lamp. The introduetion of a metastable level made the implementation 
of associative ionization processes in VIFL possible. 

• Depletion of the tail of the electron energy distri bution tunetion causes a 
substantial decrease of the excitation and ionization rates. Th is is taken into 
account in the VIFL model by an electron density dependent correction of the 
excitation and ionization rates. 

• A new radiation transport description is introduced, which is especially an 
impravement at high mercury pressure and high noble gas filling pressure. 

• The old electron mobility routine is replaced by a new electron mobility routine, 
which gives a goed description of the electron mobility tor any noble gas mixture 
of neon, krypton and argon. 
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From an electron ie point of view the lamp is one electron ie component in the circuit, 
justas all ether components. Generally, all the componentsin the circuit are specified 
both fortheir stationary behavier and their dynamic (transient) response. As far as the 
fluorescent lamp is concerned the stationary behavier is rather well specified, but the 
dynamic response is hardly known. A model of a fluorescent lamp which gives a goed 
description of both its stationary behavier and its dynamic response should be 
available. Such a model can be used for better ballast design. lt should for instanee 
be possible to solve the instability problem at low dimming level (moding). 
In 1996 Ted Vos, a graduate student of 'Eindhoven University of Technology' (TUE) 
was asked to develop a time dependent model of a fluorescent lamp. During his 
graduation project he has developed with support of Marnix Tas (TUE) a simuiatien 
program for dynamic simulations of a fluorescent lamp. This model is called VITL, 
Voltage (V) and Current (I) of a TL lamp, in which the dynamic responses are 
simulated by means of a discharge-model [1 ]. 
This model is a simple discharge model for performing dynamic simulations of a TLD 
36W lamp. The lamp model is suited for only one lamp and because of its simplicity 
the validity range for the stationary characteristics of the model is rather limited. For 
low currents the predicted lamp voltage is much too high and the mercury pressure 
dependency of the model is poer (the mercury pressure is dependent on the cold 
spot temperature of the lamp). 
The object of the 1997 project was: creating a more general model without 
restrictions for current and cold spot temperature. Furthermore the model should be 
a bie to simulate a wide range of fluorescent lamp types. For the verification of such a 
model the dynamic and stationary behavier of three lamps were investigated 
experimentally. To create a wide validity range, lamps with different radii were used: 
TLD 36W (r18 = 12.25 mm), T5 28W (r18 = 7.0 mm) and PL-C 26W (r18 = 5.0 mm). 
By refining some of the old and introducing some new low pressure discharge effects 
in the model, the creation of a more general model has been successful. This model 
prediets the stationary voltage of the TLD 36W, T5 28W and PL-C 26W within 20 % 
for all currents and cold spot temperatures above 30 oe. The model also gives a goed 
description of the dynamic responses. As the new model is capable of simulating 
different kinds of fluorescent lamps, the new model is called VIFL, Voltage (V) and 
Current (I) of Fluorescent (F) Lamps (L). For performing ballast simulations VIFL is 
implemented in a circuit simuiatien program. At Central Development Lamps (COL) 
the circuit simuiatien program 'SPICE' is used [2]. 
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In this chapter the basic assumptions of the discharge model are presented. These 
assumptions are used both in the old model VITL [1] and in the new model VIFL. 
In sectien 2.1 a short introduetion is given of the low-pressure mercury discharge. 
The partiele ba la nee is described in sectien 2.2, foliowed by the presentation of the 
electron mobility in sectien 2.3. The electron mobility is essential tor calculating the 
tube resistance. In sectien 2.4 the electron energy balanceis presented.These last 
three sections of this chapter ferm the basis of the fluorescent lamp model. 

2.1 Introduetion 

A fluorescent lamp works on the principle of a low-pressure mercury noble gas 
discharge. The lamp is tilled with a mixture of noble gas and saturated mercury 
vapeur. In a non-amalgam lamp the mercury pressure is determined by the coldest 
spot on the inside lamp wall, Tspot· Electrens in the discharge are accelerated by the 
electric field that is generated by a voltage applied to the electrodes. 
The electrens collide with the various gas atoms in the gas discharge. When an 
electron involved in such a cellision has enough energy it can excite or ionize a gas 
atom. Because the energy needed to excite or ionize a mercury atom is lower than 
the energy to excite or ionize a noble gas atom, most of the excitations and 
ionizations will involve mercury atoms whereas the noble gas serves as a buffer gas. 

Fluorescent Powder Mercury atom Electrens Electrode 

tigure 2-1 . Cross-section of a tubular fluorescent lamp. 

Ultraviolet radiation is generated by radiative decay of excited mercury and is 
transformed into visible light by the fluorescent powder on the tube wall. 
The ma in plasma component of the lamp is the so-called positive column. Apart trom 
that, there are the dark spaces associated with the voltage falls at the electredes of 
the discharge [3] . This means that notall the voltage applied to the lamp is across the 
positive column. 
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2.2 Partiele Balances in the Fluorescent Lamp 

A simplified energy level diagram of mercury is shown in tigure 2-2: 

10 eV 

5eV 

OeV 

Hg+ 
-P--~------~~------· 2S I, 112 

.................. !!liP __ s, 3P2 

'flli~~..._..,..,.....,._ r, 3 P1 

~~--~~--- q,3Po 

HQground 

figure 2-2: Simplified energy level diagram for mercury [4]. 

Besides the mercury ground state (indicated by 'g') and ion level ('i'), some excited 
levels are depicted. The levels 'q', 'r' and 's' together ferm the mercury triplet levels. 
Of these levels only the 3P1 level radiates, theether two triplet levels are metastable, 
which means that they cannot decay by radiation. Furthermore a radiative 'singlet' 
level 't' is depicted. However, the 3P1 level is responsible for most of the UV 
radiation [5]. 
Transitions between the different levels can occur by inelastic electron collisions, the 
straight arrows, or by radiative processes, the curved arrows. The electrens created 
by the ionization processes are lost by ambipolar ditfusion and volume recombination 
processes are neglected (see subsectien 2.2.3). 
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2.2.1 Excitation and lonization Processas 

In the active zone of the discharge especially electron collisions are important1
. The 

electron induced excitations and ionizations included in the discharge model are: 

Hgx + e- + (E)~ Hg~ + e- ( excitation) 

Hg: + e- + (E)~ Hg~ + e- ( excitation) 

Hgx + e- + (E)~ Hg; + 2e- (direct ionization) 

Hg: + e- + (E)~ Hg; + 2e- (two-step ionization) 

Hg * represents an excited atom and (E) the energy loss by the free electron in such a 
collision. Excitation and ionization processes in the active zone of an electric 
discharge occur mainly due to collisions of electrans with atoms. The number of 
transitions from an atomie level x to a higher energy atomie level y that occur per unit 
of volume and time is given by the transition frequency vxy: 

where ne is the electron density, nx the density of the level x and kxy the rate 
coefficient, which can be calculated by the following integral over the electron 
energy E: 

"' 
kxy = f f(E) · v(E) · Qxy (E) ·dE 

Exy 

(2-1) 

(2-2) 

where f(E) is the Electron Energy Distribution Function (EEDF), v(E) the electron 
velocity, Exy the minimum excitation/ionization energy and Oxy(E) the cross sectien for 
the transition. The temperature of the electron gas, Te, is a measure for the average 

electron energy ( E) : 

T = 2-(E) [K] 
e 3 ·ka 

(2-3) 

in which Te is the electron temperature in Kelvin and ka the Boltzmann constant. The 
electron temperature is aften given in electron volt: 

A ka ·Te 
Te=--

e 
[eV] (2-4) 

where eis the elementary charge. From now on Twill indicate temperatures in Kelvin 

and f temperatures in electron volt. 

1 In VITL the Hg • + Hg • collisions were neglected. In VIFL these collisions are taken into 
consideration. 
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For a Maxwell distribution function, the EEDF is given by: 

In a fluorescent lamp the Coulomb interactions are nat always dominant, soa 
deviation of the Maxwell distribution may occur. 
Equation (2-2) shows that, si nee the cross sectien is a tunetion of the electron 

(2-5) 

energy, the rate coefficient is a tunetion of the electron temperature fe if the EEDF is 

Maxwellian. Then basedon equations (2-2) and (2-5), the rate coefficient is assumed 
to have the following farm [6]: 

(2-6) 

where Cxy is a semi-empirica! constant. Using the output from the 'HGDC' model1 the 
constant Cxy can be fitted. 

2.2.2 De-excitation and Radiation Processes 

Transitions from a higher to a lower energy level occur by radiative decay or de
excitation by electron impact. Collisional de-excitation can be represented as: 

Hg~ + e- ~ Hgx +e- +(E) 
Hg~ + e- ~ Hg: + e- + (E) 

( de-excitation) 

( de-excitation) 

(E) represents the energy gained by the free electron in such a super-elastic collision. 
The de-excitation frequency per unit of volume is defined in the same way as the 
excitation/ionization frequency (equation (2-1 )): 

(2-7) 

For a Maxwell electron energy distribution the relation between the rates kxy and kyx 

can be determined by detailed balancing [7]: 

(2-8) 

where 9x and gY are the statistica I weights of the different atomie levels. 

1 The 'HGDC' model is an existing collisional radiative model, currently operational at Philips 
Research Aachen (PFLA). This model takes the deviation from the Maxwellian EEDF into 
account. 
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Based on formulas (2-6) and (2-8) the de-excitation rates are assumed to be 

proportional to .JT:, that is: 

(2-9) 

The semi-empirica! constants for excitation and de-excitation are interrelated by 1: 

C =C .& 
yx xy gy 

(2-10) 

Apart from the metastable levels, excited atoms can also decay by the emission of 
radiation: 

Hg* ~ Hg + hv (radiation) 

Trapping of radiation is important in the mercury positive column. lf the natural 
lifetime of the radiative level is given by rnat. the effective lifetime is given by rett: 

T eff = S · T nat (2-11) 

where S is the self absorption coefficient. 

2.2.3 Ambipolar Ditfusion 

The gas discharge in a fluorescent lamp generally has a low ionization degree, 
therefore the chance of recombination of ions and electrens in the plasma itself is 
small. The dominant process by which charged particles are lost is recombination at 
the wall. The transport of charged particles to the wall is controlled by ambipolar 
ditfusion. The ditfusion flux of electrons, f'e, in the case of ambipolar ditfusion is given 
by: 

(2-12) 

where 0 8 is the ambipolar ditfusion coetficient and V ne the gradient of the electron 
density. Fora plasma with a low ionization degree, as in fluorescent lamp, the 
ambipolar ditfusion coefficient can be approximated by [8]: 

in which J.i; is the ion mobility. So the lossof electrens and ions increases with 
increasing electron temperature and increasing ion mobility. 

(2-13) 

1 In the VITL model this conneetion between excitation and de-excitation coefficients has not 
been used. In VITL the de-excitation coefficients have separately been fitted on output data of 
the 'HGDC' model. In VIFL this interrelation has been used. 
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In the model the radial distribution of electrans is described by a zeroth 
order Bessel function [9], see figure 2-3. This means that the average electron 
density, in this report indicated with ne. is lower than the electron density on the lamp 
axis: 

(2-14) 

1.20,---------------, 

figure 2-3: Besset profile for the electron density; ris the distance to the axis and 
ne(O) the electron density on the lamp axis. 

The number of electrans lost by ambipolar ditfusion per unit of volume and time is 

given by the product of ne and r~~ , where rad is the ambipolar ditfusion time. 

Assuming a Bessel profile <ad takes on the farm: 

_1 _ (jo,1) 

2 

D 5.784 f 
rad - r 0 a ;:::: --2 -

0 Jll 0 e 
la 'ia 

(2-15) 

Here j0,1 is the first zero of the zero order Bessel function and r1a the tube radius. 
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An electric field applied to an ionized gas will generate a current. Because the 
electron mobility is much larger than the ion mobility most of the current is carried by 
the electrons. Consequently the current density is given by: 

(2-16) 

In this equation Fis the electric field strength and f.le the electron mobility. The electric 
field strength equals the positive column voltage divided by the column length: 
F = vcol I Lcol . With the lamp cross sectien Alat the total current is: 

I A vcol 
la= la ·ne ·e· Jle ·-

Lcol 

(2-17) 

The electron mobility is determined by collisions of electrens with heavy partieles. For 
a Maxwell distribution, the electron mobility is given by: 

(2-18) 

The summatien runs over the different types of heavy particles i, both neutrals and 
ions; ni is the heavy partiele density and ami(E) is the momenturn transfer cross 
sectien for a cellision of an electron with energy E for a heavy partiele of type i. 
The electron mobility in equation (2-18) can be simplified with the approximation: 

e 
f.ie ~--

me. veh 
(2-19) 

where me is the electron mass and veh the cellision frequency for momenturn transfer 
for electrens with heavy partieles. For a gas mixture this cellision frequency can be 
approximated with the use of Blanc's law: 

(2-20) 

in which v~h is the cellision frequency for momenturn transfer for heavy partiele of 
type i: 

"' 
v~h =ni · Jt(E)·a~(E)·v(E)·dE (2-21) 

0 
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(2-22) 

In this approximation the callision frequency for momenturn transfer is calculated for 
each heavy partiele species separately (equation (2-21 )). For the calculation of the 
electron mobility a Maxwell distribution is assumed, so for one Te the EEDF is 
completely determined. This implies that for a determined gas mixture Jle is a tunetion 
of Te solely. In general the mobility decreases with increasing Te. since the callision 
frequency increases. Basically there are two reasans for this; in the first place the 
mean electron velocity increases for increasing Te and secondly the cross sectien is 
an increasing tunetion of Te. 
For electron energies around 1 eV the momenturn transfer cross sectien for mercury 
is much larger than those for the noble gasses. So a high mercury pressure can have 
a significant effect on the electron mobility. 
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2.4 Electron Energy Balance 

The electrens in the plasma are not in thermal equilibrium with their environment. 
Their temperature Te is much larger than that of the heavy particles Th. The 
processes that determine Te are the power input from the electric field and the 
various elastic and inelastic collisions in the plasma. 
The energy input per electron from the electric field is given by: 

The elastic energy loss per electron due to collisions with heavy particles is 
proportional to the temperature difference and the mass ratio [7]: 

(2-23) 

(2-24) 

where mh is the mass of the heavy particles. The summatien runs over the different 
types of heavy particles, which are ions and neutrals. 
The inelastic energy loss per electron is equal to the gain of interna I energy of the 
atoms: 

Rnelastic = :Lkxy. nx . Exy 
xy 

(2-25) 

In this equation kxy is the rate coefficient and Exy the energy gain corresponding to the 
transition X---+Y. The summatien runs over all different transitions. lt should be realized 
that P;nelastic can be negative, which means that the electrens are heated by the 
release of internal energy from excited levels. Now the electron energy balance can 
be written as: 

The factor %nek a represents the heat capacity of the electron gas. 
The first term on the right hand side (equation (2-23)) represents the energy input to 
the electron gas through the electric field. lt is the main positive term. The second 
term on the right hand side (equation (2-24)), theelastic losses, is a negative term. 
The third term on the right hand side (equation (2-25)) can be both positive and 
negative. 
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The most significant impravement of the VIFL model was the incorporation of a fourth 
mercury level within the existing VITL model. This has led to a considerable 
impravement to the description of bath the stationary and dynamic behavier of 
various fluorescent lamps. The VIFL model describes the metastable and radiative 
level separately, which makes possible the decoupling of metastable and radiative 
level. Furthermore the metastable level makes the introduetion of associative 
ionization processes possible. 
Same ether conclusions that can be drawn from this study: 
• A positive characteristic is caused by decoupling of metastable and radiative level 

at low electron density. 
• Associative ionization of two metastable atoms is an important ionization process 

at low lamp currents and associative ionization of a metastable atom and a 
radiative level atom is important at high mercury pressures. 

• The new radiation transport description is an improvement, especially at high 
mercury pressure and high noble gas filling pressure. 

• The new electron mobility routine gives a good description of the electron mobility 
for any noble gas mixture of neon, krypton and argon. 

• Depletion of the tail of the EEDF causes a substantial decrease of the excitation 
and ionization rates. This is taken into account in the VIFL model by an electron 
density dependent correction of the excitation and i anization rates, based on the 
two group model. 

• For small radius lamps the ambipolar ditfusion time is shorter. First of all this 
implies that a higher field strength has to be applied to obtain the same current 
density as tor large radius lamps. This gives rise to a higher electron temperature, 
which causes a taster dynamic response. 

• For camparing stationary experimental results with sim u lation results it is 
essential to know the mercury pressure. Therefore the model 'VITspot', which 
creates VI characteristics for constant Tspot• derived trom stationary experimental 
results has been found to be a useful tooi. 

As far as the applicability of the VIFL model is concerned the following conclusions 
can be drawn: 
• A predietien of the stationary lamp voltage within 20 % is reached for TLD 36W, 

T5 28W and PL-C 26W for all currents and Tspot above 30 oe. lt is to be expected 
that for all fluorescent lamps with a radius between 5 mm and 15 mm a good 
description of the stationary characteristic is given by VIFL. 

• As far as the current step behavier is concerned, the dynamic description of the 
model Js good. During the re-ignition peak voltage the electron density is very low 
and the electron temperature very high. Under these conditions the description of 
the re-ignition peak voltages at 50 Hz lamp eperation is nat perfect. 

• The stationary description of VIFL at low current needs some further 
improvements. Because at low currents associative ionization, depletion of the tail 
and the radial dependency of partiele densities are nat known very well, an 
adequate theoretica! description is difficult at very low current. 
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• At low Tspot (<30°C) the mercury pressure is low and noble gas excitations and 
ionizations are important. In VIFL only mercury excitations and ionizations are 
considered and consequently VIFL is not valid for low Tspot· 

The overall conclusion is that with VIFL a lamp model has been created that gives a 
good description of both the stationary behavior and the dynamic response of 
fluorescent lamps. This VIFL model can be used fora wide range of fluorescent 
lamps. The model is implemented in an electronic circuit simulation program 'SPICE', 
which makes lamp-ballast simulations possible. 

3.2 Follow Up 

As a follow up the next two issues should be considered: 
• At low currents the stationary description of the model is not good enough and 

improvements are needed in this range. This can possibly be done by a more 
accurate description of the physical processes. 

• The VIFL model is basedon ionization of mercury only. In 1998 the cold spot 
temperature range will be extended to lower temperatures (Tspot < 30 oe) resulting 
in very low mercury pressures. Th is means that excitation and ionization of the 
noble gas should be regarded. 

Both the extension to low temperatures and the impravement for low currents will 
improve the validity range of the model for lamp/ballast simulation. 
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Fluorescent lamps are very common light sources, mainly applied in offices and 
public buildings. 
High frequency eperation offers important energy saving aspects. The market for the 
type of electronic circuits, necessary to operate fluorescent lamps under high 
frequency, shows a tremendous growth. 
The aim of this project is to achieve a better description of the electrical behavier of 
the fluorescent lamp so that it can better be taken into account in the design of 
electronic circuits. 
The relation between current and voltage was studied, both experimentally and by 
modeling. Two features of the electrical behavier were studied: 
1. The dynamic response of voltage across the lamp and plasma parameters. 
2. The stationary characteristics of a fluorescent lamp. 
Not only has the developed model shown to fit well to the experiments, it is also an 
instructive tooi by linking 'invisible' discharge parameters, such as electron 
temperature and electron density with the experimentally obtained voltage and 
current. 
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