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Abstract

Objectives. When used in lighting installations with tubular low-pressure ultraviolet (UV) lamps, electronic ballasts
should meet the following basic requirements: low cost, reliable ignition at low temperatures, as well as combining high
energy efficiency with reliable lamp operation. As compared with electromagnetic ballasts, electronic ballasts allow
the luminous efficiency and power factor of discharge lamps to be increased, reducing the consumption of scarce
materials along with the weight of devices. In order to improve their energy efficiency, complete UV lamps are based
on low-pressure discharge lamps with pulsed electronic ballasts supplying power at the frequency of 22-50 kHz.
Various circuit designs include such basic units as mains filter, rectifier, power factor corrector, smoothing filter, high-
frequency converter, ballast, and ignition device. The present study aimed to develop an electronic semiconductor
circuit for switching on and powering a discharge lamp of increased energy efficiency using a pulsed electronic ballast.
Methods. Classical methods of mathematical research were applied for determining the flux of the 254-nm mercury
resonance line using a structural electronic ballast diagram along with a mathematical description and adaptive model.
Results. Equations for determining the parameters of pulses formed by an envelope having the form of input voltage
and current supplied at industrial frequency were formulated for different instants of time. A mathematical description
is given for determining pulse duration and lamp current depending on the values of nominal and operating voltage,
as well as nominal current. Diagrams for instantaneous voltage values at the high-frequency switch input and
generated pulsed current are presented. The parameters of the ‘UV lamp-electronic ballast’ set were calculated
using an adaptive model for determining the flux of the 254-nm mercury resonance line according to the condition
of lamp power constancy.

Conclusions. Relative values for radiant efficiency of the 254-nm mercury line for UV lamps under study were
determined. Theoretical research of electronic ballasts led to the development of a semiconductor switching and
power supply circuit for the discharge lamp based on high-frequency rectangular pulses. The parameters of the
element base were calculated along with selected basic initial characteristics of the blocking generator.

Keywords: electronic ballast, power, mathematical description, filter, converter, pulse, mercury resonance line,
blocking generator
e Submitted: 20.10.2021 e Revised: 24.02.2022 ¢ Accepted: 18.04.2022

Forcitation:Kovalenko O.Yu., MikaevaS.A., ZhuravlevaYu.A. Researchand developmentof pulse electronic controldevices
with UV lamps. Russ. Technol. J. 2022;10(3):103-110. https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

© 0O.Yu. Kovalenko, S.A. Mikaeva, Yu.A. Zhuravleva, 2022
103


http://O.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-103-110
mailto:mikaeva_s@mirea.ru
http://O.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Research and development Olga Yu. Kovalenko,
of pulse electronic control devices with UV lamps Svetlana A. Mikaeva, Yulia A. Zhuravleva

HAYYHAA CTATbA

HUccaenoBanue u pazpadorka MMNYJabCHbIX
3JIEKTPOHHBIX MYCKOPEryJIMPYOIIUX ANNapaToB
B KOMILICKTE C YJIbTPa(QuO0JIeTOBBIMH JIAMIIAMHU

0.10. KoBanenko ', C.A. MukaeBa 2: @, 10.A. XypaBnéga 2

1 HavumoHanbHbih nccnenosatensckuii MopaoBCKui rocyaapcTBeHHbIN yHusepeuteT um. H.I. Orapésa,
CapaHck, 430005 Poccusi

2 MUP3A — Poccuiickuii TexHonornyeckuii yansepcutet, Mocksa, 119454 Poccus

@ AsTOp 415 Nnepenvckum, e-mail: mikaeva_s@mirea.ru

Pesiome

Llenu. B o6nyyaTenbHbIx Npubopax, paboTaloLlmx B CBETOTEXHUYECKMX YCTaHOBKax C Tpyb4yaTbiMuy yabTpadurone-
ToBbIMK (YD) namnamm HU3KOro AABMIEHUS, K 3NIEKTPOHHBIM nyckoperynvpyowmm annapatam (3MPA) npeabss-
naTca cnepyowme TpeboBaHUS: HEBbICOKAs CTOMMOCTb, 06ecrneyeHne HaaeXHOro 3aXnraHns paspsaHbIX namr
HU3KOro OaBfeHUs B YCIIOBUSIX MOHMXEHHbIX TEMMNEPATYP U HagexHas paboTa fnamMn npu noBbILUEHHOW 3Hepre-
Tnyeckom apdeKTUBHOCTU. O CPaBHEHUIO C 3AEKTPOMArHUTHLIMK NyCKOperyampylowmmMmn annapartamm, IrNPA
o6ecneynBaloT MOBLILEHME CBETOOTAAYM pasdpsaHbiX gammn U KoaddULMeHTa MOLLHOCTU, CHUXEHWE pacxona
nedULMTHBIX MaTepuanoB, YMEHbLUEHME MacChl. [1ns MOBbILLEHNS 9HepreTuyeckon apdekTBHocTn YD namn
B KOMMJiIEKTE C HUMW Liesiecoobpas3Ho Mcrob3oBaTbh UMMNYyNbCcHble AMNPA, obecneymBaioLLme NMTaHne Ha YacToTe
22-50 klu. PaznuyHble cxeMHble pelleHuns SMNPA BkitoyatoT B cebsl Takme OCHOBHbIE Y3Jbl Kak CETEBON GUbTP,
BbIMPSIMUTENb, KOPPEKTOP KOIDPULUMEHTA MOLLIHOCTU, CriaaxmBalowmii GunbTp, BbICOKOYACTOTHLIN (BY) npeob-
pasoBatenb, 6annacT n 3axuratroLiee ycTponcTseo. Llenbio paboTsl AiBnsieTcs paspaboTka 9NeKTPOHHOM Nonynpo-
BOAHWKOBOWM CXEMbl BK/IOYEHUS U NUTAHUS pPa3psigHON namMnbl MNOBbLILLIEHHONW 3HEPreTnieckon adPekTMBHOCTU
C umMnynbCHbIM IMPA.

MeTopabl. lcnonb3oBaHbl knaccuyeckme MeToapl MaTeMaTUYECKOrO NCCNEN0BaHNS C MPUMEHEHVEM CTPYKTYPHOM
cxemon JlMPA, ero mateMaTtn4eCcknMm OnmMcaHnemM 1 aganTMBHOM MOAENN s ONpeaesneHns noToka pe3oHaHCHOM
JVNHUN PTYTU C AJIMHON BOJIHbI 254 HM.

PesynbTatbl. [1115 pasHbiXx MOMEHTOB BPEMEHW NPEACTaB/IEHBI YPABHEHUS ONpeaesieHns napameTpoB UMIMYbCOB,
obpazoBaHHbIX ornbatoLlein B GopmMe BXOAHOr0 HaMNpsXXeHWs 1 Toka NPOMbILLIIEHHOM YacToThl. JJaHo maTtematu-
yeckoe onvicaHve Ans OnpefeneHns AnMTeNbHOCTU UMMYIbCOB M ToKa flaMrbl B 3aBMCUMOCTU OT 3HAYEHWUIA HO-
MWHANbHOrO 1 paboyero HanpsixXeHWs 1 HOMUHANbHOro Toka. MpeacTaBneHbl AnarpaMmMa MrHOBEHHbIX 3HAYEHUI
HanpskeHus Ha Bxoge BY knoua n anarpamma dopmrpyemMoro MMnynbCHoro toka. B paboTte npoBeneH pacyet
napameTpoB koMmnsekTa «Y® namna — umnynbcHelii SMNPA» Npy ycnoBumn NOCTOSHCTBA MOLLHOCTU Namrbl Y UICMOMb-
30BaHMM a4anTUBHOM MOOENMN ANS ONPEAENEHNS MOTOKa PE3OHAHCHOM NVHUW PTYTU OJNHOW BOSIHbI 254 HM.
BbiBogbl. B pe3ynbtate pacyeToB Obin onpeneneHbl OTHOCUTESIbHbIE 3HAYEHUS JTYYUCTON OTAAdYN Pe30HaHCHOWN
NIMHUM PTYTU nccnepyemoix YO namn. TeopeTudeckme ncenenosarms IMNPA no3sonunm pasdpaboTaTtb 31EKTPOHHYIO
NoJIyNpPOBOLAHMKOBYIO CXEMY BKIOYEHUS M MUTAHUS Pa3pPSAHON NamMrbl NPSIMOYrObHBIMU UMIMYNbCamMn BbICOKOW
YyacToTbl. B xoae paboTbl ANs NpeasoXeHHOro CXeMHOIo pelueHns uMmnynbcHoro AIMPA npoBeaeH pacyeT napame-
TPOB 371EMEHTHO 6a3bl C BbIOPaHHBIMY OCHOBHbBIMU UCXOAHBIMY XapakTepucTukaMm 6110KUHM-reHepaTopa.

KnioueBble cnoBa: 3/1eKTPOHHbI MyCKOPEeryMpyoLui annapar, MOLLHOCTb, MaTeMaTU4Yeckoe onmcanue, punbTp,
npeobpasoBartersib, UMMYJIbC, PE30HAHCHASA IMHUA PTYTU, BNOKMHI-reHepaTop

¢ Moctynuna: 20.10.2021 e flopa6oTaHa: 24.02.2022 ¢ MpuHsATa kK ony6nukoBaHuio: 18.04.2022

Ansa umtupoeanus: KosaneHko O.10., Mukaesa C.A., Xypasnéra 0.A. ViccnenoBaHne 1 pa3paboTka UMIMYIbCHbIX
3NIEKTPOHHbBIX MYCKOPEryampyloLwyx annapaTtoB B KOMMIeKTe C ynbTpaduonetoBbiMn namnamun. Russ. Technol. J.
2022;10(3):103-110. https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbLI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax unm meToaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

Recent advances in electrotechnical development
involve the effective low-pressure ultraviolet (UV)
lamps using electronic ballasts (EBs) [1, 2], which
are used in disinfection systems and the control of
unwanted odors in the air. Studies of UV radiation
and the effectiveness of low-pressure UV lamps
are presented in'> % 3 [3-5]. When used in radiation
sources for lighting installations based on tubular low-
pressure UV lamps, EBs should meet the following
basic requirements: low cost, reliable ignition of low-
pressure discharge lamps at low temperatures, and
ensuring the high energy efficiency of lamps without
sacrificing reliability.

Compared with electromagnetic ballasts, EBs
allow the luminous efficiency and power factor of
discharge lamps to be increased, reducing the weight
of units by 2—4 times along with the consumption of
scarce materials. Currently available high-frequency
(HF) EBs support additional functions, such as pre-
heating of lamp electrodes, the ability to regulate
radiation flux, etc.

In the present paper, a circuit design for EB with the
lamp powered by HF rectangular pulses was proposed.
The review of the published literature has revealed
HF pulse power modes to be more effective than the
sinusoidal ones [6, 7].

To improve the energy efficiency of UV lamps
related to low-pressure discharge lamps, they should
be completed with pulsed EB supplying power at the
frequency of 2250 kHz. Various EB circuit designs
may include such basic units as a line filter, rectifier,
power factor corrector, smoothing filter, HF converter,
ballast, and ignition device [8—12].

RESEARCH AND MATHEMATICAL
DESCRIPTION OF PULSED EB

The structural diagram shown in Fig. 1 has been
used for implementing the pulsed EB practically.

I Heathcote J. State of UV LED curing applications.
UV+EB Technology. 2019;1. URL: https://uvebtech.com/
articles/2019/state-of-uv-led-curing-applications/. Accessed
October 1, 2021.

2 Lawal O, et al. Proposed method for measurement of
output of monochromatic (254 nm) low pressure UV lamps.
IUVA News. 2008;10(1):14-17. URL: https://uvsolutionsmag.
com/stories/pdf/archives/100103LawalEtAl_Article.pdf.
Accessed October 1, 2021.

3 Lee P. Advancements in UV LED curing technology
and solutions for print. UV+EB Technology. 2015;1. URL:
https://uvebtech.com/articles/2015/advancements-in-uv-led-
curing-technology-and-solutions-for-print/. Accessed October 1,
2021.

Ballast Rectifier Filter HF switch FL
Un(t) Uy (1) U (O] |Us() U)o
ol O 0 =
50TL,

Fig. 1. Structural diagram of the pulsed EB. U, (t) is
mains voltage (voltage at the pulsed EB input), Ulamp(t) is
a lamp operating voltage, and FL is a fluorescent lamp

Along with the instantaneous voltage values given
in Fig. 2, the structural diagram shows that the amplitude
of HF pulses may be limited by the mains voltage curve
U,(t) transformed by the rectifier. At the HF switch
input, a smoothing filter is located. The voltage begins
to drop exponentially Us(¢) at the point in the diagram
(Fig. 2) at which the sinusoidal voltage U,(¢) becomes
lower than the filter capacitor voltage. Here, the dashed
line indicates the smoothing filter input voltage while
the solid line shows its output voltage.

u
Uy(t)

Fig. 2. Diagram for instantaneous values
of the voltage at the HF switch input

Two equations describing the parameters of the
pulses formed by the envelope in the form of the input
voltage U, (¢) and the industrial frequency current can
be written for different instants of time. The HF switch
output voltage has an amplitude corresponding to the
amplitude of voltage Us(#), while the duration of pulses
tpulse(t) (or pause ¢, (7)) depends on their amplitude.
The value tpulse(t) 1s determined according to the lamp
operating voltage Ulamp(t) and empirical constant
coefficients a, b.

The dependence of the lamp current on voltage is
determined by its current voltage characteristic at known
values of nominal voltage U, (¢) and current [ (7), as
well as the operating voltage Ulamp(t).

The mathematical description may be represented
by a system of equations, as follows:

Ulamp(t) =U, exp(—%t) at 0<r<y,

T
Utamp (1) = Uy cO83141 at f <1<,
(1)

Loulse () = ————,
pulse Ulamp (t) +b

0 Uy (0 =100 (t)]
5 :

i(0)=1,n exp[
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Here, U, is mains voltage amplitude, V; C is the
smoothing filter capacity, F; R is an active component
of the lamp resistance, Ohm; i(¢) is the current at the
HF switch input, A; the angular frequency o at signal
frequency /' = 50 Hz is equal to ® = 2nf = 314 s71;
p is the constant factor equal to 0.20-0.26; a and b
are constant factors equal to 0.0025 s - V and 30 V,
respectively.

The parameters of the ‘UV lamp-EB’ set on
condition of the lamp power constancy were calculated
for the UV lamps under study by equations (1) and
using an adaptive model for determining the flux of the
254-nm mercury resonance line presented in the work of
Kovalenko #.

The main calculation results are shown in Table.

Table. Relative values for radiant efficiency

of the 254-nm line for UV lamps complete with pulsed EB
(ratio of radiant efficiency in pulsed (Hpulse) and stationary
(Hg) modes). P, is an average power of the lamp
complete with pulsed EB

P, W | f,kHz Loutse> 18 | Duty cycle | C, uF Hpulse/HSt
30.1 23.1 25 2.35 30 0.687
30.0 23.7 25 2.42 50 0.822
30.0 41.0 6 1.32 50 0.927
29.9 43.8 10 1.77 50 0.975
40.0 23.6 25 2.41 50 0.746
39.9 43.6 10 1.77 50 0.880

The relative values for radiant efficiency of the
254-nm mercury line for the considered UV lamps
(LE 30 and LER 40) complete with pulsed EB (ratio
of radiant efficiency in pulsed and stationary modes)
were determined on the basis of the calculation results.
The lamp operating mode with a constant-voltage
power supply was taken for stationary mode. However,
despite its efficiency, stationary mode cannot be used for
discharge lamps due to the cataphoresis phenomenon
resulting in the decreased radiation flux of the lamp for
a short period of time.

Table shows that the modes at a frequency of
41-44 kHz at a duty cycle of 1.77 may be considered
the most effective ones for UV lamps complete with
pulsed EB under study.

CIRCUIT DESIGN FOR PULSED EB

An electronic semiconductor switching and power
supply circuit for the discharge lamp with selected

4 Kovalenko O.Yu. Lighting installations for increasing the
productivity of farm animals. Dr. Sci. Thesis (Eng.). Saransk:
Ogarev MSU; 2009 (in Russ.).

original elements developed on the basis of theoretical
EB research provides high stability of the radiant flux
at unstable input voltages as a result of using feedback
to determine the dependence of current pulse frequency
tpulse(t) on the input voltage (Fig. 3).

The switching and power supply circuit for the
discharge lamp shown in Fig. 3 is self-excited. The
HF switch operating frequencies are above 25 kHz.
A midfrequency transistor may be used as the power
semiconductor element. Upon voltage being applied to
the input, a voltage jump may occur at the collector of VT
transistor; this is transmitted through the C5 capacitor to
the primary winding of Tr transformer with a ferrite core
having a hysteresis loop of rectangular shape.

When calculating the element parameters for the
selected version of the pulsed EB, the lamp power values
and HF power supply modes were selected.

Computational formulas and results of calculating
main parameters for the circuit (Fig. 3) are presented
taking the parameters of pulses—amplitudes of current
and voltage, their duration, and frequency—into account.

The following basic initial parameters for calculating
the blocking generator (HF switch) could be taken as an
example:
E._150V,¢t

> “pulse

= 6-10 ps, f=40-50 kHz, R, =239 Ohm,
I, =043 A, 7°=20-25°C, R, = 20 Ohm, R, = 100 Ohm.

Here, E. is an electromotive force in the transistor
output circuit, R is the signal source resistance or
output resistance of the previous stage, [, is an average
value of the lamp pulse current, 79 is the transistor case
temperature in operating mode, R is the damping circuit
resistance, and R, is the base volume resistance.

A KT809A transistor was selected considering such
parameters as the collector power dissipation, collector
voltage, and pulse duration.

The inductance L of the primary winding may be
calculated from the following ratio:

I = (EC - UCR )tpulse .
Iea _<11c _O‘SEC/rin)

2

Here, U.gp is the collector residual voltage of
saturated transistor (Uqg = 3 V); I, is the allowable
collector current of transistor (I, = 5 A); I is the
initial current in collector circuit; and 7, is the input
resistance of the transistor in the circuit with common
radiator (r;,, = 34 Ohm).

The maximum collector voltage may be determined
by the following formula:

t
_ pulse
UCm _EC [1+ L Re]’ 3)
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Fig. 3. Switching and power supply circuit for a discharge lamp with rated voltage 220 V

where R_ is the equivalent resistance of collector circuit
written as follows:

ZRS(Rd”d)
Ro+Ry+7y

“)

(&

Here, R is assumed to be equal to 20 Ohm; 7 is the
forward resistance of diode (r4 =5 Ohm).

When the temperature rises (I’ 0> T}), the value of
thermal current generated by the collector residual
voltage of a saturated transistor may be determined, as
follows:

0.08(70-7¢)

Ier =1cr (Tle)e : )

Here, 7° is the environment temperature. The
current [ (transition thermal current) may
approximately double with the temperature increased by
10°C. Assuming the base potential (constant voltage
source) E, E, capacitance C5 at resistance
R, =100 Ohm may be determined in the following way:

T
(l_e
T

pulse

Tacc

)(rb+Rb).

C5=

(6)

acc

Here, 1, is the accumulation time constant (for
KT8Q9A transistgr, Toce = 2.8.9 us); Thulse is thf: pulse
duration, ps; r, is the transistor base input resistance;
and 0 is the coefficient defined by the following formula:

_ tpulse (Tin - Tacc)

T Tacc

0 )

in

Here, 1;, is the capacity charging time constant
characterized by the pulse leading edge time;
Ti, = 40 ps.

The capacitor C6 required for compensating the
inductive resistance of the transformer secondary
winding and resistance R1, R, is selected on the
basis of calculations. The load resistance is taken
as R, = 349 Ohm. Diodes should be selected to
account for the value of current through the load
equal to the average value of the lamp pulse current
1,,=043A.

The pulsation ratio K of the rectifying voltage is
taken as equal to 0.3.

The smoothing filter capacity may be determined by
the following formula:

Cd = 1 1.68

OR arth?K ®)

The alternating current circuit capacitance at constant
empirical coefficient m, depending on the rectifier
type (for a double half-period rectifier, m = 0.34), is
determined by the following formula:

(0.455K +1.15)

K (2 K
0.57

Cl=

X .

)

1 2
wRS\/rrlz—(1+K)
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Thus, the following element base is defined on the

basis of calculation results with selected main parameters
for the blocking generator:

Capacitors: C1, 5 pF x 250 V (KBG-MP); C4,
50.0 uF x 350 V (K-50-7), C5, 470 pF; C6, 5 pF;
Resistors: R1 = 10 Ohm; R2 = 20 Ohm;
R3 =200 Ohm; R4 =2 Ohm; R5 = 5.1 Ohm;
Diodes: VD1-VD4, D 229 L; VD5, D 226 B;
Transistor: VT, KT 809 A.

CONCLUSIONS

In the study, the relative values for radiant efficiency

of the 254-nm mercury line have been calculated for the

. Kovalenko O.Yu.,
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