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SUMMARY

During the past 10 years a lot of effort has been put into the development of a HF electronic

ballast for HID-Iamps. Such an electronic HF-ballast has the following advantages over a

conventional magnetic ballast:

1 Less weight

2 Easy to regulate lamp power

3 Lower costprice

The problem that arises when developing the HF-ballast for HID-Iamps is the occurrence of lamp

instabilities due to acoustic resonances. A HID-Iamp has resonance frequencies which are

determined by the geometry of the discharge-vessel, lamp-filling and temperature of the

discharge process. 8etween the resonance frequencies are smaller or wider resonant-free zones

where the tuned HF-operation is possible. The place and the width of these resonance-free

zones vary with manufacturing toleranees and lamp age. This makes the tuned HF-operation

difficult. The ultimate goal is to develop a HF-ballast which causes no acoustic resonances in

HID-Iamps regardless of the manufacturer of the lamp, age of the lamp or manufacturing

tolerances. This HF-ballast should be realised with today's technology and without expensive

components. Spreading lamp power spectrum has proven to be a successful way to prevent

acoustic resonances. By doing it in such a way, frequency components of the lamp power will

become lower than the resonance threshold. This was implemented by frequency modulation of

the lamp current.

In this report the effect of frequency modulation of the lamp current with different modulating

patterns has been investigated with the focus on using white noise. In recently published results.
the author claims that it is possible to concentrate a large amount of power in a small bandwidth

by using white noise. This allows the use of high Q resonant inverters.

Initial measurements have been done with a measurement arrangement in which a HF-current is

superposed on 200 Hz square-wave current to determine the positions of the resonances. During

these measurements it was found that the resulting HF-spectrum was not as perfect as it should

beo A proposal for improving the measurement-unit is given in this report.

After these measurements the lamp was fed with a pure HF-current. Four different kinds of

modulation were used to analyse the differences among the modulating patterns. The four

modulating schemes were: frequency modulation with a sine, triangle and white noise as

modulating-signal and a double sideband modulated signal which was modulated with white

noise.
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1. INTRODUCTION

1.1 THE HIGH INTENSITY DISCHARGE LAMP

Picture 1.1 presents the High Intensity Discharge (HID) lamp

,
9 8 7 6 5 4 3 2

Figure 1.1 High Intensity Discharge lamp

1. Support springs

2. Twisted support lead-in wire far improved aptical characteristics

3. Tubular or avaid outer bulb imperviaus ta air and ather atmaspheric influences

4. Translucent alumina discharge tube

5. Expansian unit ta eliminate temperature stresses on weids an discharge tube

6. Lead-in wire support

7. Getter ta ensure high vacuum throughaut life

8. E27 or E40 screw base

9. Parcelain insulating disc in base

The discharge-vessel is a ceramic tube made of j;2olyçristalline .aluminium-oxyde (PCA). This

material can withstand the aggressive sodium vapour at high temperatures inside the discharge

vessel. The electrodes are situated at the ends of the discharge vessel. They consist of tungsten

because this material can withstand high temperature. A barium containing coating is put on the

tungsten electrodes to enable the emission of electrans. The feed-through is made of niobium

because this material has the same coefficient of expansion as PCA.

The discharge vessel is filled with sodium, mercury and a noble gas, often xenon.

This noble gas is necessary for the start up of the lamp. Mercury is added to make the lamp

voltage higher sa the voltage drop over the ballast wil! be lower. In contradiction with fluorescent
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lamps there is no pre-heating from the electrodes of HID-Iamps. This results in a high pulse

ignition voltage from about 3 kV for the SDW-T 50 W.

After the igition a discharge in the xenon gas starts. The heat of the discharge vapourizes the

mercury and the sodium. During the run up the lamp voltage rises from about 35 VRMS

to 85 VRMS • After the run up which takes about 10 minutes the lamp reaches it's final colour point.

The discharge vessel is placed in a vacuum outer bulb. This outer bulb also contains a getter to

keep the vacuum of a good quality during the whole Iifetime of the lamp. The outer bulb can be

tubular (T) or ovoide. The only difference between these types is the armature in which they are

used.

1.2 L1NE FREQUENCY BALLASTING OF HID-LAMPS

Like all gaseous discharge lamps HID-Iamps require an extemal aid or ballast for normal

operation necessitated by lamp negative dynamic resistance.

See figure 1.2.

UL(RMS)

,

dUL(RMS) j

dUL(RMS)

dIL(RMS)

dIL(RMS)

<0

IL(RMS)

Figure 1.2 RMS lamp voltage vs. RMS lamp current
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These ballast configurations fall into one of two categories:

1: Magnetic (Cu-Fe) ballast's

2: High-frequency electronic ballast's

The magnetic ballast is the conventional approach. In this case an inductor is connected in series

with the lamp to give the resulting circuit a positive dynamic resistance. An ignitor is also needed

to ignite the lamp. An example of the total circuit is given in figure 1.3.

BALLAST

IGNITOR

LAMP

Figure 1.3 LF-ballast

There are some disadvantages with operating the HID-Iamp on line frequency. At the beginning of

each half-cycle there is a re-ignition of the arc-discharge. This reduces the lifetime of the

electrodes, deteriorates the lamp power factor ala and can cause light f1icker.
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Lamp current and voltage for line-frequency operation (50 Hz) are given in figure 1.4.

200 -'--"'T::"':=-=-~==----..,....---------.,........---------,-2

~ 100 1 -ce-W l-
C) Z
ce W
I- 0::
..J 0 0 0::
0 ::J
> 0
c.. c..
~ ~

:3 -100 :3

-200 ...L.- ---..:. ----'- -2

TIME (msec)

Figure 1.4 Lamp voltage and current SDW-T saw

It is clearly visible that there is a re-ignition at the beginning of every half cycle. The lamp voltage

is constant during every half cycle except when the lamp ignites.

The lamp current is not sinusoidal, so higher harmonics are present in the current which is taken

trom the utilities. Magnetic ballast's are heavy and there is no efficient and cost-effective way to

regulate lamp power. Advantages of the magnetic ballast are the high reliability and the low cost

but with (electronic) component prices going down it will become interesting to develop HF

electronic ballast's.

1.3 HF ELECTRONIC BALLASTING

The main advantage of the HF-ballast is the tact that the ballasting inductor can be smaller than

the one used for line-frequency operation. This leads to a decrease in weight and costprice of the

the HF-ballast and the ballast can be implemented in smalliuminaires. Because of the high

trequency it is possible to ignite the lamp with aresonant ignitor which is cheaper than the

conventional ignitor used in line-frequency ballasts. Another advantage of the HF-ballast is the

lack of re-ignition at the beginning of each half-cycle. The resulting sinusoidallamp waveforms

are advantageous due to the low crest factor (ratio of peak to its RMS value). Lamp waveforms
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advantageous due to the low crest factor (ratio of peak to its RMS value). Lamp waveforms with

high crest factor can shorten lamp life, while non-sinusoidal waveforms are a souree to EMI

suppression related difficulties. There is also an increase in luminous efficiency but not as much as

in fluorescent lamps.

A typical block-diagram of a HF-ballast is given in figure 1.5.

MAIN
EMI

SUPPRESSION
RECTlAER

POWERFACTOR
CORRECTlON

INVERTER
AND t-----.

IGNITOR

CONTROL
CIRCUIT

Figure 1.5 Block diagram of the HF-ballast

The main block is the inverter in which a high frequency voltage is generated.

Due to this high frequency, inductors can be smaller than at line frequency operation. The EMI

suppression unit filters the higher harmonies out of the line current and the powerfactor correction

increases the powerfactor. The inverter is normally a half-bridge inverter.

The main problem with high-frequency ballasting of HID-Iamps is the occurrence of lamp

instabilities due to acoustic resonances.

1.4 ACOUSTIC RESONANCES

The periodic input power and the subsequent energy exchange byeJastic collisions between

charged partic/es and neutral gas are the souree of pressure oscillations. Such resonance

phenomena can also occur in a cavity such as an organ-pipe. The standing pressure wave may
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lead to distortions of the discharge path. These instabilities are manifested in light f1icker, arc

bending, colour point shifting and even arc-extinguishing. An example of arc bending is given in

figure 1.6.

fi:;.

Figure 1.6 Example of arcbending in a HID lamp

An acoustic resonance and a lamp instability is not the same. At same frequencies an acoustic

resonance can occur without lamp instability. When there is a dip in the lamp current, the lamp

f1ickers, but this isn't an acoustic resonance.

If, as a consequence of acoustic resonances the discharge path is partly displaced toward the wall

of the discharge tube or is partly constricted, this could result in the tube cracking due to local

overheating. The resonance can be longitudinal, radial or azimuthal. The resonant frequencies are

determined by the inner dimensions of the discharge tube and the velocity of sound. The first

longitudinal resonance can be calculated with the following formuIa: f=c/2L. In this formula c is the

effective velocity of sound inside the discharge tube and L is the inner discharge tube length. Due

to the high pressure inside the the discharge tube, the sound of velocity is higher than outside the

discharge tube, about 450 mIs. Because the arc-temperature depends on place and time, it is

difficult to calculate the exact positions of the resonance frequencies. In general acoustic

resonances do not occur at frequencies below 10kHz because of the lamp size. At high

frequencies arc-instabilities do not occur because of the damping of the gas plasma.
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1.5 GOAL OF THE RESEARCH

The ultimate goal is to develop a HF-ballast which causes no acoustic resonances in HID-Iamps

regardless of the manufacturer of the lamp, age of the lamp or manufacturing tolerances. This

HF-ballast should be realised with today's technology and without expensive components. One

way to prevent acoustic resonances is spreading the lamp power spectrum. In this report the

effects of different lamp-current spectra on the lamp stability are compared to find the best

method of spreading the lamp power spectrum.

The focus is on using white noise as a modulating signa\. In recently published results [1,2,3] the

author claims that it is possible to concentrate a large amount of power with low amplitude in a

small bandwidth by using white noise. This allows the use of high Q resonant inverters.

For this research the 50W White SON lamp (SDW-T SOW) is used for the following reasons:

1. The White SON-Iamps are frequently used for the investigation of the behaviour of HID-Iamps

at high frequencies. This means that there are a lot of data available for comparing the results

of the research.

2. When there is an arc-instability, the White SON-Iamp doesn't extinguish as often as other

types of HID-Iamps do.

3. The maximum lamp-power allowed in the measurement unit because of thermal reasons

was50W.

Typical characteristics of the SDW-T 50W lamp are:

Lamp base: PG12 Length of the lamp: 145 mm

Maximum diameter of the lamp: 30,75 mm

Light efficiency: 46 ImlW Light flux: 2300 Im

Light colour: White Iike an incandescent lamp. Light temperature: 2S00-2700K

Colour rendering index: Ra=83

Characters of the burner.

Dimensions of the burner are given in figure 1.8.

The electrodes are made of tungsten-renium
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The diameter of the electrodes is 300 ~m and the length is 3 mm

The feed-throughs are made of niobium.

The diameter of the feed-throughs is 720 Ilm.

3.5mm

~ ~.

3.5 mm E1 :e î : rlS! nnn

I I I
I I 1 23mm I 1 1
I I '< »l I I
I I I I
I I 29mm I 1
I ,< >, I
I 43mm I
1< >1

Figure 1.8. Dimensions of the burner (SDW-T 50W)

The burner is filled with:

• Xenon start-gas

• Sodium-Mercury amalgam 15/40.

400 Torr.

10 mg

There was a set of Slamps at my disposal. These lamps were burned in for 100 hours to stabilize

their characteristics. Because the lamps were numbered the difference in HF-characteristics

between lamps of the same type could be measured.

The RMS lamp current and lamp voltage at 50 Hz for the Slamps are given below.

LAMP P(W) U (V) I (A) Uia

EB 1 50 86 0.72 0.806

EB2 50 86.4 0.72 0.804

EB3 50 90 0.694 0.8

EB4 50 89.3 0.697 0.801

EB5 50 86.3 0.718 0.805
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2. SIGNAL THEORY

2.1 NOISE

The word noise stands for phenomena in which spontaneous, stochastic fluctuations occur in

electronic devices, circuits and systems.

There are 2 causes of noise:

• The temperature is higher than 0 K, so the electrons in the material make a random

movement. This random movement is superimposed on the regular movement caused by the

applied field.

• Electrons are discrete particles. Consider a volume in which there are, on the average, NAV

electrons. The electrons enter and leave the volume stochastically, hence the number of

electrons N will fluctuate in time.

Noise can be generated in different ways. All these types have their own merits and spectra.

Noise, or a random signaI may be thought of as a signal selected from an ensemble (family) of

possible signaIs by a random experiment governed by some specification of probabilities. The

ensemble of possible signals and the probability together form the stochastic process. This

stochastic process is described by it's statistic quantities, i.e. the expectation, variance, auto

correlation and the probability density function. The expectation is the statistic mean over the

ensemble of realisations. This is written in shorthand as:

E[X(t)]

The autocorrelation of a random process X(t) is defined as:

RxX<t,t + r) = E[X(t)X(t + r)]

( 2-1 )

(2-2 )

This is the expectation of the product of two stochastic variables.

The expectation and the autocorrelation are often the most important characteristics of a

stochastic proces. For solving problems it is often convenient when these quantities are

independent of the time origin. For this reason a special class of stochastic processes has been

defined, these are the wide-sense stationary processes.
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Thus a wide sense stationary stochastic process has the following properties:

E[X(t)] = constant

E[X(t)X(t+ r)] =Rxx(r)

(2-3 )

(2-4 )

A process which is strict sense stationary is also wide sense stationary . The opposite is not

always true. Up till now the word 'expectation' was used for the statistic mean over the ensemble

of realisations. Because a stochastic process is a function of time we can also define the time

average of the signa!.

1 T

A[x(t)] =lim- fx(t)dt
T4"'2T -T

When a stochastic process has the following properties:

A[X(t)] = E[X(t)] = A

A[X(t)X(t+r)] =E[X(t)X(t+ r)]= Rxx(r)

(2-5 )

(2-6 )

(2-7 )

and the process is wide sense stationary then the proces is called an ergodie process.

Since in actual practice we deal with only one member of an ensemble at one time, the time

average is the natural way of obtaining experimenfally the expectation and the autocorrelation

function. In practical cases ergodicity is always assumed as there is only one sample function.

The formula for the time averaged autocorrelation function is given in formula 2.8:

Rxx(t) =~i~ 2~1E[x(t)x(t + r )]dt (2-8 )

For deterministic signals there is beside the description of the signaI in the time domain a dual

description in the frequency domain. For random signals there is also such a description in the

frequency domain although the duality between time domain and frequency domain differs from

deterministic signais. The natural quantity to describe a random signal in the frequency domain is

the power spectrum Sx(f)

(2-9 )
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This is the Fourier transform of the autocorrelation of a signa!. This in contrast with deterministic

signals which are described in the frequency domain by the harmonie spectrum. The harmonie

spectrum is the Fourier transform of the signal itself. Note that the Fourier transform of a random

signal itself is a random function, i.e. it is a random variabie at each frequency.

Sx(f) can have both a continuous and a impulsive part. The probability density function gives

information about the distribution of the amplitude values of the random signa!. The Gaussian

and the uniform density distribution are the most common ones. The power density function

doesn't give information about the signal's power spectrum. The colour of the noise gives

information about the power spectrum of the signa!. This means that random signals with a

uniform and a Gaussian probability density function can have both a white spectrum.

2.2 FREQUENCY MODULATION

An angle modulated signal has the form:

xc(t) = A cos[mc/ + ~(t)]

The instantaneous phase of x(t) is defined as:

(j(t) =mct + ~(t)

and the instantaneous frequency of the modulated signal is defined as:

CtJi(t) =d()' =mc + d~(t)
dt dt

( 2-10 )

( 2-11 )

( 2-12 )

For frequency modulated signais, the frequency deviation of the carrier is proportional to the

message signal, that is,

d~(t) _ k (.)
--- ~m t

dt

I

or ~(t) =IvJx(À)dÀ + ~(to)
10

( 2-13)

where kt is the frequency deviation constant.

Assume to =-00 and ~(-oo)=O. Then :

I

Xc(t) =Acos[mt+kl fxm(T)dT]
-00

( 2-14)
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Exact description of the spectrum of a frequency modulated signal is difficult. Therefore, we will

examine the spectrum in detail for a sinusoidal message signa!. The results wil( also yield insight

into the frequency domain behaviour of frequency modulated signais.

If we assume Xm(t) to be sinusoidal :

Xm(t) = Amcosmmt (2-15 )

Then the instantaneous phase deviation of the frequency modulated signal is:

(FM)

Then the modulated signaI is given by:

Xe(t) = Aecos(aJct + psinwmt)

where the parameter p is called the modulation index defined as:

P= klAm
Wm

(2-16 )

(2-17 )

(2-18 )

The parameter p is defined only for tone modulation and it represents the maximum phase

deviation produced by the modulating tone. For arbitrary message signals bandlimited to COx we

can define a deviation ratio 0, as

( 2-19 )

In this formula tif expresses the maximum frequency deviation.

We can express Xe(t) as:

Xe(t) =Ae91{exPUálct)exp(Jpsinwmt)}

In this expression , exp(JpsinOJmt) is periodic with a period Tm = 2Jr .
Wm

Hence we can represent it in a Fourrier series of the form:

00

expUPsinOJmt) = L CXL(nfm) exp(J2mifmt)
n=-<lO

with:
lt

(2-20 )

( 2-21 )

C.,(lif",) = 0Jm j exp(Jpsin (J)mt) exp(- jnál",t)dt =_1Jexp[j(p sineB- nB))J:iB =Jn(p) ( 2-22 )
2Jr lt 2Jr_

tr-
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Jn(JJ) are Besset functions of the first kind. This results in the following expression for the FM

signal with tone modulation:

co

xc(t) = ACLJn(p) COS[(lUc+ neom)t]

The Fourier transform of this signal is given by

co

Xc(m) =AcLJ.(JJ){ó'[lU - (mc-lU m )] + ó'[lU - (lUc +m n,)]}

n=0

(2-23 )

(2-24 )

The FM-spectrum contains a carrier component plus an infinite number of sideband components

at frequencies je ± nfm (n =1,2,3, .... )

For a specific case of angle modulation by a sinusoidaI modulating signal, both phase and angle

modulated waves translate to a similar spectrum.

Because the FM signal which is modulated with a pure sine has an infinite number of sideband

components, the FM spectrum seems to have infinite extent. Fortunately, in practical situations it

tums out that a great part of the total power is confined to some finite bandwidth. For

communication purposes the bandwidth is defined as the bandwidth in which 98% of the FM

signal power is contained within the transmission band. To determine this FM-bandwidth, a power

ratio y is defined.

y is the ratio of the power contained in the bandwidth over the total power of the FM-signa!.

That is, define y to be:

(2-25 )

The amplitude of a FM modulated waveform is always constant. So the average power of the

modulated signal is the same as the average power of the unmodulated signa!. This means:

(2-26 )
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To find the bandwidth of the FM signal we have to find the smallest value of n that yields r~0.98.

In practical situations this occurs just after n=p+1.This means that the bandwidth of a tone

modulated FM signaI is given by:

Bandwidth =2(p + l)fm ( 2-27 )

This formula is referred to as Carsons ru/eo

Carrier frequency (fc) = 90 kHz

Modulating index (p) = 200

In figure 2.1 the spectrum of a FM modulated current is calculated with formula 2-24.

The formula was implemented in Matlab and executed.

The signal has the following properties:

Maximum frequency deviation (f6)= 20 kHz

Modulating frequency (fm) = 100 Hz

IRMS = 0.6 A

120115100 105 110
Frequency [kHz]

95
OL......;..-'------l..---'--------'------L.----.l....--"-------'-------I
90

0.01

~
'<D' 0.04 t------t-----t---Tt+i..-H-iHtft+ht--t-----t--------i

-g
:!:
0
E 0.03
«

0.051-----+------t---+---,-H-+-t----+------t

0.06/------+-----f------t------HrI-------+-----j

0.07,------------r------,------,------:-T"---,---------,

0.02

Figure 2.1 Spectrum of a FM modulated signal

In this figure only the upper part of the frequency spectrum has been drawn. The lower part is the

reflected image of the upper part of the frequency spectrum.
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Because the modulating index is very high (»1) the power spectrum can also be derived in

another way. The output frequency of a frequency medulated generator is proportional with the

input modulating voltage, so it is not hard to understand that the limiting form of the power

spectrum is in first order a copy of the power density distribution of the modulating signa!. This

result has been derived by Middleton [20]. The exact formula tor the limiting power spectrum of a

frequency modulated signal is given in the following equatien.

[

2 E'f 2 -2312 co 3A 7t 1) VN A 7t ~ .... 8 ..
8/1) ~ m N w,(y) + m N 3 JNd N-3 w,(y,N)+...] =+[{ )1 IC11 ~(ü 611 ~(ü 8x y Cll--<J)c IlF vijl

r-F N r-F N -00

( 2-28 )

Where ~ F = DF Jv~ /~(ü N , and ~(ü is the bandwidth of the modulating process. W1 (y) is the

probability density distribution of the modulating signa!. When higher order terms are neglected,

we see that the limiting power spectrum of the resulting modulated carrier is proportional to the

probability density distribution of the equivalent frequency-modulating process for sufficiently slow

frequency deviations or sweeps about the equilibrium carrier frequency.

The probability density distribution of a sinewave is

This results in a limiting spectrum which is given by

[
A2 2]8 (I) = -C-(l_~r l/2

v D A A2

J m m X=+[(Cll-Cllc)lDfl

( 2-29 )

( 2-30 )

So when the probability density function of the modulating signal is known the limiting form of the

spectrum of the modulated carrier can be calculated.

2.3 DOUBLE SIDEBAND MODULATION

Double Sideband Modulation (DSS) is a linear modulation technique. Linear modulation refers to

the direct frequency translation of the modulating signal spectrum using a sinusoidal carrier. The

modulated carrier is represented by:

Xc( t) = A(t) COS(üct ( 2-31 )
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The carrier amplitude Ac(t) is linearly related to the modulating signal xm(t). A DSS-modulated

signal is generated by multiplying the carrier signal and the modulating signal in the time domain.

X(t)--......~

Figure 2.2 Double Sideband Modulator

When two signals are multiplied in the time domain it means that there frequency spectra are

convoluted. As the carrier signal is a pure sine, the modulating signaI is shifted in the frequency

domain over a distance equal to the carrier frequency.

The harmonie spectrum of the DSS signal is given in equation 2-32.

Xc(J) =! Ac[X(J - fc) + X(J + fc)]
2

The bandwidth of a DSS-signal is twice the bandwidth of the modulating signal:

BDSB =2BM

The power confined to this bandwidth can be calculated as follows:

( 2-33)

(2-34 )
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3. MEASUREMENTS

3.1 THE SQUARE WAVE MEASUREMENT ARRANGEMENT

3.1.1 Description of the square wave measurement arrangement

Initial measurements were done on the square wave measurement arrangement. The aim of the

square wave measurement arrangement is analyzing how much HF-power can be supplied

before the lamp becomes unstable. When all the power is eoncentrated in one HF-component,

the lamp will be unstable at most frequeneies. Another disadvantage is, that when the HF-current

is varied, the lamp power is also varied. This leads to shifting of the acoustic resonance

frequencies because the vapour pressure varies with the input power. For this reason the square

wave measurement arrangement is used. In this measurement arrangement the HF-component is

superposed on a 200 Hz square wave. Now the power supplied to the lamp is the sum of the

power in the spuare wave and the power in the HF-component. Now the lamp power can be kept

constant because when the HF-eurrent increases, the square wave current deereases. This

proces is governed by a computer. A simplified bloek diagram of the square wave measurement

arrangement is given in figure 3.1.

De
SUPPLY

COMMU
TATOR

HF
SUPPLY

Figure 3.1 Simplified bleek diagram of the square wave measurement arrangement
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The HF-supply delivers a HF-voltage of one frequency which is added to a OC-voltage with a

summator. This voltage is supplied to a commutator who converts the OC+HF voltage to a HF

voltage superposed on a sqare wave of 200 Hz. The simplified block-diagram of figure 3.1. can

be expanded to the block-diagram of figure 3.2.

POWER
METER

COMPUTER
~

DC
1 SOURCE

tr ,.-- c-

COMMU-
TATOR v

T -
COMPUTER

~
HF

(~2 SOURCE

+ - /,
OSCILLOSCOPE 1 [] '/ \v

photo-
eell

-'---
OSCILLOSCOPE 2 -

/

........

Figure 3.2 Bloek diagram of the square wave measurement arrangement

This figure shows that the OC-source is governed by the power supply to the lamp. A setpoint of

e.g. 50 W can be set in computer 1 and then the total power supplied to the lamp will be kept

constant by means of regulating the OC-component of the total power.

Computer 2 governs the amount of HF-power supplied to the lamp. The HF-generator is set at

e.g. 40 kHz and then the output voltage of the HF-generator is increased until a lamp instability is

detected by oscilloscope 1 or oscilloscope 2. When an instability is detected the HF-output

voltage is set to zero and the frequency is increased with e.g. 1 kHz and the output voltage is

increased again etc. The frequency and the HF-amplitude at which the lamp instability ocurred is

written into a file. The HF-voltage amplitude is expressed in Mv • This Mv is the amplitude of the

HF-voltage over the amplitude of the square wave. By doing this the relative step of the HF

voltage is the same for different lamps.
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Oscilloscope 1 detects arcbending by means of measuring the resistance of the lamp. When the

arc bends, the resistance of the lamp increases. 2 criteria are set in the computer.

• The relative resistance deviation between two successive resistance measurements is set to

2%

• The relative resistance deviation compared with the resistance at Mv = 0 is set to 3%

When one of those criteria is exceeded the lamp is considered to be unstable due to arc-bending.

Oscilloscope 2 detects if there is f1icker by means of a photo cell. The flickering light flux is

converted to an alternating voltage. If the amplitude of this voltage exceeds a threshold, the lamp

is considered to be unstable due to flicker.

There can be acoustic resonances in the discharge tube without any visible effects. The criteria in

the computer for the detection of lamp instabilities are chosen in such a way that the lamp

instability was just visible.

3.1.2 Problems with the square wave measurent arrangement

The De-voltage and the HF-voltage are added before the commutator as is drawn in figure 3.2.

This causes a modulation effect, because at every switching action the phase of the HF-signal is

changed with 180 degrees as is shown in figure 3.3.

,
t VHF

•V

Vso

t--

Figure 3.3 HF-current superposed on the square wave
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Mathematically the square wave measurement unit can be imagined by a multiplier and a adder

as is drawn in figure 3.4.

1

J .J
4

2

Vso
5

3

Figure 3.4 Mathematical representation of the square wave measurement arrangement

The signals at the points 1 and 2 are given by the equations 3-1 and 3-2.

J; (t) =Mr T~~Q si n( (I) 11/,1) ( 3-1 )

( 3-2 )

The signaI at point 2 is almost the same as the signaI at point 3. Only the amplitude is different.

For this construction of the signal is chosen because by doing so the HF- and the square-wave

amplitude in the signal at point 5 can be controlled independently. The two signals are multiplied

and the resulting signal at point 4 of figure 3.4 is the HF-signal with at every To(= 1/ 21l'CtJo)

seconds a change in phase of 180 degrees.

This signal is described by equation 3.3.

2MvVsQ ~ 1
h(t)= L.. ? {cos«2n-!)(uo-(u/lF)/-cos«2n-I)(uo+(UHF)t}

1[ 11=1 (_11-1)
(3-3 )
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The square wave which is present at point 3 is described by formula 3-4.

J;(t)= 4V'SQ ±sin(2/1-1)(u r/

TC tI=) (2/1-1)

This signal is added to signal 4 to achieve signaI 5.

( 3-4 )

( 3-5 )

A summation in the time-domain is also a summation in the frequency domain, 50 the spectrum of

signal 5 can be constructed by adding the spectra of signal 3 and 4.

The spectrum of signal 5 is given by.

2MvV~Q ~ 1 2
F;(w) = . L.- {-c5(rv - (211 - l)(u rJ ) + c'>«(u - «211-1)(uo - (u IIF» - 0(0) - «2n -1)(iJo +WHF »}

TC tI=1 (2/1 - 1) M"
( 3-6 )

The spectrum of the lamp current is derived in the same way and is given in formula 3.7

2M1f <f) 1 2
llomp(W) = .~ L {-c5( (u - (2/1 - 1)(uo) + c5( (u - «211 - 1)(u Q - (u HF» - c5«(iJ - «2n -1)0)0 + (i) HF»

TC tI=1 (211 -1) MI'

( 3-7 )

The spectrum of the lamp current which was measured in the square wave measurement

arrangement is given in figure 3.5:
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Figure 3.5 Harmonie spectrum of the lampeurrent

It is clear that there is not only one HF-frequency but a spreaded spectrum which is a copy of the

LF-square wave spectrum. The carrier frequency is not present at all. The problem which occurs

now is that when a lamp instabilty is detected at a carrier frequency of e.g. 37 kHz but is caused

bya HF-component at 37.2,36.8 kHz or another harmonie frequency. The amplitude of this

component is not M I /.m but~M/sQ or lower. So the lamp is more sensitive for a given
- J[

frequency than is measured in the square wave measurement arrangement.

Another problem with the square wave measurement arrangement is the lack of coördination

between the two computers. See figure 3-2. When computer 2 changes the frequency of the HF

voltage and starts increasing the amplitude, computer 1 is still busy increasing the OC-voltage to

adjust the lamp power on 50 W. This causes grave errors because there are big changes from

the lamp-resistance during the first few resistance-measurements at a certain frequency.

Computer 2 interprets these variations in lamp-resistance erroneously as a lamp instability.
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3.1.3 Measurements with the square wave measurement arrangement

Although the HF-signal is not as perfect as it should be, initial measurements have been done

with the square wave measurement arrangement. An arbitrary waveform generator (AWG) is

used as the modulating generator. With this generator arbitrary waveforms can be created by

using the front panel of the AWG. It is also possible to create a waveform using LabVIE~.

LabVIE~ is a program development application, which uses a graphical programming language

instead of a text based programming language to create programs in block diagram form. With

these programs oscilloscopes, generators etc. can be controlled through a GPIB bus. The

programs which are programmed in Labview are called virtual instruments and they consist of a

front panel and a diagram. The programmed front panel is areplacement for the frontpanel of the

instrument which is controlled.

Labview is especially useful when creating random waveforms because there are standard

components available in Labview for creating random numbers, uniform white noise, etc.

The waveforms which are created consist of a certain number of points. The frequency at the

output of the AWG depends on the number of po}nts and the clock-frequency of the AWG.

Example:

A sinewave consists of 1000 points. The clock-frequency is 20 kHz. Now the output frequency of

the AWG is 20000/1000=20 Hz.

When the output frequency has to be decreased to 10Hz there are 2 ways to do 50:

• Decrease the c10ckfrequency to 10kHz

• Increase the number of points to 2000.

With Labview a virtual instrument was created which generates a sequence of 1000 sinewaves

with a random cycle length, puts this sequence in a file and sends it to the AWG.

This virtual instrument was implemented in another virtual instrument which reads the data from

the two oscilloscopes in the square wave measurement arrangement.

The front panel of the virtual instrument which was made is given in figure 3.6.
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Figure 3.6 Front panel of the virtual instrument which contrals the AWG

The input parameters are shown in the front panel. The program works as follows :

First the Arbitrary Waveform Generator is initialized. Then a sequence of 1000 sinewaves is

generated in the Labview program. All these sinewaves have the same amplitude. The cycle

lengths of these sinewaves are uniform distributed between the cycle lengths corresponding to

the minimum and maximum frequency. The variation of the cycle length is implemented in the

program by varying the number of points per sinewave. The minimum and maximum frequency

can be calculated by subtracting or adding half the bandwidth to the central frequency.

The generated waveform is sent to the arbitrary waveform generator.

The amplitude of the signal is increased by the main program until the modulation depth reaches

50% or a lamp instability is detected by one of the oscilloscopes. Now the amplitude is set to zero

by the main program and the central frequency is increased with 1 kHz. In this way a new

sequence is generated with spectral components round the new central frequency. Then the rest

of the procedure is executed again.

It is also possible to increase the output frequency of the AWG by increasing the clock frequency

but then the bandwidth of the lampcurrent also increases.
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The exact frequency spectrum of the lamp current can be calculated when all the cycle-Iengths

and the position of every sinewave is known because it is in fact a periodic signa\. The average

. .. Numberof cycles
time of one cycle of 1000 smewaves IS: . For 1000 cycles and a central

Central frequency

frequency of 37 kHz the first harmonie is 37 Hz and the spectral Iines of the lamp current

spectrum are also separated by 37 Hz. A disadvantage of this sequence of 1000 sinewaves is

the infinite extent of the lamp current spectrum although the major components are located

between the maximum and minimum frequency.

For the measurements the frequency range which is scanned is chosen between 37 and 43 kHz.

This frequency range is chosen because the strongest acoustic resonances are located in this

area. Below and beyond this area the M; reaches 50% without the occurrence of a lamp

instability. The acoustic resonances are excited by the power frequency. That's the reason why

the frequency axis of all the stability diagrams are given in powerfrequencies. The lamppower can

be calculated as is about to be described.

Let

v,,, (t) =VSQ + \~ cos (u /Ir: f

I", (I) = I.I·C] + Î cos (u f1/: f

lI'ifh 1',., (t) =lamp voltage

I", (I) =lamp current

Now the lamp power can be calculated with the next formula.

~.,(t) = 1,.,(1)' r~,,(t) = 1~~Q ·lsQ +~ \~Î + (1<~QÎ + IsQ\J)cos((U f1/..t)+ ~ OÎ cos(20J HFt)

( 3-8 )

The lamp power consists of a constant part, a part with the current frequency and a part with the

double current frequency.

For low modulationdepths the power freqency is the same as the current frequency, but for higher

modulationdepths the double current frequency is getting more important. During the

measurements the Mi of 50% is not exceeded because then the double current frequency

component is becoming toa important.

3.1.4 Results of the measurements.

In the first measurement a bandwidth of 0 Hz was chosen, which means that a sine of a constant

frequency is superposed on the square wave. Because of the modulation effect of the

commutator which is described in the previous paragraph the HF spectrum is spreaded. The
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harmonies of the LF square wave beyond 10kHz are too low to exeitate acoustie resonanees.

The lamp current spectrum is given in figure 3.5.

In figure 3.7 the modulation indices where the lamp becomes unstabele are given as a funetion of

the frequency. The number zero means that the lamp becomes unstable due to are bending. The

most unstable point of the lamp is at 40 kHz where the lamp becomes unstable at a Mof 14 %.

This value ean vary a bit from one measurement to another. Below 38 kHz and beyond 42 kHz

the lamp doesn't become unstable at a M; below 50% so no datapoints are written there.

60 ,------------------------------,

~ 50
ë
~
i3 40
Cl>.;;
'0 30
.;;
a.
Cl>

-g 20
o
.~

"5
-g 10
~

UNSTABLE LAMP
OPERATION

o 0

LAMP: SDW-T 50 W EB1

o

o

43424139 40
Frequency (kHz)

3837

0+-----+----:-------,----,----------,-----+-------1

36

Figure 3.7 Lamp instability excitation curve for pure sine

In the second measurement a sequence of 1000 sines was superposed on the square wave. This

sequenee was generated with the Labview program which is described in the previous paragraph.

With this sequence instead of a pure sine the maximum spectral component is redueed to 20 %.

This reduetion can be made higher by increasing the number of waveforms present in the

sequenee, but then the waveformfile which is produced in the Labvieuw program is getting too big

tor the arbitrary waveform generator. The lamp current spectrum is given in figure 3.8.
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Figure 3.8 Lamp current spectrum of a sequence of 1000 sinewaves

Now the lamp becomes unstable at a Mof 35 % and the frequency at which the minimum M
occurs is shifted from 40 to 41 kHz. This frequency is the middle of the spreaded spectrum, but

the lamp instability can also be excited by a harmonie at e.g. 39 kHz. At central frequencies just

below 38 kHz and above 42 kHz no lamp instabilities are detected. Before the measurements it

was expected that there would be no lamp instabilities left at all. So the result is worse than

expeeted. Another effect of this random lamp current is that the arc discharge becomes thicker.

60 -r---------------------------,

o 0.....- ~_ 0

LAMP: SDW-T 50W EB1

UNSTABLE
OPERATION

o
o

43424140393837

O+-------i------;---------;----------r--------l

36

Frequency in kHz

Figure 3.9 Lamp instability excitation eurve for sequence of 1000 sinewaves



32

3.2 THE HF MEASUREMENT ARRANGEMENT

3.2.1 Description of the hf-measurement arrangement

In this measurement arrangement a pure HF-current is supplied to the lamp. For the generation of

the waveforms 2 generators are used: a PM 3133 and a PM 3134. For the generation of the

double sideband signal a modulator was built. The modulating signaI was produced in the Labview

program and generated in the arbitrary waveform generator.

OSCILLOSCOPE 1---------,

50 Hz POWER
SUPPLY + IGNITOR

HF
GENERATOR

FM
input

MODULATING
GENERATOR

ENI

Figure 3-10 The HF Measurement arrangement

The ENI is a linear amplifier which can deliver a power up to 500 W. The ignition and start-up of

the lamp is done with a 50 Hz power-supply because the ENI is very sensitive for high voltages

applied to the output. When the lamp is Iit the HF-signal is superposed on the 50 Hz voltage for 1

second. During this second the lamp power is twice the nominal power i.e. 1aow. After this

second the lamp is supplied with only the HF-current. Lamp current and voltage are measured with

the oscilloscope. With these data the lamp power can be calculated and the lamp power is set to

50 W. In Figure 3-11 the lamp current spectrum is given when the HF-generator generates a pure

sine. As can be seen, higher harmonies are hardly present in the lamp current. All values of the

current in this chapter are RMS values.
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LAMP CURRENT SPECTRUM

Lamp: EB4 50W
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35

Frequency (kHz)

Figure 3-11 Lamp current spectrum when the input signaI of the ENI is a pure sine

For the first 3 measurements frequency modulation is used because then the average power is

constant during every period. For every measurement the generators are set as follows:

• A modulating waveform is chosen i.e. a sine, triangle or noise.

• The modulating frequency is set to 100 Hz.

• The HF-current-frequency is set to 200kHz

• The bandwidth of the HF-current is made 20kHz by means of the modulating voltage

• The lamp power is set to 50 W

After these initial settings the following procedure is followed

• The frequency of the current is decreased to 20 kHz while observing the lamp. If a lamp

instability occurs this is noted. There is a hysteresis effect when a lamp instability occurs. The

current frequency is decreased and a lamp instability occurs, then the current frequency can

be increased and the lamp doesn't become stabie again until the frequency is sufficiently high

again. All frequencies where a lamp instability can occur are assumed to be unstable.

• When the whole frequency range from 200 to 20 kHz is scanned, the bandwidth of the signal

is decreased with 2.5 kHz and then the whole frequency range is scanned again.

The results are printed with the program EXCELL.
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3.2.2 Carrier which is frequency modulated with a sinewave of 100 Hz

When a carrier is frequency modulated with a sinewave the exact spectrum is given by

formula 2-24 and the Matlab® simulation in figure 2.1. The harmonic spectrum of the lamp current

which was actually measured in the HF measurement arrangement is drawn in Figure 3-12.

LAMPCURRENT SPECTRUM

0.08 ,..------------------------------,

Modulation: Sine 100 Hz
0.07

0.06

Max freq. deviation: 20 kHz

Central frequency: 90 kHz

« 0.05
Q)
"0
:È 0.04
a.
E« 0.03

0.02

0.01

85 90 95 100 105 110 115 120

Frequency (kHz)

80757065

0-1--........,.....-.lo4---+----+-..L....!.---+-~__+_-~L-4~____+-___+~__;........_1

60

Figure 3-12 Carrier modulated with 100 Hz sinewave

The stability diagrams of 2 lamps are shown in Figure 3-13 and Figure 3-14.

The quantity at the X-axis is the power frequency. This is twice the current frequency. The

quantity at the Y-axis is the maximum power frequency deviation. The bandwidth is twice the the

frequency deviation because the modulation index is very high. See formula 2-27. Power

frequencies are used because the acoustic resonances are excited by the power input in the

lamp.

Without modulation there are hardly frequency ranges with stabie lamp operation. When the

bandwidth increases, the frequency ranges with stabIe lamp operation become broader. For the

power frequency area around 125 kHz there is hardly any increase of the area with stabie lamp

operation for a powerfrequency deviation above 5 kHz.
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Figure 3-13

STABILITY DIAGRAM SDW-T saw EB4
(frequency modulated with sine 100 Hz)
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Figure 3-14
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3.2.3 Carrier which is frequency modulated with a triangle of 100 Hz

The limiting spectrum of the carrier which is frequency modulated with a triangle modulating

waveform can be calculated with formula 2-29. With this formula an estimation of the spectrum

can be derived in the following way:

The probability density function of a triangle with maximum value A is:

fx(x)=1/2A (-A<x<A)

fx(x)=0 elsewhere

This results in a Iimiting harmonic spectrum with all components of the same height. This

distribution is also visible in the harmonic spectrum which was measured. This harmonic spectrum

is given in Figure 3-15.
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Figure 3-15 Carrier modulated with 100 Hz triangle

The stability diagrams which are measured are given in figure 3.6 and 3.7. The window around

125 kHz is about the same size as for frequency modulation with a sine. The slope of the lines

around 150 kHz and 270 kHz is 5 kHz for every 5 kHz increase of the power frequency deviation.

So these slopes can be explained by a frequency where no power is allowed. The effect of

spreading the lamp current spectrum is clearer for high frequencies i.e. a power frequency
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of 350 kHz. The reason for this is that at these high frequencies the resonances in the discharge

tube are azimuthal and radial. The instabilities due to these kinds of resonances are weaker than

the instabilities due to longitudinal resonances at lower frequencieso

STABIUTY DIAGRAM SDW-T 50W EB3
(frequency modulated with triangle 100 Hz)
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Figure 3-16

STABILITY DIAGRAM SDW-T 50W EB4
(frequency modulated with triangle 100 Hz)
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3.2.4 Carrier which is frequency modulated with noise

The signal which was used as a modulating signal was generated with the arbitrary waveform

generator. The signal was constructed in a virtual instrument in the Labview program which was

designed for this purpose. This virtual instrument produces a sequence of 1000 values who are

distributed random between -1 and 1. This sequence is put into a file and sent to the AWG. In

the AWG this sequence of 1000 numbers is converted to a physic signa!. The clock frequency

and the peak voltage can be changed on the frontpanel of the AWG. The output of the AWG was

terminated with a 50 ohm resistor to calibrate the output voltage. The clock frequency was set to

10kHz because this frequency gave the best results. The harmonie spectrum of the lamp current

which is generated in this way should have a square as limiting spectrum. As can be seen in

figure 3.17 the limiting spectrum is rounded at the edges. When there is a great voltage

difference between two successive random values, the frequency leap is also big. Because some

time is needed to reach the corresponding frequency, the frequencies at the end of the harmonie

spectrum are less dominant than the spectral components in the middle.
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Figure 3-18

The stability diagrams of lamp operation with a lamp current which is frequency modulated with

white noise are given in figure 3-19 and 3-20. When these stability diagrams are compared with

the stability diagrams of the lamp current which is frequency modulated with a triangle waveform,

the area's with stabie lamp operation are reduced. When the lampcurrent is frequency modulated

with a triangle, the frequency changes smoothly from the minimum frequency to the maximum.
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Frequency modulation of the lamp current with noise gives rapid changes of frequency. =Fflis

ieads-t€Hamp=iAstabilities-instead:ot=preventiAg-theln: '
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Figure 3-19

STABILITY DIAGRAM SDW-T 50W EB4
(frequency modulated with white noise)
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3.2.5 Double Side Band modulation of the lamp current.

The initial idea was to supply the lamp with band-filtered white noise. Because it is hard to make a

bandfilter with variabie bandwidth and a variabie central frequency, a Oouble Side Band (OSS)

modulator was used. The simplified form of the circuit which generates the bandlimited white

noise is given in figure 3.21.

NOISE
GENERATOR

LOWPASS
FILTER

HF
GENERATOR

TOENI

Figure 3-21 Generator of HF band-Iimited white noise

Now the central frequency can be varied by varying the carrier frequency. The bandwidth of the

HF-noise can be varied by varying the bandwidth of the low-pass filter. The bandwidth of the

signal which is created in this way is twice as big as the bandwidth of the low-pass filter. The

mathematical description of the OSB-modulator is given in paragraph 2.3. The OSS-modulator

was built around the integrated circuit MC1496. The data-sheets of this IC are given

in appendix 1. In this IC a complete OSS-modulator is integrated.

The noise is generated in the base-emitter-junction of a bipolair transistor. This noise is amplified

and filtered in the Low-Pass filter. Because the noise is generated in a PN-junction, the signal

never repeats itself like in the arbitrary waveform generator. The complete circuit of the generator

of HF white noise is given in appendix 2.

After this circuit was built, the lamp was supplied with this OSB-modulated current, but it was

hardly possible to operate the lamp with this current. The problem with this lamp current was the

variation of the average power between the HF-periods. Because of the LF-components in the

modulating noise signal, the amplitude of the HF-lamp current is sometimes very low for a long

time. This makes the lamp go out.

To overcome this problem a modulating noise signaI without LF-components was generated. For

this purpose a new Labview-program was written. An example of the pseudo-random waveform

which was created by the program is given in figure 3.22.
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Figure 3-22 Example of the random waveform

All the values with odd numbers are random chosen between -1 and 1. The value of the even

pulses are the opposite of the preceding pulse.

The autocorrelation of this signal can be calculated with formula 2-8. The autocorrelation is given

by formula 3-9

( 3-9)

In this formula T is the time of one clock-cycle of the arbitrary waveform generator.

V is the expected value of the noise signa!. A graphical representation of the auto-correlation

function is given in figure 3-23. The corresponding power-spectrum is the Fourier-transform of the

auto-correlation and can be calculated with formula 2-9. The formula of the power-spectrum is

given in formula 3-10.

( 3-10)

A graphical representatation of this power-spectrum is given in figure 3-24.

In this simulation the c10ckfrequency is 10 kHz and the expected value of the noise signal is 1 V.

The spectral components beyond the clock-frequency of the AWG are smal! compared with the

maximum spectral components. To attenuate these components even more, the signal is filtered

with a low-pass filter. The cross-over-frequency of the low-pass filter is equal to the clock

frequency of the AWG.
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Figure 3-23 Auto-correlation of the waveform of figure 3-22
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Figure 3-24 Power density spectrum of the signal

In figure 3-25 the measured harmonic spectrum of the lamp-current is given. Operation of the

lamp with this lamp current spectrum still gave a lot of instabilities. The stability diagram of a lamp

which is operated with this lamp current is given in figure 3-26.
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At the y-axis the bandwidth of the lamp current is given. When frequency modulation is used, the

frequency deviation is given at the y-axis. The bandwidth of the frequency modulated lamp

current is twice the frequency deviation when the modulating index is high.

The area's with stabie lamp operation are smalI, especially at high frequencies. Even in these

areas there is sometimes light-flicker due to variation of the input power.

LAMPCURRENT SPECTRUM
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Figure 3-25
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4. CONCLUSIONS &RECOMMENDATIONS

After using different modulating scheme's for modulating the lamp current, the conclusions is that

double sideband modulation gives worse results than frequency modulation. The reason for this

is that the average power which is supplied to the lamp, varies every HF-period when OSS

modulation is used. This causes an annoying light f1icker, even in the areas where stabie lamp

operation is possible with other modulating techniques. When frequency modulation is used, the

best results are obtained when a triangle is used as the modulating signa!. The reason for this is

that there are no dominant spectral components present like in the current which is frequency

modulated with a sinewave. Frequency modulation with noise gives worse results than frequency

modulation with a sine or a triangle as a modulating signa!.

The bandwidth of the frequency modulated current is of more importanee for the occurrenee of

acoustic resonances than the modulating waveform which is used. In particular at high

frequencies a large bandwidth can prevent acoustic resonances. With all this in mind a future HF

ballast should have the following properties:

• The ballast should work on a high frequency e.g. 200 kHz (current frequency)

• The lamp current should have a large bandwidth e.g. 30 kHz without dominant spectral

components.

The problem with the uneven attenuation of the frequencies within this bandwidth by the

ballasting inductor can be solved by varying the DG-bus voltage.

The square wave measurement arrangement could be improved by replacing the 2

computerprograms in 2 different computers by one Labview program in one computer. In this way

the interaction between the lamp power control and the measurement of lamp instabilities can be

prevented.

The modulation effect in the square wave measurement arrangement can be prevented simply by

changing the commutator and the summator in fig 3-2. In this way the HF-voltage and the square

voltage are added. This gives the desired harmonie spectrum with only one HF spectral

component. If this solution causes technical problems another solution can be considered which

is about to be described. In figure 4-1 the current situation is drawn. The HF-voltage is

superposed on the DG-voltage by means of a transformer. The inductors prevent a shortcut of

the HF-voltage through the DG-source. The HF-voltage which is superposed on the De-voltage is
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supplied to bath branches of the commutator. For this reason the phase of the HF-lamp voltage

changes every half-period with 180 degrees. In the circuit of figure 4.2 this is prevented by

supplying each branch of the commutator with a different HF-voltage. The only difference

between the two voltages is a phase difference of 180 degrees. This phase-difference is easily

created by using 2 secondary coils in the transformer as is shown in figure 4.2.

J

JJ

J

Figure 4-1 Current commutator in the square wave measurement arrangement

J

J
lamp

J

J

Figure 4-2 Altemative for the current commutator
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