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1. INTRODUCTION

Today, street lighting, from the public electricity distribution network, represents around 15 to 20%
of global energy consumption. It is important to note that more than 5% of the global gas emissions are
greenhouse gases (GHGs). In addition, it is well known and widely admitted that the transition to new
technologies would significantly reduce the consumption of energy to reach 939 TWh per year, which would
consequently reduce CO; emissions by around 580 million tons per year [1]-[4].

For this reason, more efficient and economical lighting sources, such as light emitting diode (LED)
lamps and gas discharge (GD) lamps have become increasingly popular because they represent a simple and
inexpensive alternative solution for electricity consumption reduction [5]-[13]. Despite the good
performance of LED lamps, which last longer and are more durable, and whose power can be easily
increased, it was found that the gas discharge lamps are even more competitive, especially in applications
that require high power because these lamps possess high energy efficiency. Moreover, no one denies the fact
that low-wattage LED bulbs are more cost effective than high-wattage LED bulbs [14], [15].

Currently, several types of high-intensity discharge lamps are available on the market. The type of
high-intensity discharge lamps that is widely spread on the market is the one that uses high pressure sodium
(SHP) because of their high energy efficiency (lumen/watt) and their long life which can go up to 25000
hours with an acceptable color rendering index and a possibility of variation of their luminous flux or power
(dimming) [16]-[20]. Based on all these advantages, it was decided to use, in the present work, a SHP lamp
with 150 W power.
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Over the past few years, high frequency electronic ballasts for gas discharge lamps have been touted
as a replacement for magnetic ballasts due to their superior qualities and advantages such as their high
efficiency (improved power factor), reduced weight, high luminous intensity, long lifespan, and possibility of
controlling light intensity (dimming). For quite a few years now, varying the power of lamps has been a
research topic of significant importance for a large number of researchers, because light intensity control
through dimming can help to reduce energy consumption by around 40 to 60% [21]-[23]. It is widely
acknowledged that the variation of the power of discharge lamps can be done in two different ways, namely
through the variation of the frequency or else through the variation of the DC voltage applied at the input of
the inverter. In recent past, a number of researchers [24], [25] have carried out a comparison between the two
methods and found out that the second one is more advantageous as it allows having a more linear operation
of the lamp.

Regarding high intensity discharge (HID) lamps, they are very complex systems. A complete model
should include all the processes present in the gas discharge lamp, as well as the state variations of all
chemical species. Several conductance models of discharge lamps have previously been proposed by some
authors, [26]-[28]. However, many of these models were not established for the case of steady-state
operation of the lamp. In fact, these models were not interested in the initiation phase or in the acoustic
resonance phenomena. In this work, Figure 1 clearly shows that the resistance of the lamp could be
considered as fitting a linear model on the large power scale [29], [30].

The present study aims to design and realize a class D (series—parallel) improved series-parallel
inductor-capacitor-inductor (LsCpLp) electronic ballast that consists of two stages. The first stage comprises
an AC/DC converter in series with a buck/boost converter that ensures the power factor correction (PFC).
This stage is used to power our system as a resistive load and to provide a continuous link voltage that is
slightly variable. The second stage consists of a half-bridge inverter with MOSFET switches and an LsCs Cp
resonant circuit.

The remainder of this article is organized as shown in. The first part presents the electronic ballast.
Next, the ignition procedure and lamp stability are described in part 2; then the design and realization of the
electric system are discussed in part 3. Afterwards, the experimental results obtained, which show the
feasibility of the proposed ballast, are presented in part 4. Finally, the fifth and last part draws conclusions
and indicates opportunities for future research.
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Figure 1. ANSI C78.42 operating limits for a 150-W-100-Vms HPS lamp [30]

2. STRUCTURES OF THE PROPOSED LsCsCpr ELECTRONIC BALLAST

This type of electronic ballast enables a gas discharge lamp to be powered by a switch that is
connected to a semiconductor circuit. It should be noted that the LsCsCp (series-parallel) class D ballast filter
of the lamp can be a low-pass filter in the start-up mode and a band-pass filter in the steady-state mode,
depending on the resistance of the lamp. The ballast is supplied with a half-bridge inverter. This type of
ballast is particularly used to power fluorescent lamps, as well as low and medium power discharge lamps.

The ballast architecture consists of two main stages. The first stage, which comprises a full-bridge
rectifier in series with a boost chopper supplied with a command, which makes it possible to achieve the
PFC, followed by a step-down DC/DC converter for the purpose of obtaining a direct voltage (V) within the
interval [330-260] V to supply the second stage. Then, the second stage comprises a half-bridge inverter and
an LsCsCp resonant circuit. It should be noted that this stage is highly essential for supplying the lamp with
alternating current with a high frequency (163-368) kHz. Note also that the high-frequency power supply to
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this type of lamp helps to have a more stable operation. In addition, the various passive components used in
the different stages, i.e. ignition, heating, steady state, and dimming, are fairly small in size. Figure 2 and
Figure 3 shows the diagram of the proposed ballast.
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Figure 2. Block diagram of the electronic ballast proposed
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Figure 3. Two stage ballast block diagrams

2.1. Characteristics of the LsCsCp ballast

This section presents an LsCsCp resonance circuit that is widely used in many applications. Due to
the presence of a series capacitor (Cs), the DC input voltage (Vq) is automatically blocked; in this case, the
circuit can be supplied using a half-bridge inverter only. In the following sections, the characteristics of the
LsCsCp (series-parallel) class D ballast are presented in order to determine the passive components of the
ballast. In addition, an electronic LsCsCp ballast powered by an inverter is presented in Figure 4 (a). Further,
the equivalent electronic ballast diagram is shown in Figure 4 (b).
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Figure 4. Diagram of the proposed ballast (a) class D LsCsC, resonant inverter powered by inverter and
(b) equivalent sinusoidal model

Cp

2.2. Electronic ballast transfer function
The equivalent sinusoidal model is shown in Figure 5. The electrical circuit is a voltage divider. The
ratio of voltages is equal to the ratio of impedances.

G(P) = 4o = g P =0 (1)

1
Zs=Ls*xP+—
Cs*P

R (2

7p =
p 1+R#Cp+*P
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_Ur _ RCsP (3)
" Ve 1+R(Cs+Cp)P+LsCs P2+ RLsCsCp P?

G(p)

2.3. Priming circuit
Before ignition, the lamp resistance is theoretically infinite. Now, the equivalent capacity Ceq of the
two series capacitors Cs and Cp must be calculated as given (4).

Cs*Cp
Cs+Cp

Ceq = siCs >> Cp,Ceq - Cp 4)

It should be noted that our work should start only with the series inductor Ls and the parallel capacitor C,.
The ballast circuit in priming mode is presented in Figure 6. The ballast circuit in priming mode is then
equivalent to a parallel LsCpR circuit which represents a low pass filter; it is described by a second-order
differential equation.

Ls Ls

e

: b e e

Figure 5. Equivalent electronic ballast diagram Figure 6. Equivalent diagram of priming in
sinusoidal regime

2.3.1. Circuit transfer function
The transfer function of the system can then be written in the form:

ur 1 K

G = — = = 5
® Ve 1+% P+CpLs P2 1425 py—L_p2 5)
wp

Where:

&= R (Amortization confiscations)
p 2R (6)

L. (parallel natural pulsation)

wp = JLsCp

Therefore, the resonance pulsation can be written in the form:

or=ap/(1-28) = 10 (7)

It should be noted that before ignition, the resistance of the lamp can be considered as infinite:

1
T (®)
1

J/LsCeq ’

R—- o,wor ->wp=

Note that it is possible to determine the priming pulsation as: wp = with n capacity ratio CS/Cp .In

addition, it is also possible to write:

_ 1

Wp =
P VLsCs

Vi+n=ws1+n )
Where:

n = Cs/Cp: (capacity report)
1 (10)
ws = —=": (Serial pulse)

v LsCs
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2.3.2. Bode diagram of the system

Figure 7 makes it possible to see that on priming, the gain increases and takes very important values
for the parallel resonance frequency f,. Note that the voltage at the load is about 2 kV. This value is sufficient
for the ignition of the system.
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Figure 7. Bode diagram for the starting circuit

2.4. Steady state circuit

After ignition, the resistance of the lamp becomes much smaller than the impedance of the capacitor
p, which implies that R << Zc, and Zeq is between R and Zc, and tends towards 0. It is worth indicating that
in steady state, the capacitor C, can be overlooked, and only the inductance Ls and the capacitor Cs are taken
into consideration. The ballast circuit in the steady state is presented in Figure 8. In the case of a SHP150 W
lamp (R = 60 Q) in the steady-state [8], one may write:

Zcp = L. (Impedance of capacitor P)
cpr (11)
: (Equivalent impedance for R and Cp)

T 1+R+Cp*P

The ballast circuit in the steady state is then equivalent to a series RLsCs circuit which represents a second-
order band-pass filter. This type of filter makes it possible to filter out the frequencies that are outside its
bandwidth.

Figure 8. Equivalent steady-state ballast diagram

2.4.1. Transfer function in this case
The transfer function of a second-order band-pass filter may be expressed in the form below:

Ur RCsP _ 1 .
G(p) = Ve  1+RCsP+CsLsP? 1+(%)*j(k—1/k)’ P=Jw 12)

Where:

K = ws/w0 : (is the normalized pulsation).

13
Qs =R * \/% : (is the quality factor of the series circuit). (13)
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Furthermore, the two cutoff frequencies are then given by:

wel =—2 4 (L) 24 (i) (14)

2Ls 2Ls

we2 ==+ (L) 24 (L) (15)

2Ls 2Ls LCs

On the other hand, it is worth noting that the bandwidth Aw is equal to the difference between the two cutoff
frequencies. Therefore:

R

Consequently, the optimum operating point as well as the quality factor Qs of the series circuit can then be
defined as the ratio of the bandwidth Aw over the series pulsation ws. The bode diagram of the system in the
steady state is presented in Figure 9.
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Figure 9. Bode diagram for the steady-state circuit

2.5. Modeling of an electronic ballast-discharge lamps

A model is generally defined as a mathematical tool that allows representing or faithfully
reproducing a given real system. The model should not be too simple so as not to stray too far from the
physical reality but, at the same time, it should not be too complex in order to simplify the analysis and
synthesis of control structures. The objective of this work is to give an overview on the modeling of the
electronic ballast for discharge lamps based on state equations that express the relationship between the
various physical parameters that determine the state of the system, with a view to its steady state control. The
equivalent sinusoidal model is shown in Figure 10.

Ls

Is «—

Ve Rlampe — \ICD

Figure 10. Equivalent model in sinusoidal regime

Int J Pow Elec & Dri Syst, Vol. 13, No. 2, June 2022: 643-656



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 649

2.5.1. Equivalent circuit of the electronic ballast for discharge lamps
2.5.2. Mathematical model of the system

Based on the circuit given in the figure above, one may see that there are three state variables. Is,
Vcs and Vcp.

Ve(t) = Lsi—i: + Vep(t) + Ves(t)

dvces

Is(t) =Cs "
dVep + Vﬂ
dat R

(18)

Is(t) =Cp

di 1 1 1
= == Vep(t) — - * Ves(t) +— * Ve(t)
dvces

< = —xIs(t) (19)

at
avep _ 1 _ 1
@ o Is (t) Fre Vep(t)

The system of differential equations can be written in the state space as follows:

dls 1 1

dt 0 Ls  Ls Is(t)

1
dZ:S =& 0 0 Ves(t) |+
dvcep 1 0 _ 1t Vep (t)
dt Cp RxCp

Is
Ir = (o 0 %) . (Vcs) (21)

Vep

Ve(t) (20)

(=Rl

The above system of equations represents the mathematical model of the electronic ballast for discharge
lamps of class D and type LCsCp (series-parallel). It can be represented on MATLAB Simulink MUX and
FCN blocks in the Figure 11.
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1 1 1 1 .
LE s o rul2]-f 3]+ — o+ uf4] BN >
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| —
: h [Lamp
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Figure 11. The model for the electronic ballast-lamps using the MATLAB/Simulink block

2.5.3. Simulation results

This static model allowed us, in spite of its simplicity, to validate quickly a certain number of
hypotheses and experimental observations, in particular concerning what touches the gradation. It presents
the advantage to be very easy to put in oeure and very flexible of use. Figure 12 shows the current and
voltage curves at the lamp terminals, obtained from the model presented above. These curves adequately the
experimental characteristics.
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Figure 12. Current and voltage curve of the simulated ballast-lamp

2.6. Start-up lamp whith circuit LsCsCp

Figures 13 and 14 shows the frequency variation procedure for high-pressure sodium discharge
lamp ignition with the LCsCp circuit as a function of time. According to Figure 7, it is quite possible to start
the lamp with a frequency f, equal to 368 kHz. In addition, it is useful to specify that the circuit was driven
by a frequency close to the starting frequency f, (point 1). Then, the frequency was gradually increased until
the voltage (Ua) at the terminals of the lamp reached a few Kilovolts. This voltage, which is sufficient to
ignite the lamp, corresponds to point (2) [7], [8]. After that, the lamp, which is in the warm-up phase (point
3), changes its color. It should be noted that during this phase, the power supply frequency (fs) can be
reduced to 161 kHz (point 4). Then the lamp takes a few minutes to reach its rated temperature and its rated
speed.
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Figure 13. Shows the principle of start-up lamp as a function ~ Figure 14. Presented the principle of start-up
of time lamp by the bode diagram

2.7. Selecting the ballast parameters

In the steady state, the resistance of the lamp is well known, i.e. R=60 Q. In the present case, the
lamp used is a 150 Watt high pressure sodium (SHP lamp). It is therefore possible to find the voltage at the
resistance terminals. This voltage is equal to the series quality factor multiplied by the supply voltage Ue.
Therefore, Ur = Qs*Ue. Where:
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Qs =R \/% : (is the series quality factor) (22)

From Figure 1: on the other hand, the relation. Piampe = Uert+ierr used to calculate the rms value of the current:

fer=1.5 A (23)
It is also possible to write Piampe = R*ief:

R=60 ohm (24)
The voltage applied to the lamp is sinusoidal; its amplitude is expressed as:

Ur=V2*Uerr= 141.4 V (25)

With regard to the amplitude of the supply voltage V., it was decided to take the fundamental harmonic value
that is given by:

v, = Bvde/2)
T[

210.1V (26)

Furthermore, the series quality factor is then expressed as:

Q=22=2 = 0.67 < 0.707 @7)

s u

Therefore, considering Qs and ws= 2m*fs, it becomes possible to choose the parameters of the series resonance
circuit such that:

R
Zs=Ls* ws= s~ Zs= ™ (28)
_ R Qs
Ls= wseQs and Cs-= wsiR (29)

Finally, the choice of capacitor C, was made by considering the capacitance ratio n=Cs/C,. For a parallel
frequency fp, sufficient to create the ignition, the parallel pulsation can then be written as:

1
wp—m\/1+n (30)

2.8. Ballast parameters

The LCsCp filter sizing principle, in this case, Ls and Cs can be chosen for steady state operation of
the ballast, imposing Qs and ws, the serial quality coefficient Qs should be chosen to minimize the voltage
gain attenuation and keep the linear phase region large enough to maintain the output signal quality of the
LCsCp filter. Finally, we only need to define the parallel resonance frequency using equation 30 by imposing
n, which represents the difference between the start frequency wa and the series frequency ws. The calculated
practical values used in the prototype were: the series capacitor Cs=11 nF, the parallel capacitor Cp=2.2 nF,
the value of the series inductance Ls=88.5 uH, the calculated series quality factor is Qs= 0.67, and the DC
voltage Vdc=330 V, the supply frequency in permanent mode is fixed ws=27*161000 rd, and therefore
®p=2.36*21*161000 rd/s.

3. REALIZATION

Figure 15 gives a clear representation of the overall functional plan of our study. It consists of an
Arduino Uno microcontroller board, a control interface which includes the IR2113 driver circuit, in addition
to the measuring devices, the ballast assembly which incorporates the half-bridge inverter and the LCsCp
circuit that is powered by a variable DC voltage source, and which powers a lamp high pressure sodium
(HPS) bulb 150 W.
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Figure 15. Photo of the proposed prototype

3.1. Construction of the second stage of the circuit

Figure 16 shows the architecture of the second stage of the circuit which includes a half-bridge
inverter with two MOSFETS (30N60). The two switches are driven by the IR2113 driver with resistors, and a
fast diode, a 10 ohm grid with a UF4007 diode in parallel. In addition, a 1 kQ resistor and a 15 V Zener diode
are placed in parallel for protection between the ground and the grid. Regarding the passive components of
the resonant circuit, the series inductor used has a value Ls=90 uH; the capacitors used have capacitance
values Cs=13 nF/1600 V and Cp,=2.2 NF/2000 V. The lamp used is a 150 W GE Lucalox HPS bulb.

In the present configuration, a program was developed for the purpose of generating a square signal,
with a fixed ratio of 0,5. The inverter control uses a square wave control signal for the ignition of the system;
its frequency is between 300 kHz and 368 kHz. Note that it uses the frequency sweep mode. In addition, the
signal switching is performed using an Arduino electronic control board. The principle of frequency sweep is
shown in Figures 10 and 11. The frequency is gradually lowered until the value fs=163 kHz is reached. The
second control signal is then inverted using a 74ahc04 logic circuit, with a delay time between the two
signals. This is achieved using a first-order low pass RC filter, with a delay time equal to 0.1 ps. The two
control signals are sent to an optocoupler which provides galvanic isolation between the control circuit and
power circuit. In the present work, the HCPL2630 optocoupler was used. The control part is shown in
Figure 17. The program used and presented in annexes.
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Figure 16. Power inverter diagram

1N4148

T4AHCO04 T4AHC04 3300hm
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Figure 17. The inverter control diagram
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4. EXPERIMENTAL RESULT

A prototype of a half-bridge inverter has been developed and results have been obtained, initially,
some experiments have been carried out concerning the generated pulses. The Figure 18 actually verifies the
correct supply of signals for a switching frequency of 163 kHz, the pulses generated by the output of the
Arduino control board, are sent to the SN74AHC04 which inverts them and, in turn, supplies the opto-
coupler HCPL2631. Figure 18 verifies the correct operation of the MOSFET driver IR2113. It can be seen
that compared to the amplitude of the pulse at the input of SN74AHC04 (5 V), the output pulse of IR2113
has been correctly amplified (14 V) in order to drive the gate of the MOSFETSs. A Figure 19 shows the
experimental waveform of the voltage and the current of a 150 W Lucalox HPS bulb, Figure 19(a) presented
the voltage and current of the lamp in the starting phase, and the Figure 19(b) presented current voltage and
power of the lamp in steady state.
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Figure 18. Control signal at output driver IR2113
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Figure 19. Shows the experimental results obtained for a lamp SHP 150W (a) voltage and current of the lamp
in the starting phase and (b) current voltage and power of the lamp in steady state

4.1. Power variation (dimming)

It is worth recalling that the main purpose of this work is to save energy. This part should therefore
be considered as the most important part of our research. It mainly makes it possible to quantify the strong
variations in the electrical and photometric quantities during operation at reduced power.

The present purpose is to reduce the power applied to the lamp. From this perspective, two
fundamental alternatives are then possible. The first one consists in varying the frequency while the second
involves varying the voltage Vq.. Moreover, it is useful to recall that in the steady state, the voltage value
recorded at the load (resistance) is equal to the product of the series quality factor multiplied by the supply
voltage. Therefore:
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Ur = Qs * Ue, Wlth QS = A(D/(Ds

Therefore, either the input voltage Ue must be increased or the series quality factor Qs must be decreased,
while varying the frequency. In the present case, it was decided to vary the direct voltage Vg, which in turn
automatically changes the power of the lamp. To do this, three power levels were defined: 143 W, 108 W,
and 75 W. In order to allow for optimum stabilization of the thermodynamic equilibria of the plasma, a 3-
minute minimum duration was chosen between the different power levels. The measured experimental result
is presented in Figure 20, the Figure 20(a) 75% of the nominal power of the lamp, and the Figure 20(b) 50%
of the nominal power of the lamp.
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Figure 20. Voltage and current patterns for (a) 75% of the nominal power of the lamp and (b) 50% of the
nominal power of the lamp

4.3. Investigation of the total harmonic distortion and power factor correction of the input current

Analysis of the system under study indicates that the total harmonic distortion (THD) of the AC
input power supply current was about 12% with a PFC stage. However, this THD was more than 96% in the
absence of the PFC stage. These figures indicate that the power quality is quite good when the circuit is
provided with a PFC stage. These results are good enough to meet the requirements of harmonic currents in
networks. It is worth specifying that THD results were measured in the steady state. And the results of THD
are shown in Figure 21, the Figure 21(a) with PFC stage, and the Figure 21(b) without PFC stage.
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Figure 21. THD analysis of current AC with (a) PFC and (b) without PFC

5. CONCLUSION

This article focused on a two-stage electronic ballast provided with an LsCsCp resonant circuit for
powering discharge lamps using a power factor correction stage. It was found that the ballast delivers the
desired power to the lamp regardless of the impedance of this lamp. This feature allows the lamp to operate at
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rated wattage throughout its lifetime and makes it easy to vary the wattage of the lamp with more stable light
dimming. Moreover, the ballast was tested with HPS lamps and metal halide (MH) lamps, with a power
variation (dimming) between 100% and 50% of the nominal power of the lamp. Furthermore, the quality of
the power supply was improved by adding a PFC stage. This made it possible to increase the power factor
and reduce the harmonic currents from 96% to 12%, with a power factor close to unity. The findings of this
work open new perspectives for future research. Indeed, it would be highly desirable to extend this research
work through the examination of closed-loop regulation of the root mean square (RMS) lamp current in order
to ensure the stability of the discharge current. In this case, two types of correction can be used. The first type
concerns the classic Pl correction and the second is the advanced adaptive correction. Then the two
correction types should be compared.
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