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ABSTRACT To enhance the UVC irradiation and prolong the life span of UV-lamps, parameter optimization
is conducted for electronic ballasts. In this paper, the double capacitor topology is adopted and the effects
of different ratios of shunt capacitors are investigated. Experiments are performed under different lamp
power levels for each shunt capacitor ratio. The irradiance in each waveband emitted by the UV-lamp is
measured using illuminometers and the variation trends are studied based on the excitation characteristics of
mercury atoms. The effective lifetime of the UV-lamp is obtained through application tests, and it is verified
to be remarkably prolonged when the double capacitor topology is adopted. Analyses and comparisons are
discussed and an optimum shunt capacitor ratio is obtained, taking both increasing the UVC irradiation and
prolonging the lifetime of the lamp into consideration.

INDEX TERMS Electronic ballast, parameter optimization, ultraviolet sources, irradiance, lifetime.

I. INTRODUCTION
Ultraviolet (UV) disinfection, a highly efficient disinfection
method that does not produce any harmful by-products, has
gradually become the most reliable method of sewage treat-
ment [1]–[3]. UV radiation produced by a UV-lamp includes
UVA (320–400 nm), UVB (280–320 nm), UVC (200–280
nm), and VUV (100–200 nm), as shown in Fig. 1. Only UVC
can perform microbial inactivation and organic degradation,
which is favorable for sewage treatment [4]. Therefore, study-
ing how to increase the UVC irradiance under the same power
level is important. The expected lifetime of the UV-lamp
should also be considered.

The research performed on fluorescent lamps, which are
the same as UV lamps except the latter do not contain
phosphor, has made significant progress. High frequency
electronic ballasts have become the preferred drive circuits
for fluorescent lamps and UV-lamps due to their small size,
energy saving capability, and high stability [5]–[9]. To pro-
long lamp life, F. T. Wakabayashi presented a methodology
for the adjustment of the preheating process and steady-
state operation of electronic ballasts intended for hot-cathode

fluorescent lamps. The preheating process was based on the
imposition of a constant RMS current through the electrodes
in order to provide a proper value of the Rh/Rc ratio before
the lamp starts [10], [11]. The effect of preheating time on
the filament temperature and the life span of the lamp was
studied in [12].

For solving the issue of drinking water purification,
Arenas et al. presented a design methodology for electronic
ballasts applied to UV-lamps that provided an adjustable
UV dose in order to ensure the inactivation of microor-
ganisms’ reproduction in [13]. A high efficiency fluo-
rescent lamp electronic ballast was proposed in [6] by
implementing a series resonant inverter in a half-bridge
configuration instead of the classic series–parallel resonant
inverter. However, it did not consider the effective UVC irra-
diance. The efficiency of the voltage-fed half-bridge resonant
inverter was higher than that of the current-fed push-pull
resonant inverter [14].

Much research has been conducted to explore how the
fluorescent lamp interacts with the ballast. Power and volt-
age models of the electrode were derived under certain
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FIGURE 1. UV radiation spectrum.

conditions in [15], and a method that combines DC bus
voltage regulation with switching frequency regulation to
control the electrode power was proposed based on the volt-
age model. By controlling the electrode power, the electrode
can provide moderate thermionic emission under different
lamp power levels, thereby prolonging the service life of the
fluorescent lamp. Reference [16] presented a performance
comparison between DC bus voltage and inverter frequency
variation dimming methods for the electronic ballast used to
drive a T5 28Wfluorescent lamp. The Simulink simulation of
a dynamic conductance-based wattage-independent compact
fluorescent lamp model in a high frequency environment was
presented in [17]. The model coefficients were replaced by
four polynomial equations derived from experimental data.

Another solution often employed to study the lamp-
ballast interaction is to obtain the small-signal incremental
impedance and the ballast output impedance of the lamp
in order to investigate the stability of the system. In [18],
a single-pole single-zero transfer function was proposed and
researched to approximate the lamp small-single impedance
and the small-signal model parameters were obtained as a
function of the lamp power. However, the accuracy of the
single-pole single-zero model was significantly reduced for
dimmable circuits at relatively low power levels. To improve
the performance at low power, a power-dependent small-
signal model based on a double-complex-pole double-real-
zero approximation for fluorescent lamps was presented in
[19] and [20]. Although it is more accurate than the single-
pole single-zero model under low-power conditions, this
method is more complex and difficult to calculate and is only
used to estimate the stability of the lamp. Reference [21]
examined the effects of lamp temperature on small-signal
characteristics of fluorescent lamps.

To investigate the characteristic of excitation of mercury
atoms, a fluorescent lamp model based on its physical prop-
erties was proposed in [22]. In [23] and [24], a collisional-
radiative model was proposed by Loo et al.. It can describe in
detail the microscopic reactions in a discharge according to
three sets of continuity equations: particle balance, electron
energy, and gas temperature. Although this is a good method
to model the electrical behavior of the lamp in a ballast envi-
ronment, it is not easy for manufacturers to readily accept the
sophisticated calculation and abstract analysis. In addition,
the study did not directly determine how to optimize the
design of electronic ballasts in order to improve the UVC
irradiance, especially at higher lamp power levels.

In this study, the main topology adopted is the half-bridge
LCC resonant circuit, which was presented in [25]. A proper

FIGURE 2. High frequency electronic ballast topology of the UV-lamp.

FIGURE 3. LCC series-parallel resonant circuit with a single parallel
resonant capacitor Cp.

FIGURE 4. Improved LCC series-parallel resonant circuit.

filament preheating current, an adequate starting voltage, and
an AC voltage with appropriate amplitude in a stable state
are provided to ensure the reliability and efficiency of the
circuit. To enhance the UVC irradiation and prolong the life
span of the UV-lamp, a parameter optimization is conducted
for the electronic ballast and the double capacitor topology
is adopted as an improvement. Experiments are performed
and the effects of different ratios of shunt capacitors are
investigated. Analyses and comparisons are studied based on
theoretical and experimental results to prove the superiority
of the topology.

II. THEORETICAL BASIS OF THE UV-LAMP
A. THEORETICAL ANALYSES OF THE
ELECTRONIC BALLAST
The block diagram of the high frequency electronic ballast
topology adopted in this paper for the UV-lamp is shown
in Fig. 2. The LCC series-parallel resonant circuit with a
single parallel resonant capacitorCp was often used, as shown
in Fig. 3. Different from the single capacitor circuit pre-
sented in [25], the proposed LCC series-parallel resonant
topology adopts the double capacitor structure to enhance
the UVC irradiation and prolong the life span of UV-lamps.
Fig. 4 shows the improved LCC series-parallel resonant
circuit and the corresponding resistance model.

In Fig. 4, the relationship between the values of Cp1
and Cp2 is decided by (1). In addition, the value of Cp is
determined by the parallel resonant frequency of the circuit,
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FIGURE 5. Equivalent circuits in the starting stage and the steady state.
(a) During the starting stage. (b) In the steady state.

considering the preheating function before the lamp is
ignited. The value of Cp is calculated using the method of
calculation proposed in [25].

Cp1 + Cp2 = Cp (1)

Fig. 5 shows the equivalent circuits in the starting stage and
steady state, ignoring the resistances of both electrodes. The
equivalent resistance of the lamp is so large in the starting
stage that it is equivalent to an open-circuit load, as shown
in Fig. 5 (a). In this case, Cp1 and Cp2 can be considered
as connected in parallel. Together with Ls, they constitute a
parallel resonant circuit, providing the necessary high start-
up voltage through sliding frequency control.

However, the equivalent resistance of the lamp will imme-
diately become extremely small as soon as the lamp is ignited.
The series resonant circuit comprising Ls and Cs starts to
dominate as shown in Fig. 5 (b), supplying power to lamp.
It can be clearly seen that the adoption of the double capac-
itor topology has no effect on the steady state of the lamp.
Besides, the existence of Cp1 can perform a shunting action.
As a result, the current stress for the lamp will be reduced
effectively.

The voltage transfer characteristic of the LCC
series-parallel resonant circuit can be expressed by (2).

Hv =
VL
Uin
=

1√[
1−

((
ω
ωs

)2
− 1

)
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]2
+ Q2

s

[
ω
ωs
−

ωs
ω

]2
(2)

where Qs = ωsLs/RL is the series quality factor and
ωs = 2π fs.

Based on formula (2), the gain-frequency characteris-
tic curve of the LCC resonant circuit is obtained through
MATLAB and is shown in Fig. 6. The red line represents
the gain–frequency characteristic curve of the lamp before it
is ignited, while the blue line shows the same curve after it
is lighted. Points (1)–(4) present the process of soft starting,
the same as that described in [25].

B. ANALYSES AND COMPARISONS BASED
ON THE UV-LAMP
According to Fig. 4, equations (3) and (4) are easy to obtain
by KCL. The RMS values of iA1(t), iA2(t), iB1(t), and iB2(t)
can be directly measured through an oscilloscope but iL(t)

FIGURE 6. Gain–frequency characteristic curve of the LCC resonant
circuit.

cannot because it is the current flow through the lamp.

iA1(t) = iA2(t)+ iB1(t) (3)

iA2(t) = iL(t)+ iB2(t) (4)

In addition, according to the LCC series-parallel resonant
circuit with a single parallel resonant capacitor Cp, which is
shown in Fig. 3, equation (5) can be obtained by KCL.

iA(t) = iL(t)+ iB(t) (5)

Comparing (3), (4), and (5), it can be derived that iA1(t)
is almost the same as iA(t) under the same lamp power.
Therefore, the currents that flow through the electrodesiA2(t)
and iB2(t) are reduced due to the shunting action of Cp1.
The life expectancy of a UV-lamp mainly depends on the

lifetime of the electrodes. The faster the coating material of
the electrodes is lost, the shorter the life of the UV-lamp is.
Since a larger starting voltage will generate more sputtering,
it is necessary to provide an electrode preheating current. This
current can be realized by Cp2 in the circuit shown in Fig. 4.
Additionally, a relatively larger current or voltage can cause
severe sputtering in the steady state and can also reduce the
lifetime of the lamp. The rate at which the filaments burn is
correlated to the currents flowing through them. Reducing the
currents that flow through the electrodesiA2(t) and iB2(t) is of
great importance and can be realized by the shunting action
of Cp1. The double capacitor topology is generally a good
choice to extend the lifetime of the lamp.

It is important to note that the currents flowing through
the electrodes should be large enough for proper preheating.
Besides, too small filament current can also cause the lamp to
sputter seriously, which will dramatically shorten the lifetime
of the lamp. Therefore, the ratio of Cp1 and Cp2 should be
carefully considered when their summation is a constant.
In this paper, experiments are designed and carried out to
obtain the optimum ratio, taking into account the preheating
current, the life span, and the effective UVC irradiance gen-
erated by the lamp.

III. THEORY OF THE EXCITATION OF MERCURY ATOMS
A simplified diagram of the energy levels of themercury atom
is shown in Fig. 7. It contains the ground state 61S0, and the
excited states 61P1, 63P, 63D, and 73S. The arrows pointing
upward and downward in the figure represent the excitation
and de-excitation processes, respectively. It is known from
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FIGURE 7. Simplified diagram of the energy levels of the mercury atom.

collision theory that electrons may produce excitation col-
lisions with mercury atoms if they have accumulated ade-
quate energies [22]. The mercury atoms will be excited to
another excited state with a higher energy through absorbing
energy from collisions with electrons. If electrons have higher
energy, more mercury atoms will go through second excita-
tion or multi-excitation. This phenomenon is more significant
in lamps with higher rated power. When excited mercury
atoms return to the ground state or lower energy levels,
photons that possess corresponding energy are emitted. The
emitted photons can be reabsorbed by the mercury atoms that
stay at lower excited states. However, the probability of this
occurring is extremely small since the possibility of a second
excitation or multi-excitation is much smaller than that of a
single excitation.

The excited mercury atoms will typically remain in one
of three energy levels: 63P0, 63P1, and 63P2, of which
the excited state 63P1 is the only one that can be excited
from the ground state directly. The excited mercury atoms
at metastable states 63P0 and 63P2 are common because the
lifetime of excited mercury atoms at these states is quite long
(up to 10−2s), compared to that of other excited mercury
atoms (typically 10−8s). It is important to take these two
metastable states into consideration while performing the-
oretical analysis. In high-power applications, there will be
some mercury atoms that are excited to the energy levels 63D
and 73S through multi-excitation. Therefore, these two levels
should also be considered.

All of the lights generated by the lamp can fall into five
categories: UVA, UVB, UVC, VUV, and visible light. In
Fig. 7, 365.0 nm (marked by the red arrow) belongs to UVA,
312.1 nm and 296.7 nm (marked by the green arrows) are
portions of UVB, 253.7 nm (marked by the brown arrow) is a
part of UVC, 404.6 nm, 435.8 nm, and 546.1 nm (marked by
the blue arrows) are attributed to visible light, and 185.0 nm
pertains to VUV.

In order to investigate the UV irradiance at different ratios
of shunt capacitors Cp1 and Cp2, illuminometers will be
employed to gauge the irradiance in the wavebands described

FIGURE 8. High frequency electronic ballast for the UV-lamp.

TABLE 1. Specific values of shunt capacitors at different ratios.

FIGURE 9. Schematic diagram of the measurement.

above except for VUV since it can only be measured in a
vacuum. A good topology should increase the UVC irradi-
ance while increasing the lifetime of the lamp under different
lamp power levels. Experiments will be performed in the next
section to verify the theoretical analyses above.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
Fig. 8 is the physical representation of the high frequency
electronic ballast for 120 W UV-lamps adopted in this study.
Ls = 967 µH, Cs = 640 nF, and Cp = Cp1 + Cp2 = 7.5 nF
are the component values.

To verify the superiority of the double capacitor topol-
ogy, experiments are performed at different ratios of shunt
capacitors Cp1 and Cp2. The specific values of capacitance at
different ratios are listed in Table 1. The irradiance in each
waveband emitted by the lamp is measured by illuminome-
ters, as shown in Fig. 9.

Fig. 10 shows the UVC irradiance under different lamp
power levels for each ratio of Cp1 and Cp2. The navy-blue
line represents the results when the single capacitor topology
is adopted. It can be seen that the UVC irradiance is increased
as Cp2 is reduced while keeping lamp power constant. The
variation trend is obtained for different lamp power levels,
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FIGURE 10. UVC irradiance under different lamp power levels for each
ratio of Cp1 and Cp2.

while ignoring unavoidable measurement errors. It can be
concluded that UVC irradiance is enhanced at different lamp
power levels, adopting the double capacitor topology. More-
over, the UVC radiation is more intense when the value ofCp2
is smaller and Cp1 is larger. Therefore, the double capacitor
topology is superior for increasing the UVC irradiance.

Additionally, it can be seen from Fig. 10 that the UVC
irradiance peaks are at around 82Wwhen the ratio ofCp1 and
Cp2 is fixed. This can be explained by the excitation charac-
teristics of mercury atoms. When the lamp power is low, the
thermionic emission capacity of the cathode is weak because
the lamp current is too small to provide sufficient temperature
to permit the excitation of mercury atoms. As the lamp power
becomes gradually higher, the lamp current increases as the
lamp voltage decreases, which is conducive for promoting
thermionic emission. TheUVC radiation is enhanced because
of the higher frequency collisions and excitations. However,
the UVC irradiance decreases when the lamp power is larger
than a certain value because the probability of second excita-
tion and multi-excitation occurring is increased considerably.

Figs. 11–13 display the irradiance in the UVA, UVB, and
visible light wavebands, respectively. As Cp2 is reduced,
the irradiance in the UVA and visible light wavebands
decreases and it contributes the increases of UVC irradiance.
As can be seen from Fig. 7, the generation of radiation at
312.1nm is related to the excited state 63P1, so the irradiance
in the UVB waveband has the same variation trend as the
UVC.

It is necessary to mention that the lamp power PL changes
slightly for different ratios of Cp1 and Cp2, as shown
in Fig. 14. At a given lamp power set value, as the capacitance
of Cp2 decreases and Cp1 increases, IB2 will be smaller and
IB1 will be greater. This implies that the shunting action
of Cp1 is greater; thus, the currents that flow through the
electrodesIA2 and IB2 are reduced and the lifetime of the lamp
is extended. The thermionic emission capacity of the elec-
trodes is weakened since the current IL becomes smaller
and the equivalent resistance of the lamp RL becomes larger.
To keep the lamp power constant, the switching frequency

FIGURE 11. UVA irradiance under different lamp power levels for each
ratio of Cp1 and Cp2.

FIGURE 12. UVB irradiance under different lamp power levels for each
ratio of Cp1 and Cp2.

FIGURE 13. Irradiance in the visible light waveband under different lamp
power levels for each ratio of Cp1 and Cp2.

fs is set higher to compensate for the effects of the change
in equivalent resistance RL. A change in frequency can con-
siderably affect the switching loss of the MOSFETs in the
half-bridge inverting circuit. A higher switching frequency
will lead to a lower switching loss; as a result, the variation
trend of lamp power PL in Fig. 14 is reasonable. Addition-
ally, the higher equivalent resistance RL will increase the
equivalent impedance at the lamp terminal; as a result, the
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FIGURE 14. Comparison of the lamp power PL at different ratios of
Cp1 and Cp2.

FIGURE 15. Comparison of the current IB1 at different ratios
of Cp1 and Cp2.

FIGURE 16. Comparison of the current IB2 at different ratios of
Cp1 and Cp2.

lamp voltage VAC will be higher and the current IA2 will
be lower. Corresponding comparisons of the variables dis-
cussed above at different ratios of Cp1 and Cp2 are displayed
in Figs. 15–20. The theoretical and experimental results are
in good agreement.

The experimental waveforms for each ratio of Cp1 and
Cp2are shown in Figs. 21–27 with the lamp power set at 88W.
It can be seen that vAC(t) and iA2(t) have a slight variation,
while iB1(t) and iB2(t) vary significantly with the ratio of Cp1
and Cp2 as discussed earlier.

FIGURE 17. Comparison of the switching frequency fs at different ratios
of Cp1 and Cp2.

FIGURE 18. Comparison of the equivalent resistance RL at different ratios
of Cp1 and Cp2.

FIGURE 19. Comparison of the lamp voltage VAC at different ratios of
Cp1 and Cp2.

Considering the preheating function ofCp2, the value of iB2
cannot be too small. In addition, the strong shunting capabil-
ity of Cp1 will lead to extremely small lamp current, which
will reduce the life time of the lamp. On balance, choose Cp1
to be 5.6 nF and Cp2 to be 2 nF that is, Cp2/Cp1 = 0.36 is
considered to be the best ratio to enhance UVC irradiance
and prolong the lifetime of the lamp for 120 W UV-lamps.
Besides, experiments for lamps with rated power of 72W and
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FIGURE 20. Comparison of the current IA2 at different ratios of
Cp1 and Cp2.

FIGURE 21. Experimental waveforms when Cp1 = 0 nF and Cp2 = 7.5 nF.
(a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB2 ( t).

FIGURE 22. Experimental waveforms when Cp1 = 1 nF and Cp2 = 6.8 nF.
(a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB1 ( t) and iB2 (t).

FIGURE 23. Experimental waveforms when Cp1 = 2 nF and Cp2 = 5.6 nF.
(a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB1 (t) and iB2 (t).

36W are carried out, using the parameter optimization model
presented above. Cp2/Cp1 = 0.30 and 0.25 are obtained as
the best ratios at around 50W and 28W respectively. Thus,
in general, Cp2/Cp1 = 0.30 can be considered to be the best
ratio for UV-lamps with different rated power to enhance the
UVC irradiance and prolong the lifetime of the lamp.

To verify that the lifetime of the lamp is prolonged by
adopting the optimization scheme discussed above, appli-
cation tests are conducted by the partner Daqing Qingyuan
Water Treatment Technology Co., Ltd. In the condition the
single capacitor topology (Cp = 7.5 nF) is applied, the

FIGURE 24. Experimental waveforms when Cp1 = 3.3 nF and Cp2 = 4.4
nF. (a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB1
(t) and iB2 (t).

FIGURE 25. Experimental waveforms when Cp1 = 4.4 nF and Cp2 = 3.3
nF. (a) Lamp voltage vAC (t ) and current iA2 (t ). (b) Current iB1
(t) and iB2 (t).

FIGURE 26. Experimental waveforms when Cp1 = 5.6 nF and Cp2 = 2 nF.
(a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB1 (t) and iB2 (t).

FIGURE 27. Experimental waveforms when Cp1 = 6.6 nF and Cp2 = 1 nF.
(a) Lamp voltage vAC (t) and current iA2 (t). (b) Current iB1 ( t) and iB2 (t).

effective lifetime of the T5 120WUV-lamp is only 41 days at
PL = 110 W and 92 days at PL = 88 W. However, the lamp
with the same rated power can last for 96 days at PL = 110W
and 230 days at PL = 88 W when the double capacitor
topology (Cp2/Cp1 = 0.30) is adopted. As can be seen from
the results, the life span of the lamp increases more than two
times when using the optimization scheme presented above.
It can be concluded that the optimization scheme proposed in
this paper prolongs the lifetime of the lamp remarkably.

V. CONCLUSION
In this study, parameter optimization is investigated for
electronic ballasts and the double capacitor topology is
adopted to increase the UVC irradiation and prolong the
lifetime of the UV-lamp. Experiments are performed under
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different lamp power levels with different ratios of Cp1
and Cp2. The irradiance in each waveband emitted by the
UV-lamp is measured with illuminometers, which verifies
that the UVC irradiation is enhanced considerably for differ-
ent lamp power levels. The lifetime of the lamp is remarkably
prolonged since the currents that flow through the electrodes
are reduced, which is verified by application tests. An opti-
mum ratio of Cp2/Cp1 = 0.30 for UV-lamps with different
rated power is obtained by considering both increasing the
UVC irradiation and prolonging the lifetime of the UV-lamp.
This study has great significance for sewage treatment appli-
cations by raising the efficiency of UVC radiation and the
lifespan of UV-lamps.
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