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Abstract. This paper presents investigation of methods for reducing light pulsation and plasma temperature inside a high intensity discharge
(HID) lamp arc tube. Differences found in light emission of an arc tube plasma channel under different power supply methods are presented
and discussed in this work. The novelty of the paper lies in systematical investigation of different power converter supply methods and demon-
strating that it has a significant influence on plasma temperature in an arc tube. The tested lamp was powered by electronic ballasts controlled
by different algorithms, which forced their current waveform. To compare the results, the authors performed measurements on a discharge lamp
powered by a standard electromagnetic ballast. The investigation of plasma parameters is based on the optical spectroscopy method. It was
shown that by using the appropriate current shape of a high switching frequency supply converter, the plasma temperature of an HID lamp can

be reduced almost by half.
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1. Introduction

The light is one of the main factors affecting the human body.
Its quality is very important in various areas of life, including
physiology, medicine, stimulation, relaxation, and sense of se-
curity. One of the parameters which determines the quality of
light flux is its pulsation, and it depends on the method used
to supply power to a given light source. Investigations of light
flickering generated by light sources are presented in [5] and
[6]. Another parameter which determines light emission is the
plasma temperature. This parameter has an influence on the
spectrum of the emitted light and on its intensity. Decreasing the
plasma temperature extends the life of the lamp. Publications
[10-20] present theoretical descriptions of a plasma channel
and research on this specific state of matter. [2] presents some
research on minimization of light flicker, which is dependent
on RMS voltage fluctuations in the electrical grid. Light flicker
has been also studied in [7], during changes in the shape of
a plasma channel, caused by acoustic resonance in the tubes of
discharge lamps. In [4], the influence of flicker, at a frequency
ranging from few to several dozen Hz, on the brain’s electrical
activity has been examined using an electroencephalography
apparatus (EEG). Light flickering at a frequency of 8-10 Hz re-
sults in synchronization of alphal and alpha2 brain waves. The
same frequency range increases the blood flow to the human
eye, which is discussed in [3]. The study of the human eye’s
response to light flicker, based on a highly developed simu-
lation model is discussed in [1]. None of the referred above
publications provides a comparison of the influence of power
supply methods on plasma temperature and light flux quality.
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Therefore, authors decided to perform a research determining
the aforementioned parameters of an HID lamp.

2. Plasma theory

Plasma is a source of optical radiation. One of the methods
used to examine this state of matter is optical spectroscopy.
The spectrum of plasma radiation carries a lot of information
about atoms or ions, such as the type of gases used in dis-
charge lamps, and the conditions in which they are located. All
the processes taking place in radial plasma can be interpreted
as a transition between two different quantum energy states.
Processes involving the radiation of electrons and atoms (or
ions) occur when an electron moves in an electrical field from
one charged particle to another, usually an ion. As a result of its
interaction with this particle, part of the path of the electron is
curved. The temperature inside the arc tube of a discharge lamp
is the parameter that determines the appropriate spectral distri-
bution of the energy emitted by the plasma discharge, and the
corresponding luminous efficiency. In the radiation spectrum
of an HID lamp, there are a number of lines, characteristic of
excited atoms. The shape of the spectral line reveals the con-
ditions (pressure and temperature) prevailing in the discharge
lamp. Fig. 1 shows a view of luminous plasma in a cold arc
tube, whereas Fig. 2 shows luminous plasma in a hot arc tube.

Fig. 1. View of plasma in a cold arc tube
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Fig. 2. View of plasma in a hot arc tube

From a theoretical point of view, the radial temperature
distribution inside the arc tube of a discharge lamp, can be de-
termined by examining variations, along the radius of the arc
tube, in the intensity of the following:

e Optically narrow spectral lines

e Reverse non-resonance lines

e Inverted resonance lines

For each type of line, there is a different theoretical ap-
proach for determining the temperature relation T(r), and in
each of these three cases, the following assumptions should
be taken:

e The plasma has a cylindrical symmetry

e In the plasma, there is a local thermodynamic equilibrium

e The extension of resonant and non-resonant lines is a re-

sult of a collision

Assuming that the above conditions apply, the radiation in-
tensity I, or I, of an arc tube with a small area is determined by
the radiation transport equation:

dl,(x) _ '
= E,(x) — k ™, (x). (1)

Assuming boundary conditions such that I (R) = 0, this leads to:

+R

um=fmmw

-R

_f,f k' (x)dx'

dx, 2)

where: R is the radius of the arc tube, and E,(x) and k'(x) are,
respectively, the emission and absorption coefficients for x and
v/

3. Abel inversion — a survey of an optically
thin line

One method to determine the radial distribution of the tempera-
ture and density of particles in a discharge lamp is the study of
an optically thin line by optical spectroscopy. A spectral line is
considered to be optically thin if:

e The absolute intensity of the line is small, compared to
the intensity of black body radiation for a given wave-
length A and temperature T;

e For a multiplet:

e The measured ratio of the intensity of the line is
close to the predicted theoretical relations of narrow
lines. When this ratio begins to approach the values
of a black body, the lines are optically wide

e The half-width of a weak line is approximately equal
to the width of a strong line
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This test method relates to plasma in thermal equilibrium,
or at least capable of a local thermodynamic equilibrium. This
condition occurs in an arc tube of a high-pressure sodium and
metal-halide plasma discharge lamp. It is also assumed that the
light source in question has a cylindrical symmetry, and that the
extension of the spectral lines is mainly a result of collisions.
To achieve the research objective, it was decided to perform
an experiment involving the spectroscopic examination of an
optically thin line of wavelength A; = 616.1 nm and A, = 515.4
nm, in the emission spectrum of a 70 W high-pressure so-
dium lamp. The measurements of the mentioned wavelength
values were performed by a spectroradiometer Hilger—Engis
Monospek 600.

If the test concerns the intensity along the x-direction
(Fig. 3), the observed size is derived from the sum of the in-
tensities of all the layers along the y-direction. Consequently,
it can be written as:

LO) = [V, (dr = 2 Y7 E,()dr =

~JRT5?
» (3)
-9 J-x/ﬁ Ey(r)dr
y Ty
where:
hc Apgr P Ey
EO =07 7o mey @
Where:
H — Planck’s constant
c — speed of light
Ay — probability of transition
g =2J] k+1 — weight of the statistical energy level in question
Ey — the energy issue energy
p — partial pressure of the p-type particles
Z — split functionality in the first approximation, equal

to the weight of the statistical base line test atom
T(r) — temperatures proper for the r (r varies from 0 to R,
where R is the radius of the arc tube)
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Fig. 3. Schematic system of the arc tube light intensity measurements
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The issue under consideration is essentially the determina-
tion of T(r) based on the measurement of I(y). The integral type
(3) can be reversed using the so-called Abel inversion:

R

1 rdi(y) dy
E,(r) = ——f——. )
T dy y2 — 12
e
The above integral can be solved by various numerical
methods. Here is one of them:
1. The whole plasma region is divided into N cylinders.
Each E,(r) should be expressed as a sum contributing to I (yy):

N-1

Ey () = z bix I Vie). (6)
i=k

This method is preferred by many authors because it gives
a relatively good approximation. This is a method that is re-
cursive. The calculations start from the outer layer f of the arc
tube, and proceed towards the center. In order to calculate the
coefficients by, the test area is divided into N equal cylinders.
Then, the desired E, function (r) can be represented as:

N 1Tk+1

Eq( 2 [ )
) =——
dy — 2
=i y 1/ y2—r
Assuming that the function I is an alinear function of the
variable y?, the following may be written as:

I
I = L) = I+ koo ®

of Yier1 — Vi

QU

Since y, = 1y is the expression, (7) can be written as:

1[ I \I k+1 _Vaz“'bz
k l+1 k
L+1 i 7"k+1 Ti
1/ 1/rk 1~
- Zk l+1

Te~Ti-1

)

In line with the plasma being divided into N equal cylinders
of width @ = R/N with the result that r = wl and Iy = 0, (9) can
be represented in the following form:

N-1
1
E; = 5 Z Iy by,
k=i

(10)
where: .
buc = {dik - di,,:_iik ;3:1]; S0 (an
d, = 27— N )
s 2k +1i
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Thus, E;(r) can be determined using the measured inten-
sity values of I;. The above issue can be solved by numerical
methods. A special algorithm must be created to determine the
leading radial temperature distribution and the density of the
plasma particles, studied for two optically thin lines of the same
multiplet. Then, E; and E; have to be determined for each line
separately, and then the ratio can be calculated with the fol-
lowing equation:

Ell A91 /12 (_ (13)

Ey — Ekz)
Ezi A /11

kT (r;)

After doing a conversion of (13), the temperature T(r) can be
calculated.

4. Power supply methods and the results
of high-speed light intensity measurements

4.1. Description of arc tube power supply methods. Fig. 4.
shows current waveforms used in research.

The waveforms are of different frequencies, therefore all of
them are expressed on a scale of electrical degrees. A high in-
tensity discharge (HID) lamp was powered by four different cur-
rent waveforms, generated by four different ballasts. Two of the
ballasts (powered in accordance with Method 1 and Method 3)
were designed and manufactured by the Electrotechnical
Institute (Warsaw, Poland). The topology of converters is half-
bridge and full-bridge. Power diodes used in the designed con-

Method 1

Method 2 ‘

Fig. 4. Description of arc tube current waveforms versus electrical
degree scale
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verters are SiC diodes. Their characteristics are described in
[8]. The power loss reduction methods, partially used in con-
trol algorithms, are presented in [9]. The other two converters
(powered in accordance with Method 2 and Method 4) are used
commercially in large-area lighting applications.

The research was performed on a 70 W ZS-HPS070-27-type
sodium lamp, manufactured by Brilum. Power consumption in
each of the power supply methods was P =70 W (U =70V,
I=1A).

4.2 Description of the high-speed light intensity measure-
ments. High-speed measurements were performed using two
methods. The measurements utilizing the first method were
taken using a FASTCAM SA X2 Photron high-speed camera,
shown in Fig. 5.

Fig. 5. View of the high-speed camera and the light-blocking filter
used during the tests

The pixels in the camera matrix measured the light values
in an 8-bit range, where 0 is completely dark and 255 is max-
imum intensity. The measurements using the second method
were taken using a photoelectric transducer with a photodiode,
as shown in Fig. 6.

This article presents a comparison of the differences in light
emissions for the mentioned power supply methods. For all of
the results, the light intensity has been presented in percentage

4\ Light intensity filter
Electronic
Ballast o High-Speed
£ ? camera
o
* Q:ZE Transducer
Power L
Supply }_i,‘
Current meas.
Oscyloskope | Voltage meas.

Tektronix
MSO 2024

Ground

High-speed photodetector signal

Fig. 6. Test stand for measurements of light flux waveform using
a photodiode and a high-speed camera
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form, where 100% is the maximum intensity, measured in all
four power supply methods. Fig. 6 shows the full diagram of
a high-speed light intensity measurement test stand, equipped
with a high-speed camera, a high speed photoelectric transducer,
an MS02024 Tektronix oscilloscope, a TCP0030 current probe,
a discharge lamp ballast, and a voltage power supply system.

4.3 Measurements of the arc tube light intensity. The high-
speed camera shown in Fig. 5 recorded four movies — one for
each power supply method of the plasma behaviour in the arc
tube, at a speed of 300000 frames per second. This means that
a frame was captured once every 3,33 us.

Only 5-6 frames from each power supply method were
chosen from the set of recorded frames (graphic files) for the
light intensity analysis. The frames were taken from a range of
current time values from 0 to 180 degrees (Fig. 4). Then, mea-
surements of the pixel values in the 8-bit range (0-255) were
performed along the red measurement line shown in Fig. 7(A).
The results of the pixel values of the arc tube intensity along
the line are shown in Fig. 7(B).
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Fig. 7. (A) View of the arc tube with (B) measurements along the red
line and the intensity results along the line

4.4. Research results for Method 1. This method consists of
powering the discharge lamp with a pulse current with am-
plitude stabilization and periodic changes of direction. The
ballast circuit consists of an EMI filter, an active PFC system,
and an inverter designed in half-bridge topology. The circuit
allows for power to be supplied to the discharge lamp through
the inductor L1. A view of the ballast topology, used in ac-
cordance with Method 1, is shown in Fig. 8, where: LP — dis-
charge lamp, and X, Y — ignition coil terminals. After being
switched on, the lamp current reaches the predetermined level,
and then it is switched off. Before switching the lamp current
on for the next pulse, the value of the current is zero. The

Bull. Pol. Ac.: Tech. 64(4) 2016



www.czasopisma.pan.pl P

IS

N www journals.pan.pl

Investigation of HID-lamp light emission différénces for different power supply methods

’ | 1
T1
o]
%) j— C1 3>
L o— T X v B £
Nl e LP J R1 §
2| 5 6 [r \ F~~—~—E£ c =
> | < “ L1 2
ol 2 T2 |8
No— 2 AN i
———cC2
D
R2
H H
Fig. 8. Electronic ballast (Method 1)
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Fig. 9. CH2-lamp current, CH3-light flux (Method 1)

frequency of changes in the direction of the lamp current is
approximately 80 Hz, and the current amplitude stabilization
frequency is approximately 40 kHz. Fig. 10 shows arc intensity
across the arc tube and its change over time.

The described power supply method is characterized by
a linear distribution of arc intensities between the minimum
and maximum current levels. During the current zero-crossing,
the arc tube still emits light radiation, which means that the
energy is contained in the plasma channel, even if the current
is zero.

100
% 50 ""’\'
S
5 ! !
. “ \ LY 0 i
- .Q«Q "‘ ““ ‘
10 :
25
Position on the -5 10 15
inspection line [mm] =10 7, 5 Time
Electrical degree scale [deg]
Fig. 10. Arc intensity values across the arc tube for Method 1
Bull. Pol. Ac.: Tech. 64(4) 2016

4.5. Research results for Method 2. This method consists of
powering the discharge lamp with an amplitude-stabilized alter-
nating current. After being switched on, the lamp current is sta-
bilized at a predetermined level for a certain period of time, and
after that period of time, the direction of the current changes.

A view of the ballast topology used to supply power to the
lamp in accordance with Method 2, is shown in Fig. 11, where:
LP — discharge lamp; X, Y — ignition coil terminals; CS — lamp
current transducer.

T
o — C1 /7 5
L o— & X vy 5
N LP 2
§ % s £ U ¢ CS c §
5| X
No— & ] IS T | ®
j— C2 /7 w

H

Fig. 11. Electronic ballast (Method 2)
Figure 12 shows the waveforms of the lamp current and
light flux emitted by the lamp. The current value is stabilized

at a predetermined level, with periodical changes in direction.

Tek swp

Noise Filter Off
T T
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Fig. 12. CH2-lamp current, CH3-light flux (Method 2)

It causes the arc intensity (Fig. 13) to have the same values
all the time, except for at the current zero-crossing moment.
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Fig. 13. Arc intensity values across the arc tube for Method 2
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When the current changes direction, the intensity of the light
generated by the lamp is reduced by 23%. Under all other con-
ditions, the plasma intensity is constant at a level of 65% of the
maximum measured intensity.

4.6. Research results for Method 3. This method consists of
powering the discharge lamp with a high-frequency alternating
current with a 50% duty cycle. Fig. 14 shows a view of the
electronic ballast used to supply power to the discharge lamp
in accordance with Method 3, where: LP — discharge lamp; X,
Y — ignition coil terminals, CS — lamp current transducer.

jg T1 T3 JX
L o— E '/‘ % ’\\
N o ‘E
] 2 N c 8 c
< g p—4 o
&z 5
No— Z S T2 | 8| T4 S
AL w
X Y
LP
U,

Fig. 14 Electronic ballast (Method 3)

The ballast circuit (Fig. 14) consists of an EMI filter, an
active PFC system, and an inverter designed in full-bridge to-
pology, powering the discharge lamp through the inductor L1.
Fig. 15 shows the waveforms of the lamp current and the gen-
erated light flux. The frequency of changes in the direction of
the lamp current is 100 kHz. The goal thereof is to make the
light emission constant.
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Fig. 15. CH1-light flux, CH2- lamp current (Method 3)

The described power supply method is characterized by the
most stable light radiation. The intensity of radiation is 65%
and has this same value for the current peak and zero-crossing.

Fig. 16 shows arc intensity across the arc tube and its change
over time.
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Fig. 16. Arc intensity values across the arc tube for Method 3

4.7. Research results for Method 4. This method consists of
powering a high-pressure discharge lamp with a standard elec-
tromagnetic ballast with the voltage value of 230 V. The fre-
quency at which the lamp current direction changes is 50 Hz.
This method is used as a benchmark comparison of all the
methods described above. A wiring diagram of the electromag-
netic ballast used to supply power to the lamp in accordance
with Method 4, is presented in Fig. 17, where: St — electromag-
netic ballast; UZ — ignition circuit.

L t T g
Z]
c——— =)
T
N
o—4

Fig. 17. Electromagnetic ballast (Method 4)

Figure 18 shows the light and current waveforms. At the
present moment, it is the most popular method of power supply
for discharge lamps. This method of light flux emission is
widely used in street and large-area lighting applications. The

Tek stop Y 6.00kHz Noise Filter
: Lightflux : : 4
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Fig. 18. CH2-lamp current, CH3-light flux. Method 4

Bull. Pol. Ac.: Tech. 64(4) 2016



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

Investigation of HID-lamp light emission différerices for different power supply methods

described power supply method causes the biggest differences
in light flux emissions.

Fig. 19 shows the arc intensity with the described method.
The maximum value is 100%, and it represents the highest ra-
diation of all the power supply methods tested.

100

50

Light intensity [%]

Position on the

inspection line [mm] -10 7, 90 EIectrivT:IanI]Zegree

scale [deg]

Fig. 19. Arc intensity values across the arc tube for Method 4

The minimum value is 5%, displaying the lowest intensity
of all four methods.

5. Calculation of light flux pulsation

Although traditionally, two equivalent methods for the calcula-
tion of the pulsation value have been used, they give different
results. It is absolutely necessary to determine which method is
used to calculate a given parameter. In this article, the authors
calculate pulsation values using both methods. Table 1 shows
the light flux pulsation values obtained as a result of applying
different power supplies.

VA — L
w, = m“; ™ .100 %, (13)
max
Z —Zom;
w, = Zmax MR 100 %, (14)

Zmean

where: bz, — maximum voltage detected by the photodetector,
Nz, — minimum voltage detected by the photodetector, Zcan
— average voltage detected by the photodetector.

Table 1
List of calculated light flux pulsation values
for all power supply methods

Power supply method W1[%] W2[%]
Method 1 25.6 29.9
Method 2 11.7 11.9
Method 3 05.5 05.7
Method 4 98.3 169.6

Bull. Pol. Ac.: Tech. 64(4) 2016

6. Plasma temperature measurements

The primary objective of the experiments was to examine the state
of the plasma with regard to the type of ballast stabilizing the arc
discharge. The study involved three ballasts controlled by three
different algorithms, and one traditional electromagnetic ballast.

: > Slit movement
direction

Fig. 20. View of the test stand. A —a 210x350 mm aluminum plate

with a 0,2x250 mm slit; B — HID lamp; C — the mechanism to precisely

move the aluminum plate with the slit; D — Hilger-Engis Monospek
600 monochromator

The current waveforms of each ballast are described in Fig. 4.
Experimental tests were performed with plasma diagnostics on
the arc tube of a gas discharge lamp, by using optical spectros-
copy. For this purpose, a special measuring system was designed.
Spectral diagnostics measurement of discharge lamps leads to
the determination of the radial temperature distribution along the
radius R of the arc tube for the different r values, varying from
0 (the axis of the arc tube) to R (the wall of the arc tube). The
direction of measurement lies along the y-direction (Fig. 3). The
distance between the lamp and the aluminium plate was ca. 5 cm.
The distance between the plate and the spectroradiometer was
ca.2m.

Fig. 21. View of the experiment. A — the aluminum plate with slit;
B — HID lamp; C — the mechanism to precisely move the aluminum
plate with the slit
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Accordingly, the device was designed to allow the reciprocal
movement of the shutter along the arc tube radius (“y”) in a con-
tinuous manner. As an object of the diagnostic measurement,
a 70 W high-pressure sodium lamp was chosen. The lamp was
situated in front of a movable slit. As mentioned above, the best
method of plasma temperature distribution analysis in the arc
tubes of high pressure sodium lamps is the examination of opti-
cally thin lines with a wavelength A = 515.4 nm and A = 616.1
nm, belonging to different multiplets. The results of intensity
measurement along the radius of the arc tube Iv for the selected
spectral lines from the four test ballasts, calculated on the basis
of the radial distribution of the plasma temperature of the arc
tube are shown in Table 1 and Table 2.

Table 2
Values of light intensity for selected wavelengths for power supply
Method 1 and Method 2

Distance Light intensity for the selected wavelengths
from the and no. of power supply method
axis of the
arc tube Method 2 Method 1
[mm]
616,1 nm 515,3 nm 616,1 nm 515,3 nm
I{uW/em®) | IuW/em®] | I[uW/cm?®] | I [uW/cm?]
-2 12488,83 2244,54 10822,69 1593,19
-1 25240,93 4381,76 20653,64 3154,94
0 29550,53 6393,15 29009,58 4537,19
+1 13372,39 2605,37 13556,31 1874,46
+2 8330,69 1885,56 9142,13 1354,49
Table 3

Values of light intensity for selected wavelengths for
power supply Method 3 and Method 4

Distance Light intensity for the selected wavelengths
from the and no. of power supply method
axis of the
arc tube Method 4 Method 3
[mm]
616,1 nm 515,3 nm 616,1 nm 515,3 nm
I[uW/em®| | I[uW/cn®] | I{uW/cm®] | I[uW/cm?]
-2 12239,16 251,66 6632,00 5765,54
-1 21509,73 2022,49 15260,81 11755,33
0 35379,83 3458,41 18720,99 4868,51
+1 18619,83 6073,03 14709,35 897,02
+2 11516,68 2925,49 7197,88 231,49
922

The results of the calculated radial distribution of the plasma
temperature along the radius R of the arc tube for all power
supply methods are shown in Table 4.

Table 4
Temperature of the plasma inside the arc tube for all power
supply methods
Distance Temperature of the plasma inside the arc tube
from the axis for all power supply methods
of the arc
tube [mm] Method 2 | Method 1 | Method 4 | Method 3
T[K] T[K] T[K] T[K]
-2 1352,40 1171,98 1325,36 718,13
—1 2733,30 2236,56 2329,27 1652,49
0 3200,00 3141,42 3831,25 2027,17
+1 2448,08 2468,01 2016,32 1592,77
+2 902,12 989,99 1247,13 779,41

The distribution of plasma temperature as a function of the
radius R inside the arc tube for all power supply methods is
presented in Fig. 22.

Plasmatemperature [K]

500

0
-25 -2 -1,5 -1 -0,5 ] 0,5 1 15 2 2,5
Distance from the center of the arc tube r [mm)

-a-Method2 —+Methodl -e—Method4 -#-Method3

Fig. 22. Distribution of plasma temperature inside the arc tube for
different power supply methods

7. Conclusions

As aresult of the experimental work, a scheme mapping the
radial temperature distribution of a 70 W sodium lamp, powered
by three different electronic ballasts and one electromagnetic
ballast has been established. Each ballast forced a different
shape of current in the arc tube. The study was performed by
plasma diagnostics based on emission spectroscopy, to study the
changes in the intensity of radiation along the radius of the arc
tube. The method used in the experiment was based on testing
two optically thin lines of A = 515,4 nm and A = 616,1 nm. The
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results of the absolute values of the radiation intensity were
processed using a mathematical inversion of the Abel calcu-
lation, in order to obtain the distribution of radial temperature
in the arc tube for four different test ballasts. The results show
a significant influence of the choice of power supply method
on the radial temperature distribution and thus for other plasma
parameters, both electrical and radial. The most important re-
sults of the research are given below:

e The highest temperatures for each power supply method are
in the centre of the arc tube, and vary between the methods.

e The highest temperatures of ca. 3700 K were obtained using
Method 4. With this method, the light generated has the
highest pulsation value.

e The lowest plasma temperatures of ca. 2000 K were ob-
tained when powering the lamp by Method 3, that is by
a high-frequency current. With this method, the light gen-
erated has the lowest pulsation.

e A significant simplification of the electronic ballast to-
pology and control system was obtained when powering
the lamp with Method 1, where the plasma temperature was
ca. 3200 K.

The results can be used as output parameters for further
research on the effects of stabilization systems to optimize the
performance characteristics of plasma arc discharge.
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