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ABSTRACT

The presence of pathogenic microorganisms in water presents a health risk for consumers of all
ages. Ultraviolet (UV) sterilization system is recommended by health services thanks to the fact
that UV radiation has fast action, efficient, safe and is an economic process that respects the envi-
ronment. In recent years, high-frequency electronic ballasts for discharge lamps were presented as
a substitute for magnetic ballast. In the aim of generation a maximum of UV radiation at 253.7 nm
(germicidal effect), it is necessary to optimize its power supply with a sinusoidal current at high-fre-
quency, generally, about 50 kHz and arms value adapted to the lamp. We present in this contri-
bution, the design of a high-frequency power supply (electronic ballast) based on a multicellular
converter operating as an inverter. Compared to standard power supplies, the advantage of this
topology is the reduction of the blocking voltage stress on the switches. Starting with the model of a
converter operating in an open loop, we introduce a PI control allowing a significant improvement
of the waveforms of voltage and arc current of the discharge lamp. By else, the water temperature,
in which the lamp is submerged, influences the pressure of the mercury atoms in the lamp and
consequently the emission of the desired ray. Then, in this contribution, we test the robustness of
the controller and show that the topology of the power supply based on a multicellular converter
associated with the PI control is a powerful solution to initiate the discharge and to optimize the
emission of a UV-C lamp dedicated for water purification.

Keywords: Low-pressure mercury-argon discharge; Germicide; UV-C lamp; Electronic ballast;
Pulse Width Modulation; Modulating duty cycles control; Multicellular converter

1. Introduction

Consuming water with no risk to health is a basic need
for all mankind. Everywhere in the world, water is contam-
inated with toxic substances such as pesticides, hormones
or microorganisms that can be harmful to humans [1].
The disinfection of water is essential for sanitary safety and
for minimizing the risk of infection by pathogenic micro-
organisms allowing preventing the spread of waterborne
diseases [2].

* Corresponding author.

Because they are difficult to implement, conventional
chemical treatments are generally not a good method as
they have the double disadvantages of misrepresenting the
organoleptic qualities of water and rejecting of polluted
water [3]. A second possible method is based on UV dis-
infection, especially interesting when it is associated with
a pre-filter [4]. UV sterilization system is recommended in
health services because UV radiation has fast action, efficient,
safe and is an economic process that respects the environ-
ment. This technique is currently used in developed nations
and in many Mediterranean countries [5].
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In recent years and nowadays, high-frequency electronic
ballasts for gas discharge lamps have been presented as a
substitute for the magnetic ballast. This evolution of tech-
nology is due to the best qualities achieved by electronic
ballast as high power factor, high electrical to photon con-
version efficiency, best possible control of lighting with no
blinking and no electromagnetic noise, and finally advanta-
geous size and weight and longer mean time before failure
(MTBF) [6,7]. Therefore, for all these reasons, special atten-
tion should be accorded to electronic ballasts consisting in
the optimization of the power supply of the ballast in order
to generate a maximum of UV-C radiation at exactly 253.7 nm
for which the germicidal effect is maximum [8,9]. To recall,
the UV range is divided in three bands shown in Table 1.

In previous studies, Aissa-Bokhtache et al. [9,10] demon-
strated the relevance of using fuzzy control in a conventional
converter delivering at its output terminals a 50 kHz sinusoidal
current of 0.65 arms for supplying a low-pressure discharge
lamp-electronic ballast system dedicated to water purifica-
tion and therefore emitting a maximum of UV radiation at
253.7 nm. Within fuzzy technique control, this converter deliv-
ers output sinusoidal current and voltage with Total Harmonic
Distortion (THD) equal to 5.58% and 4.49% respectively
associated with a good robustness to disturbances up to +60%.

In the current work, we present a new electrical cur-
rent source based on a multicellular converter to supply
the same type of discharge lamp as previously considered.
The main aim of this study is the improvement of the cur-
rent waveform, the THD, as well as the robustness of the
whole system. It is to be noted that this kind of converter
is mainly dedicated to the distribution of the voltage stress
on power switches in high power supplies. To our knowl-
edge in literature, this multicellular converter was never
used to supply discharge lamp-electronic ballast system
and even, never consider for that purpose. With all the pos-
sible advantages of this topology of the converter as men-
tioned above, then we can expect for supplying discharge
lamp, we introduce this kind of converter for water purifi-
cation system. Special attention is given to the study of the
efficiency of the overall system composed by the set pow-
er-supply/electronic-ballast/discharge-lamp at 253.7 nm.

We started the simulation of the system operating in
an open-loop configuration. After introducing a propor-
tional-integral regulator, we performed all robustness
tests for the system operating in a closed loop. During this
study, the electric model of the lamp validated by [9,10]
was considered. The performances of this new power-sup-
ply/electronic-ballast/discharge-lamp setup were analyzed
considering the various electrical output characteristics,
arc currents and voltages and their THD, and the response
and robustness of the system.

Table 1
Spectrum highlighting UV-A, UV-B and UV-C

Name Abbreviation Wavelength range
Ultraviolet A UV-A 400-315 nm
Ultraviolet B UV-B 315-280 nm
Ultraviolet C UV-C 280-100 nm

2. Modeling of a discharge lamp-electronic ballast system

The studied power-supply/electronic-ballast/discharge-
lamp setup is represented in Fig. 1.

We can see in the photo of Fig. 1 the disinfection
chamber, which crosses the water, also integrating the
lamp, the power supply and the electronic ballast. In the
chamber, microorganisms are exposed to intense ultraviolet
light. This has for consequences a damage of their genetic
molecules, that is, nucleic acids: DNA and RNA, induc-
ing the inactivation of the microorganisms by blocking
the reproduction process and thus, avoiding a possible fol-
lowing infection in human or animal hosts.

Ballast supplies the UV lamp and controls its power.
It must operate at a temperature below 60°C to prevent its
premature failure. The type of ballasts most frequently
used is the electronic or electromagnetic ones. Electronic
ballasts, which operate at very high-frequency, have lower
consumption and best efficiency due to lower heating
than electromagnetic ballasts [6,7]. By else, due to a constant
power output at a nominal constant frequency, electronic
ballasts present a higher MTBF [12].

2.1. Discharge-lamp

Low-pressure mercury vapor lamps emit a qua-
si-monochromatic light at 253.7 nm, which corre-
sponds to the optimum band of the germicidal effect.
They have the form of long tubes of 1.5 to 2 cm in diam-
eter. Standard lengths of tube are 91.4 and 162.6 cm
for arc lengths of 76.2 and 147.3 cm respectively [11].
Low-pressure lamps possess a MTBF of about 3,500 h.
The lamps are usually inserted inside a quartz sleeve,
which allows direct immersion into the water to be treated.
Quartz transmits up to 90% of the radiation coming from
the lamp. The transmitted light intensity depends on the
power, the temperature of the lamp and water, and the
degree of fouling. Mercury vapor lamps are very sensitive
to temperature variations. Very low temperature causes
a drop in pressure and the mercury atoms are thereby
less compressed and more difficult to excite causing a
decrease in transformed energy quantity. Conversely, an
increase in temperature increases the pressure, the elec-
tron excitation of mercury atoms is very large but light
energy will be released in a much broader spectrum than

Fig. 1. Schematic of UV unit with cover removed [11].
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253.7 nm. Finally, the optimum UV emission is achieved
when its temperature is around 50°C [12]. This analysis
of the functioning of a lamp points out the necessity to
drive the lamp with an optimized controller presenting a
high level of regulation and robustness. In addition, with
respect to the load, the power supply is a generator act-
ing as a current source generally a ballast constituting an
inductive impedance. In [12,13], Costach et al. selected the
supply voltage twice the arc voltage to assume an operat-
ing point around a low arc current.

The considered UV-C lamp is manufactured by the
company Philips® (France). Fig. 2 shows the discharge lamp
model where R _is a resistor depending of both arc power
and arc temperature of the lamp and where 7, is related to
each cathode filament [14-17]. The lamp characteristics
are summarized in Table 2.

In the following, the index “arc”, “lamp”, and “load”
correspond to the arc, the lamp, and the load respectively in
the notation of the voltages, the intensities and the powers.
The model is described by Egs. (1)—(3).

The lamp voltage, V| is given as follows:

2
‘/lam = 1 + zrf 2 V1rc + I'f x ParC + ]
P f*+Z )T V..

and the resonant load current i, is the sum of the arc cur-
rent and filament current:

rf x ZCp

Wiz,
P

)

P SN RS | S < B @)
= larc Cp = s =5 P
Load P arc rfz + Z(Z: arc ]rfz + Zé arc
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where i_ is the current through the parallel capacitor Cp
and Zcp is Cp reactance, and L, and C, are the resonant circuit
elements.

Table 2
Equivalent circuit parameters of the lamp

The total power of the lamp is obtained by:

P —Re[V

lamp — lamp

+rf {PMJ
Varc
and finally, using the Laplace operator, the transfer function

can be achieved using the design of a conventional current
divider to the electrical circuit (Fig. 2).
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2.2. Multicellular-converter

As shown in Fig. 3, the principle of a multicellular-con-
verter is based on the series connection of switching cells
in order to divide the total voltage at each cell and thus
to share the stresses voltage on multiple semiconductor
components [18]. This technique allows keeping power
switches under supportable voltage magnitudes in both
ON and OFF states. Multiplying the number of interme-
diate cells reduces the amplitude of each rising or falling
edge of the inverter output voltage. Thus, the amplitude of
harmonics is even low [19,20]. Therefore, each cell is com-
posed by two power switches in push-pull topology and
connected to other cells by a flying capacitor.

In our case, inverter structure is composed of P = 4
switch cells, separated from each other by P - 1 = 3
flying capacitors. This induces at the output of the inverter
P + 1 = 5 voltage levels allowing to achieve a signal with a
shape relatively close to a pure ac signal, that is, with a sat-
isfactory small total harmonic distortion [19,20]. It is to be
noted that the use of pulse width modulation, as in our
system, will eliminate some residual harmonic lines fam-
ilies. In addition to these two major advantages, multi-
cellular converter avoids switches being in short-circuit

Vet 111V r 50 that is the most common failure appearing in converters.
L. 0.65 A P 65 W Nevertheless, the effective consideration of this property
R 170.769 Q L. 150 em rquires a sgitable ghoicg of structural components foF a
rapid detection of isolation fault and a reconfiguration
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Fig. 2. Equivalent circuit of the electronic ballast-discharge lamp with multi cellular-serial converter four-cell.
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Fig. 3. Five levels multicellular inverter (four switch cells in series) [23].

of the remaining healthy cells for a possible operation in
degraded mode [21,22].

We use MOSFET switches well adapted for low and
medium power applications (less than a few tens of kilo-
watts). It is often used in low voltage supply applications
with switching frequencies less than100 kHz [23].

By using instantaneous model of the multicellular con-
verter, KCL allows us to write the voltage equation across
the load:

L o
VLoad = ZVSk - E )
=1
VLoad = (u1 - u2)Vc1 + (”2 - ”3)ch Tt (up—l - up)vcpq ©)
+u~E—E
r 2

In the following, for clarity and to be in agreement
with the specific application that we have developed, we
consider the P = 4, even if a generalization of the proposed
system can be easily achieved.

Thus, with 3 capacitors, we can write:

av, 1 .
dtl = a(uZ ul)lLoad
av
—2= i(us —u, )lLoad
at C, @)
av, 1 .
dt3 = a(”a - uZ)ZLoad
E
VLoad = (ul _uz)Vcl +(”2 _us)vcz +(”3 _u4)vc3 +u, 'E_E
where V, . and i, are respectively the voltage and

the current across the system discharge lamp-electronic
ballast, V, is the voltage across each flying capacitor k, u,
is the control order (1 or 0), C, are the flying capacitors and
V', is the voltage across the switch.

2.3. Pulse Width Modulation modulation technique

For controlling the cells of the inverter, the natural
Pulse Width Modulation (PWM) technique is generally
used. It is a well-known simple technique easier to imple-
ment [24]. For optimal operation, command signals must
be mutually phased shifting by 2m/P. In natural PWM,
intersection between a f, frequency triangular carrier and
the modulating sinusoidal signal f_ . frequency generates
the control signal for each cell.

Considering the triangular signals noted p, in the inter-
val [0,1], the following equations respect the mathematical
model:

P = ;{Z-arcsin{sin(Z ~%~t—d>k +T2cﬂ +1 8)
T
1 . )] ]
P =—|—-arcsin|sin| 2-:- f -t =P, +—[|+1
2|n L r 2)1 ]
| in] sin 2 -, %) |+1
2 =5 —~arcsmhsm ‘T f, b= 2+E _+ o
1 . )] ]
P3:E —-arcsin| sin 2~Tc-fp~t—<1>3+5 +1
P —l>— arcsin>sin 2 f -t—@ +Z j+1—
| Y 2l i ’ f2)]

The angle ®, will be chosen equal to @, = (k — 1)27/P,
where P is the number of cells. Comparison between trian-
gular signal p, and the modulating one mod,, allows us to
obtain the control signals u,.

The control signals are obtained by pulse width mod-
ulation PWM by the natural technique and modulating
mod, is sinusoidal.

mod, =r-sin(2-w-f, -t (10)
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With r represents the modulation depth of between
0and 1.

The choice of a regular shifting phase of 2m/P
between the different cells improves significantly the spec-
trum quality of the output voltage [24]. Thus we find that
harmonics are gathered in families centered on multiple
frequencies p.m.f,__, wherem=f /f _ isthe modulationindex.

To assume a constant Voftage at the capacitors’ ter-
minals, we generally add to the system a controller allow-
ing a closed-loop control of the duty cycles. This control-
ler assumes a modulation of the duty cycles that reflects
the conduction periods of the different power switches.
The global system is thus represented in Fig. 4.

The new modulating signals, D, — D,, generated by the
controller in close-loop are sinusoidal and given by the fol-
lowing formula:

where D,, D, , are the duty cycles of cells k and k + 1 and
sign (i, ,) represents the sign of 7, ..
From Eq. (11) we see that the load current weighted by

C

k .
Tyee - iLoad

dec

kE_,

o (11)
p

Dk = Dk+1 _G : Sign(il_oad ) [
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cycle’s generation with the considered inverter, the con-
trol law must take into account the sign of the sinusoidal
load current [25].

We note that there are p control values (p duty cycles)
and (p — 1) flying capacitor voltages to control. This implies
that the additional control value will be constant selected
according to the operating point.

D, (duty cycle of the cell connected to the voltage
source E) was chosen. In this regulation, we use a reference
signal expressed by:

Dref:r~sin(2~pi-fm0d-t)+%:D (12)

4

where o, = D,,, — D,. If D, > P, then u, =1, and if D, < p,
then u, =0.

The choice of the gain G is performed in a manner to
ensure a non-saturation control variables and a maximum
dynamic [24-26].

During the starting time of the converter within
zero-voltage, the previous equations allow us to obtain the
gain G as follow:

: . . T, .1
the proportional gain corresponds to the average value i__,. = —dec’_Loadmax_ (13)
Fig. 4 presents the structure of the modulating control duty C '(P - 1) -E
P/ ul O VL()zu/
= M
P> E uz < Ve,
= i » (q") - Ve,
& = S ——
] .
P; o us3 o = Ves
MAMM —> = —s o
()
TN EAR e -
D; D>D3 Dy ; (7]
Carriers offset from
each of 27/ 4
iLoad
E
D,
Sign (1 000). 6. W -
TdeclLaud +
- D;
Sign(iLoad)- G. C—K L2
TdeL‘lLoad
+
. Ck 03 D3
> Signlivoaa) G =
+
Dy
Dref

Fig. 4. Structure of the modulating control duty cycles law [24,25].
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As we have modeled all the elements of the sys-
tem, that is, the lamp, Eq. (4), the multi-cellular converter
Eq. (5), and the PWM driving system with the associated
duty-cycles controllers, Egs. (6)—(13), the functioning simu-
lation can be now performed. The main simulation results
pointing out the high performances of this original power
supply of UV lamp for water purification are presented in
the following paragraphs.

The simulation was done under the MATLAB-sim
PowerSystems environment. The functioning characteris-
tics of the converter are summarized in Table 3. The consid-
ered parameters are E the supply voltage, C, C, and C,
the flying capacitors; f, = the switching frequency f_, the
frequency of the modulating and r is the modulating ratio
varying between 0 and 1.

2.4. Simulation of the discharge lamp-electronic
ballast system in open-loop

We present in the two following Figs. 5 and 6, the main
characteristics of the voltages and currents of the load and

of the capacitors of the inverter.
Table 3
Multicellular converter features
Voltage supply 800V
C,=C,=C,=5nF 0.65A
fiee 3.2MHz
Jnod 50,000 Hz
Modulation ratio r 0.472

(2)
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Fig. 5 shows that the voltages across flying capacitors
achieved a constant level corresponding to k x E/P, after
a transient initial stage link to the time constant of the
global system.

We also report in Figs. 6 and 7, the currents of
voltages, and their corresponding harmonic spectra, of the
load and arc, respectively.

Due to the high stability of the flying capacitor volt-
ages, we can notice that the load current (Fig. 6a) is a
sinusoidal signal of 50 kHz and that the converter output
voltage (Fig. 6b) follows the five intermediate levels (-E/4,
-E/2, 0, E/4, E/2) defined by Eq. (5). The THD of the load
current was measured equal to 0.27%. We also report in
Fig. 7 the waveform of the arc voltage and current. The
quality of the delivered current and voltage to the lamp
achieves a satisfactory functioning point of the lamp allow-
ing it to emits the expected quasi-monochromatic light at
253.7 nm, for an optimum germicidal effect.
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Fig. 5. Flying capacitor voltages.
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Fig. 6. Discharge lamp: (a) load current with its harmonic spectrum and (b) load voltage.
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The shapes of these signals are sinusoidal at a frequency
corresponding to the frequency of the modulating signal
(50 kHz). With a distortion rate smaller than 0.20%, the pro-
posed system can be considered highly accurate for usages
in conventional systems.

At this stage in the open-loop system and without
consideration of temperature perturbation, we report the
root mean square (RMS) arc current in Fig. 8.

We see in Fig. 8 that, even without external perturba-
tions, the RMS arc current presents a transient initial peak
of about 15% of the final response and possesses a nomi-
nal value around I__= 0.65 A, associated with undulations,
and a long-term permanent decrease as enlightening in
the insert of the figure. This observation naturally leads us
to consider a closed-loop control system, as we will see in
the next part of this contribution, and for the regulation, we
have chosen to develop an efficient based proportional-in-
tegral control system.

2.5. Simulation of the discharge lamp-electronic
ballast system in closed-loop

As seen above, to improve the performance of the dis-
charge lamp on the radiation plane, we must maintain the
RMS arc current of the lamp rigorously steady around a
constant value close to 0.65 A. Thus, we introduce a PI reg-
ulator of the arc current [27]. The block diagram of the PI
controller is illustrated in Fig. 9.
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C(s) = K, + K/s is the transfer function of the proportion-
al-integral controller, K and K, are the controller gains cal-
culated using the pole placement method. The well-known
transfer function of the close loop regulator is given by:

C(s)-G s)
1+C(s)-G(s) (14)

=969

where G(s) is the transfer function of the open-loop system.
With this closed-loop regulation system, after simu-
lation, we have found a total harmonic distortion, THD
of the load current equal to 0.09% hugely improved
compared to the THD found for the open-loop system.
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The resulting arc voltage and current are represented in
Fig. 10 and the RMS arc current of the lamp in Fig. 11.

As shown in Fig. 10 the final THD of the arc current
achieved a very low level equal to 0.04%, to be compared
to the first value of the THD, equal to 0.20% achieved

Iavc-réf

+

Lamp Mier
—
control

The modulating
control duty
cycles
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with the previous basic open-loop system. Finally, we can
notice in Fig. 11 the disappearance of the transient initial
peak current, and the RMS arc current perfectly stabilized
around the nominal functioning point of 0.65 A without
fluctuations in the steady-state.
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Fig. 9. (a) Block diagram of the control of the discharge lamp with a control modulating duty cycles for the inverter and (b) control
loop system with PI controller.
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2.6. Robustness of discharge lamp-electronic ballast
system in closed-loop

It is well-known that the main interest of a closed-loop
regulation is the improvement of the robustness of the con-
trolled system. Thus, in what follows, we test the capabil-
ity of our closed-loop controller to regulate the supply of
the UV lamp when the functioning temperature changes.
The variation of this temperature induces changes of the
arc resistance, which is inversely proportional to the arc cur-
rent variations [11].

To test the robustness of the system, we have consid-
ered an extreme case with a temperature perturbation
corresponding to a step of 40% of the initial value at a
simulating time of 10~ s.

We represent in Figs. 12 and 13, the flying capacitor
voltages and arc voltage and current V, _and I _and report
in Fig. 14 the RMS arc current, after a disturbance of 40%
appearing at 10 s in the simulation cycle.

It is to be noted that we have considered a perturba-
tion induced by an instantaneous increase of the tempera-
ture with a step equal to 40% of its initial value. Thus, the
chosen value for this perturbation corresponds to a pure
simulation approach allowing the test of the system per-
formance taking into account all possible disturbances in
practice and by testing the operation of the control system
within its own operating limits.

Thus, we see in Fig. 12 that the perturbation
of the system induces a high stability of the flying
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capacitor voltages, rapidly recover after the disturbance
but with new constant levels increase at around 25%.
Concerning the functioning conditions of the lamp
after the perturbations, we notice, Fig. 13, that after the
temperature disturbance, the arc voltage decreases by
54% whereas the arc current is instantaneously stabi-
lized at its nominal value. The phenomenon link to the
voltages, that is, the raising of the flying capacitor volt-
ages and the decrease of the arc voltage, can be consid-
ered as the main limitation of the PI regulation based
on the currents as it can induce over-voltages on the
switches and the capacitors, and a decrease of the arc
power. Nevertheless, as reported in Fig. 14, we see that
the RMS arc current finds its nominal value after 30 ps
thanks to the PI controller. This high stability of the cur-
rent corresponds to the objectives which were fixed ini-
tially in this work and it shows that the regulator PI is a
performing solution in the supply of UV lamps destined
to the treatment of waters when the components of the
power supply, as capacitors, are sized to support high
voltages. Compared to the electrical current delivered
with a power supply functioning in an open-loop, that
corresponding to the starting point of this study, the
stability of the arc current achieved with a multicellu-
lar converter associated with a closed-loop PI regula-
tion will ensure a better UV-C generation at 253.7 nm,
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therefore a better efficiency of the tertiary treatment of
the micro-organism pathogens in the water and also will
ensure an increase in the lifetime of the lamp which is a
functional and economic factor not to be neglected.

3. Conclusion

This study has proposed the supply of an electronic
ballast-discharge lamp system by a multicellular converter
(4 cells in series) for water disinfection. Multicellular series
converter has been widely discussed namely its function-
ing, its modeling and its control. The modulating duty
cycles was established for controlling the capacitor volt-
ages in order to ensure the balancing voltages across the
power switches. To improve the lifetime and the efficiency
of the discharge lamp, that is, a stabilized radiation emis-
sion at 253.7 nm assuming a better efficiency of the ter-
tiary treatment of the microorganism pathogens in the
water, the maintain at 0.65 A__ the arc current must be
strictly achieved. This fact imposes a current regulation
here assumes by a classic PI type regulator. This regulator
was modeled by the pole placement method and simu-
lated using MATLAB/SimPower. Tested in a worst perturb-
ing case, that is, with an instantaneous increase of 40% of
the water temperature, this topology based on a multicel-
lular converter associated with a closed-loop PI regulation
assumes a good control of the arc current despite the pres-
ence of a disturbance on the arc current and parametric
variations on the arc resistance. Finally, the results obtained
in this paper confirm the choice of a multicellular con-
verter for supplying a discharge lamp. The next step to be
considered should be the hardware implementation.
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