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Active power losses and energy efficiency analysis of HPS lamps
with electromagnetic control gear and electronic ballast
under the sinusoidal and nonsinusoidal condition
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Abstract. Outdoor lighting is an important element in creating an evening and nocturnal image of urban spaces. Properly designed and con-
structed lighting installations provide residents with comfort and security. One way to improve the energy efficiency of road lighting installation
is to replace the electromagnetic control gear (ECG) with electronic ballasts (EB). The main purpose of this article is to provide an in-depth
comparative analysis of the energy efficiency and performance of HPS lamps with ECG and EB. It will compare their performance under
sinusoidal and nonsinusoidal voltage supply conditions for the four most commonly used HPS lamps of 70 W, 100 W, 150 W, and 250 W. The
number of luminaires supplied from one circuit was determined based on the value of permissible active power losses. With the use of the
DIALux program, projects of road lighting installation were developed. On this basis, energy performance indicators, electricity consumption,
electricity costs, and CO, emissions were calculated for one-phase and three-phase installations. The obtained results indicate that an HPS lamp
with EB is better than an HPS lamp with ECG in terms of energy quality, energy savings, and environmental impact. The results of this analysis

are expected to assist in the choice of HPS lighting technology.
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1. Introduction

Outdoor lighting, including road lighting, is an important ele-
ment influencing the safety as well as the evening and nocturnal
image of urban spaces. Safety is understood as road safety as
well as public safety. Properly designed and constructed pub-
lic lighting significantly reduces the risk of theft, vandalism,
inappropriate behavior, and traffic accidents. It improves the
safety and comfort of both pedestrians and road users [1-7]. Ar-
ticle [1] shows that driver activity should be considered in the
determination of road visibility indicators. During the design
stage, the influence of the environment, which determines the
driver’s concentration, should be considered. Outdoor lighting,
and above all road lighting, should be designed in such a way
to achieve its basic aims, i.e. to ensure safety and comfort of
using urban space. The observed trend to reduce the electricity
consumption of public lighting must not affect the main pur-
pose of its use. The possibilities of improving energy efficiency
in public lighting are widely described in the literature [§-20].
In [8] recommendations are presented to improve the quality of
lighting while reducing electricity consumption.

Luminaires for high-pressure sodium (HPS) lamps have been
used in outdoor lighting since the 1960s [21, 22]. Despite the
technological progress observed in LED lighting and smart con-
trol systems, the luminaires for high-pressure sodium lamps are

*e-mail: roman.sikora@p.lodz.pl

Manuscript submitted 2020-11-24, revised 2021-03-19, initially accepted
for publication 2021-04-08, published in June 2021

Bull. Pol. Acad. Sci. Tech. Sci. 69(3) 2021, e137194

still in use. Moreover, they are used in new or modernized light-
ing installations. This is a consequence of the habits of investors
and designers that have been established over the years, among
other things. It also results from the advantages of these lu-
minaires and their still very attractive price. The most impor-
tant advantage of high-pressure sodium lamps is their high lu-
minous efficacy within the range of 68-150 Im/W [21]. High-
pressure sodium lamps require a suitable operating circuit to
ensure proper operation. Usually, it is an ignitron and magnetic
ballast. To initiate a discharge in the lamp, a high value of ap-
plied voltage is required. This task is performed by the ignitron.
The main function of the ballast is to limit and stabilize the
lamp current. The use of a magnetic ballast with a high induc-
tance value makes the power factor of the luminaires small. To
improve the power factor, the individual reactive power com-
pensation is usually used in the form of a parallel-connected
capacitor with an appropriately selected capacity.

In modern design solutions of luminaires for HPS lamps,
electromagnetic control gear (ECG) is replaced by electronic
ballasts (EB) [21-31]. Compared to ECG, electronic ballasts
have many advantages. Changing the kind of ballast can af-
fect the colorimetric parameters of the luminaire [27]. All com-
ponents necessary for the proper operation of the lamp are
placed in one housing. This ensures a high degree of IP protec-
tion, which determines the resistance to access its active parts
and water penetration. Electronic ballasts also have higher effi-
ciency and a power factor (often higher than 0.97). They also
protect the lamp against the influence of the supply voltage
changes. Electronic ballasts are equipped with soft-start sys-
tems to limit the start-up current for an optimal ignition cycle.

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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From the point of view of improving energy efficiency, their
most important advantage is the possibility of dimming. EB
facilitates the integration of luminaires for an HPS lamp with
smart lighting control systems. In addition to many unquestion-
able advantages, they also have disadvantages. At present, their
most important disadvantages seem to be a high purchase cost
and sensitivity to overvoltage [21-31].

In paper [21] the authors presented the results of a compara-
tive analysis of high-pressure sodium lamps with ECG and elec-
tronic ballasts. Based on performed tests, it was found that EB
causes smaller voltage drops. The conducted techno-economic
analysis showed that, due to high prices and shorter lifetime
of electronic ballasts, ECGs are still a better choice primarily
from a financial point of view. In [24], the results of the per-
formed tests are presented to compare the states of operation of
a 250 W HPS lamp with magnetic and electronic ballast. The
performance characteristics were obtained in both cases by di-
rect measurements in two commercial installations. Both the
heating cycle and the steady state of the lamp were examined.
It was discovered that the lamp with the electronic ballast has
practically better parameters than the same lamp with the mag-
netic ballast.

The literature describes many solutions to electronic ballast
construction. The design of an electronic ballast with a bridge
inverter is described in [23]. The proposed design solution fa-
cilitated a significant reduction in the higher harmonics gener-
ated to the mains. The use of electronic ballast with a ZigBee
protocol-based communication system enables its remote con-
trol and diagnostics. Such a solution is presented in [24]. The
results of electricity consumption and power measurements are
also included. The results of studies in which 400 W HPS lamps
were supplied with trapezoidal and rectangular voltage are pre-
sented in [32]. The results were compared with the case when
the tested lamp was supplied with sinusoidal voltage. Moreover,
the efficiency of this method of supplying HPS lamps has been
estimated. In the literature, other construction solutions of elec-
tronic ballasts were described [25,26, 32].

Since HPS luminaires for lamps with ECG are still in use,
research is being conducted to develop an optimal method of
power (luminous flux) regulation, i.e. reduction of electricity
consumption [33, 34]. Paper [34] describes the use of a power
reducer to reduce electricity consumption. The research was
performed in the street lighting installation. Two methods were
used to reduce the power. The first one is based on the regula-
tion of the amplitude of the supply voltage and the second one
uses an electronic circuit for a chopping wave shape. Energy
savings of 25% and 30% were achieved for the transformer and
electronic circuits, respectively. Paper [30] presents the results
of tests made for lighting circuits with HPS lamps with a rated
power of 70 W, 150 W, and 250 W. The research was done for
the case when the lamps were supplied by both electromagnetic
and electronic ballasts with a dimming function. The circuits
have been tested at different power levels using the dimming
for 220 V supply voltage. The results showed that the use of
a central dimming system for large lighting systems with HPS
lamps with ECG can be as energy efficient as HPS lamps with
electronic ballasts. Similar studies have been described in [35]

where the test results of model lighting circuits with a rated
power of 50 W, 70 W, 100 W, 150 W, 250 W, and 400 W with
magnetic ballasts have been presented. An electronic central
controller was used to supply these circuits. Photometric, col-
orimetric and electrical parameters of the tested lamp circuits
were measured. It was found that in the range of 180 V t0 220 V
voltages no influence of voltage values on colour temperature
and luminous efficacy was observed. It has been observed that
with the decrease of the value supply voltage the losses in the
magnetic ballast decrease.

Moreover, research on the reliability of HPS lamps is still be-
ing continued. Article [36] presents the results of on/off tests,
thermal tests, and EMC tests of HPS lamps. A method for de-
termining the reliability of these lamps is also proposed. New
mathematical models of HPS lamps are also being developed
[37-39]. The literature also describes many results of com-
parative tests of HPS lamps with magnetic and electronic bal-
lasts [24,25,29,40].

The proper performance of any electrical device supplied
from the mains depends on the electrical power quality (qual-
ity of the supply voltage). Electrical power quality parameters
of lighting installations are described in many publications, e.g.
[41—-44]. In the standard [45], the permissible limits of the sup-
ply voltage parameters are specified. From the point of view of
the proper performance of a luminaire, the most important indi-
cators are the RMS value of the supply voltage and the voltage
total harmonic distortion factor THDy . For receivers supplied
from the low voltage grid, such as outdoor lighting installations,
the RMS value of the supply voltage every week, 95% of the
10-minute average RMS value of the supply voltage should be
within the 10% deviation range of the rated voltage. For a low
voltage grid, the voltage THD factor, including harmonics up to
40, should not exceed 8%.

In practice, lighting installations are supplied from trans-
former substations also supplying other customers, such as res-
idential buildings, commercial buildings, or small industrial
plants. The power of the lighting installations in relation to
the power of other supplied receivers from the transformer can
amount to a few percent only. In this case, the quality of the sup-
ply voltage is determined by the 24-hour profile of the power re-
ceived by other consumers. Since currently non-linear receivers
generating disturbances to the mains are increasingly being
used, an increase in the distortion of the mains voltage in low
voltage networks is observed [41-44]. Non-linear receivers are
also luminaires, including luminaires for HPS lamps with mag-
netic and electronic ballast [29, 37-39]. For non-linear loads,
the level of the generated current harmonics can be influenced
by the distortion of the supply voltage. In the literature, there
are no results of studies aimed at investigating the influence of
the level of voltage distortion on the photometric, colorimet-
ric, and electrical parameters of HPS with ECG and electronic
ballasts. This article aims to estimate how the level of voltage
distortion affects the mentioned parameters.

An important but often neglected factor affecting energy
efficiency is the problem of active power losses in lighting
installations. The previous publications [46, 47] described it
focusing only on lighting installations with LED luminaires.
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Therefore, this article presents the calculation of active power
losses in lighting systems with luminaires for HPS lamps with
ECG and EB. The purpose of the calculations was to estimate
the maximum number of light points so as not to exceed the
assumed percentage of active power losses. The calculations
were made for single-phase and three-phase installations
and copper cables with cross-sections of 10 mm?, 16 mm?,
and 25 mm? and for aluminum cables with cross-sections of
16 mm?, 25 mm?, and 35 mm?. The calculation considers the
influence of the current harmonics flow on the cable conductor
resistance according to [48]. Four 70 W, 100 W, 150 W, and
250 W luminaires for HPS lamps were selected for the study.
In the first stage, measurements were made for luminaires
with magnetic ballasts. Subsequently, ECGs were replaced
by electronic ballasts dedicated to these lamps. The research
results presented in the article can be generalized assuming
that in other construction solutions the physics of phenomena
is similar. However, results for other ballast constructions and
power supply conditions may be different.

The main aim of the article is to present the influence of the
exchange of ECG on EB on several parameters considered in
the assessment of the usefulness of the light source, such as the
energy efficiency of the entire lighting installation, the costs of
electricity consumption based on a given solution, the amount
of greenhouse gas emissions, the quality of the electrical power
and the active power losses in the power cable under sinusoidal
and non-sinusoidal voltage supply. The multifaceted consider-
ations also include the influence of harmonic current flow on
the resistance value of the power cable as well as the active
power losses. Moreover, the number of luminaires allowed for
single-phase and three-phase installations made of aluminum-
based and copper-based cables was determined for the most
commonly used values of the cross-section in practice due to
the permissible value of active power losses in the power cable.
The results of this multi-criteria analysis, which have not been
described in the literature so far in the form presented in the
article, provide both practitioners and scientists working on the
subject of lighting for utility purposes with valuable and signif-
icant data.

The article was organized as follows. Section 2 describes
the experimental setup and test objects. Section 3.1 presents
the results of measurements of electrical parameters and lumi-
nous flux. Based on the obtained results, the electrical parame-
ters were additionally calculated according to the standard [49].
Section 3.2 presents the results of the analysis of the influence
of active power losses on the permissible number of light points
(with the assumed percentage of losses) in single-phase and
three-phase installations. In Section 3.3, the calculation results
of active power losses, energy performance indicators, energy,
electricity costs, and CO, emission of road lighting installation
were presented. Section 3.4 presents a discussion and selected
conclusions, and Section 4 provides a summary.

2. Experimental setup

The main aim of the article is to compare the electrical and pho-
tometric (luminous flux) parameters of HPS lamps with mag-
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netic and electronic ballasts supplied with sinusoidal and non-
sinusoidal voltage. Four luminaires with 70 W, 100 W, 150 W,
and 250 W, HPS lamps were selected as test subjects. A group
of ballasts with a low degree of usage was selected for labora-
tory testing. Before measurements, each of them had been op-
erating for at least 100 hours to stabilize their parameters.

In the first stage, the measurements of luminaires with
a factory-mounted ECG were done. The ECGs were then re-
placed by electronic ballasts. The ballasts used in the study can
control power (luminous flux). This function was not used. It
was assumed that the lamps operate at full power resulting only
from the power supply conditions. The test object was the en-
tire luminaire, not just the ballast. A modern electronic ballast
of a reputable manufacturer was chosen for testing. The tested
ballast was equipped with a soft start, which limited the start-
up current. According to the datasheet, the rated power in the
normal duty cycle is equal to or lower than the rated power
of the lamp. For the 70 W lamp, the luminaire power accord-
ing to the technical data is also equal to 70 W. In the case of
a 100 W lamp, the luminaire power is equal to 95 W. The lu-
minaire power for the 150 W lamp is 140 W and for the 250 W
lamp, it amounts to 225 W. The manufacturer states that these
powers should be within £5% for all copies. According to the
ballast documentation, a PFC (power factor correction) system
is included, which limits its negative impact on the mains. The
electronic ballast supplies the luminaire with the voltage inde-
pendently of the supply voltage.

As mentioned earlier, luminaires with ECG and electronic
ballasts will require a sinusoidal and distorted supply voltage
with a given spectrum of higher harmonics. The luminaires are
powered by the AGILENT 6834B programmable power sup-
ply unit. The experimental setup used for the measurements
is shown in Fig. 1. By using the software for programming
the AGILENT 6834B power supply, five voltage signals with
the following THD voltage are implemented: 1.80%, 2.50%,
5.00%, 7.50%, and sinusoidal (0%).

Power Supply
AGILENT 6834B

N
V)

Luxmeter
o

B

. @

PC !
Integrating Sphere

P\

ECG - Electromagnetic Control Gear
EB - Electronic Ballast

Power Quality Analyser
FLUKE 1760
@ Luxmeter Probe
@ Luxmeter L-100
@ Tested HPS Luminaire

Fig. 1. Experimental setup for HPS luminaire with electromagnetic
control gear and electronic ballast
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The higher harmonic spectra of these voltages and their phase
shift angles are shown in Figs. 2a and 2b (without sinusoidal
voltage). In each case, the RMS value of the fundamental har-
monic voltage was 230 V. The voltage signal of THDy = 1.80%
was obtained based on the measurement results made in the
real outdoor lighting installation. The THDy signals of 2.50%,
5.00%, and 7.50% are determined by proportionally increasing
the harmonics for THDy = 1.80%.
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Fig. 2. Harmonics spectra of the supply voltage used during the mea-
surements and their phase angle

The EN 50160 standard [45] specifies a permissible THDy
equal to 8% for LV distribution power grids. In real power
grids, THDy values are usually less than 8%. However, the
THDy value may be close to the permissible value. This sit-
uation should not be considered to be an emergency operating
condition. The analysis was performed to verify the operation
of luminaires for HPS lamps within the permissible range of
changes in THDy values. The analysis of the luminaire opera-
tion supplied with voltage exceeding 5% THDy is interesting
and not comprehensively described in the literature.

The measurements of electrical parameters were performed
using the FLUKE 1760 power quality analyzer. The measure-
ments of the luminous flux were taken in an integrating sphere.
The luminous flux was measured with the lux meter L-100
marked as 2 in Fig. 1.

The measuring circuit shown in Fig. 1 facilitates the registra-
tion of the basic electrical parameters as well as the luminous
flux. The purpose of the measurements was to measure elec-
trical and photometric parameters in a steady state. In a steady
state, the values of the measured quantities did not change no-
ticeably. Therefore, the performed measurements did not re-
quire precise time synchronization.

3. Measurement and calculation results

3.1. Electrical parameters. In this section, the measurement
results of the influence of voltage distortion on the electrical
parameters of HPS lamps with ECG and EB are presented. The
measurements were made in a steady state after the luminaires
were lit for 1 hour. The average values over 1 minute of the
measured parameters were used for further calculations.

The measured electrical parameters for the tested HPS lamp
are presented in Table 1 for ECG and Table 3 for EB. After an-
alyzing the measured current values of HPS lamps with ECG,
it can be concluded that with the increase in the level of dis-
tortion in the supply voltage, its value significantly increases.
For the 70 W lamp, the measured value of the current at sinu-
soidal voltage is 0.429A and for the THDy voltage = 7.50%, it
is 0.650 A. Thus, the value of the current increased by 51.52%.
For a 100 W lamp, these values amount to 0.579A and 0.820A
respectively. For this luminaire, the value of the current in-
creased the least, i.e. by 41.62%. For 150 W and 250 W lamps,
the RMS value of the current increased by 55.34% and 54.73%.

The increase in the current value did not result in signif-
icant growth in the active or reactive power. Therefore, this
phenomenon must be associated with an increase in the dis-
torted power due to the flow of higher harmonic currents. Us-
ing the dependencies presented in the standard [49], the values
of the distorted current Iy, distorted voltage Vg, harmonic ac-
tive power Py, apparent power for the fundamental harmonic
S1, non-fundamental Sy, and harmonic Sy can be calculated.
Moreover, the values of the current distortion power Dy and
voltage distortion power Dy were calculated. The calculation
results are presented in Tables 2 and 4 for lamps with ECG and
EB, respectively. Current distortion power D; for a 70 W lamp
with the ECG supplied with sinusoidal voltage is 21.771var
and for THDy = 7.50% is 114.496var. This power increased
by 425.91%. For a 100 W lamp, current distortion power in-
creased by 330.61%; for a 100 W lamp, the percentage increase
is 570.52% and for a 250 W lamp, an increase of 451.63% was
observed. An increase in the voltage distortion power is noticed
as the voltage distortion level of the mains increases. The influ-
ence of the supply voltage distortion on the level of the higher
current harmonics generated to the mains is illustrated by the
changes in the THDy coefficient. A change of the voltage distor-
tion level from sinusoidal voltage to THDy = 7.5% results in an
increase in THD; from 20.557% to 119.900% for a 70 W lamp.
Similarly, the THD; values for the other tested lamps increase,
as shown in Fig. 3a. Using the Curve Fitting Toolbox, which is
part of the MATLAB® program, an approximation function of
the THD; coefficient dependence in the function of THDy was
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Table 1
The measured values of the HPS lamp with ECG electrical parameters with a change in the distortion level of supply voltage
THDy Vv Vi 1 I THD; P P S 0
%) | MMl W) ™ @& ®w | ® | WM | W | A | ay | PP PFoo
70W | 229.950 | 229.950 | 0.429 | 0.418 20.557 96.915 95.915 98.660 1.884 0.999 0.978
0 100 W | 229910 | 229.910 | 0.579 | 0.562 24.834 | 128.760 | 128.760 | 133.200 11.313 0.996 0.996
150 W | 229.880 | 229.880 | 0.730 | 0.719 18.106 | 163.440 | 163.470 | 167.910 23.971 0.989 0.973
250 W | 229.770 | 229.770 | 1.312 | 1.280 20.423 | 294.100 | 292.470 | 301.340 | —-19.348 | -0.998 | -0.976
70 W | 229.930 | 229.890 | 0.445 | 0.419 35.495 96.168 96.322 | 102.250 0.341 0.999 0.941
1.80 100 W | 229910 | 229.860 | 0.594 | 0.561 34.743 | 128.220 | 128.420 | 136.540 11.561 0.996 0.939
150 W | 229.880 | 229.840 | 0.763 | 0.719 35.637 | 163.290 | 163.520 | 175.490 24.202 0.989 0.930
250 W | 229.750 | 229.720 | 1.371 | 1.280 38.211 | 293.010 | 293.500 | 314.930 | —18.589 | —-0.998 | -0.930
70W | 229.940 | 229.860 | 0.460 | 0.419 44.744 96.188 96.397 | 105.670 -0.460 | —-0.999 | -0.910
250 100 W | 229.900 | 229.830 | 0.609 | 0.560 42.447 | 127950 | 128.210 | 139.920 11.849 0.996 0914
150 W | 229.880 | 229.800 | 0.791 | 0.719 45.799 | 163.270 | 163.580 | 181.910 24.489 0.989 0.898
250 W | 229.770 | 229.660 | 1.417 | 1.279 47.708 | 292.430 | 293.080 | 325.520 | —-17.754 | -0.998 | —0.898
70W | 229.940 | 229.630 | 0.540 | 0.418 81.612 95.605 96.012 | 124.120 0.927 0.999 0.770
5.00 100 W | 229.900 | 229.590 | 0.694 | 0.558 74.115 | 126.970 | 127.460 | 159.580 13.480 0.994 0.796
150 W | 229.880 | 229.560 | 0.933 | 0.719 82.749 | 162.680 | 163.260 | 214.520 26.887 0.987 0.758
250 W | 229.770 | 229.430 | 1.668 | 1.271 85.018 | 289.960 | 291.090 | 383.290 | —12.003 | -0.999 | -0.756
70W | 229.930 | 229.240 | 0.650 | 0.416 | 119.900 94.862 95.463 | 149.520 2.438 0.999 0.634
750 100 W | 229.890 | 229.190 | 0.820 | 0.565 | 108.940 | 125.860 | 126.550 | 188.590 16.019 0.992 0.667
150 W | 229.880 | 229.170 | 1.134 | 0.718 | 122.300 | 161.870 | 162.670 | 260.630 30.646 0.983 0.621
250 W | 229.780 | 229.030 | 2.030 | 1.263 | 125.740 | 287.430 | 288.930 | 466.340 -3.202 | -0.999 | -0.616
Table 2
The calculated values of the HPS lamp with ECG electrical parameters with a change in the distortion level of supply voltage
THDy Vi Iy Py S Sy Sy Dy Dy
(%) Lamp V) V) (W) (VA) (VA) (VA) (var) (var) tan¢
70W 0.000 0.095 0.552 95.929 23.053 0.000 21.771 0.000 0.020
0 100 W 0.000 0.140 -0.030 129.255 32.169 0.000 32.169 0.000 0.088
150 W 0.000 0.130 —-0.030 165.212 29.997 0.000 29.997 0.000 0.147
250 W 0.000 0.287 1.630 294.037 66.956 0.000 65.954 0.000 0.066
70W 4.289 0.149 -0.154 96.322 34310 0.639 34.257 1.797 0.004
1.80 100 W 4.795 0.195 -0.200 128.931 44.942 2.689 44.851 2.689 0.090
150 W 4.288 0.256 -0.230 165.262 59.030 1.100 58.940 3.083 0.148
250 W 4.793 0.489 —0.490 294.111 112.585 2.345 112.393 6.137 0.063
70W 6.065 0.188 -0.209 96.399 43.275 1.139 43.185 2.544 0.005
550 100 W 5.673 0.238 —-0.260 128.739 54.806 1.350 54.697 3.178 0.093
150 W 6.064 0.330 -0.310 165.323 75.900 1.999 75.748 4.363 0.150
250 W 6.430 0.610 -0.650 293.666 140.416 3.923 140.121 8.222 0.061
70W 11.936 0.341 -0.407 96.013 78.662 4.075 78.398 4.991 0.010
5.00 100 W 11.935 0.413 —0.490 128.019 95.277 4.934 94.916 6.655 0.106
150 W 12.125 0.595 —0.580 165.033 137.054 7.214 136.586 8.717 0.165
250 W 12.495 1.081 -1.130 291.560 248.789 13.502 247914 15.879 0.041
70 W 17.800 0.499 —-0.601 95.467 115.080 8.890 114.496 7.413 0.028
750 100 W 17.926 0.604 —0.690 127.134 139.302 10.835 138.523 9.944 0.127
150 W 18.053 0.878 —-0.800 164.457 202.173 15.845 201.135 12.955 0.189
250 W 18.550 1.589 -1.500 289.288 365.765 29.468 363.823 23.431 0.011
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Table 3
The measured values of the HPS lamp with EB electrical parameters with a change in the distortion level of supply voltage
THDy Vv Vi I I THD, P Py S (0]
@ | B M | ]l®w | ® | m | W | v | ca | PP PRop
70 W | 229.970 | 229.970 | 0.311 | 0.310 6.354 69.738 69.738 71.481 | -14.977 | -0.978 | -0.976
0 100 W | 229.940 | 229.940 | 0.406 | 0.406 5.048 92.169 92.168 93.417 | -14.402 | -0.988 | -0.987
I1SOW | 229.920 | 229.920 | 0.605 | 0.603 4.357 | 138.440 38.140 | 139.020 | -11.133 | -0.997 | -0.996
250 W | 229.790 | 229.790 | 0.975 | 0.970 8.485 | 222.560 | 222.570 | 223.950 | -11.391 | -0.999 | -0.994
70 W | 229.940 | 229.900 | 0.311 | 0.310 7.397 69.684 69.666 71.478 | -14.953 | -0.978 | -0.975
1.80 100 W | 229.400 | 229.900 | 0.406 | 0.406 5.945 92.136 92.109 93.414 | —-14.338 | -0.988 | -0.986
150 W | 229910 | 229.880 | 0.604 | 0.604 4.849 | 138.380 | 138.320 | 138.980 | —10.903 | —0.997 | —-0.996
250 W | 229.780 | 229.750 | 0.974 | 0.970 8.159 | 222.500 | 222.560 | 223.900 | -11.013 | -0.999 | -0.994
70 W | 229970 | 229.900 | 0.311 | 0.310 8.155 69.718 69.682 71.553 | -14.962 | -0.978 | -0.974
250 100 W | 229.940 | 229.870 | 0.406 | 0.405 6.493 92.109 92.058 91.414 | —14.345 | -0.988 | —0.986
150 W | 229.890 | 229.820 | 0.604 | 0.603 5.134 | 138.320 | 138.250 | 138.930 | —10.961 | —0.997 | —0.996
250 W | 229.770 | 229.700 | 0.974 | 0.970 8.124 | 222.380 | 222.420 | 223.780 | —-10.845 | -0.999 | —0.994
70W | 229.960 | 229.680 | 0.312 | 0.310 | 11.414 69.700 69.549 71.678 | -14.961 | -0.979 | -0.972
5.00 100 W | 229.950 | 229.670 | 0.407 | 0.405 9.053 92.095 91.890 93.522 | -14.242 | -0.988 | -0.985
IS0 W | 229.900 | 229.610 | 0.605 | 0.603 6.780 | 138.310 | 130.040 | 138.970 | -10.708 | —-0.997 | —0.995
250 W | 229.780 | 229.490 | 0.974 | 0.969 8.335 | 222.360 | 222.200 | 223.800 | —-10.191 | -0.999 | -0.994
70W | 229.960 | 229.320 | 0.313 | 0.310 | 15.433 69.742 69.398 71.996 | -14.370 | -0.979 | -0.969
750 100 W | 229.930 | 229.290 | 0.408 | 0.405 | 11.841 92.144 91.689 93.752 | -14.156 | -0.988 | -0.983
1SOW | 229.900 | 229.260 | 0.605 | 0.602 8.662 | 138.310 | 137.700 | 139.030 | —-10.381 | -0.997 | -0.995
250 W | 229.770 | 229.120 | 0.974 | 0.969 9.250 | 222.260 | 221.680 | 223.770 | -9.341 | -0.999 | -0.993

Table 4
The calculated values of the HPS lamp with EB electrical parameters with a change in the distortion level of the supply voltage
THDy Vi Iy Py S1 Sn SH Dy Dy

(%) Lamp V) V) W) (VA) (VA) (VA) (var) (var) tan¢
70 W 0.000 0.020 0.000 71.327 4.691 0.000 4.691 0.000 0.215
0 100 W 0.000 0.022 0.001 93.284 4.947 0.000 4.947 0.000 0.156
150 W 0.000 0.040 0.300 138.576 9.111 0.000 9.111 0.000 0.080

250 W 0.000 0.096 -0.010 222.864 22.084 0.000 22.084 0.000 0.051
70W 0.018 0.024 0.018 71.260 5.595 0.101 5.434 1.329 0.215
1.80 100 W 4.289 0.025 0.027 93.224 5.970 0.107 5.710 1.739 0.156
150 W 3.714 0.030 0.030 138.783 7.319 0.113 6.966 2.242 0.079
250 W 3.713 0.093 —0.060 222.844 21.722 0.346 21.419 3.601 0.049
70W 5.674 0.026 0.036 71.285 6.185 0.146 5.927 1.759 0.215
250 100 W 5.673 0.027 0.051 93.180 6.694 0.152 6.178 2.300 0.156
150 W 5.673 0.032 0.070 138.692 8.083 0.181 7.320 3.423 0.079
250 W 5.671 0.093 —0.040 222.696 21.971 0.525 21.265 5.498 0.049
70W 11.345 0.036 0.151 71.120 8.927 0.405 8.187 3.513 0.210

5.00 100 W 11.344 0.037 0.205 93.016 9.699 0.421 8.852 4.594 0.155
150 W 11.544 0.042 0.270 138.471 11.821 0.480 9.541 6.962 0.077
250 W 11.541 0.094 0.160 222.468 24.416 1.090 21.675 11.188 0.046
70W 17.145 0.048 0.344 70.945 12.244 0.823 11.005 5.304 0.206
750 100 W 17.144 0.048 0.455 92.830 13.127 0.831 11.112 6.941 0.154
150 W 17.142 0.053 0.610 138.118 15919 0.903 12.080 10.327 0.075
250 W 17.271 0.102 0.580 221.919 28.783 1.761 23.357 16.728 0.042
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determined. All tested luminaires, except for the luminaire for
a 250 W HPS lamp, are inductive. The luminaire is capacitive
because the capacitor that acts as a reactive power compensator
has an oversized capacitance.

a) 140
——HPS 70W: y(x)=0.6132x*+8.916x+19.37 R?=0.998
——HPS 100W: y(x)=0.7395x°+5.937x+23.65 R*=0.998
1201 HPS 150W: y(x)=0.5167x*+10.21x+17.24 R?=0.999
HPS 250W: y(x)=0.5688x%+9.94x+19.7 R*=0.999
100
<
X 8or
:Q:_
= 6o
40
@ Empirical THD, value for 70W HPS
20} @ Empirical THD! value for 100W HPS
© Empirical T/-IDK value for 150W HPS
A Empirical THDK value for 250W HPS
0051152253354455556657758
THD,, (%)
b) 18, —_———
——HPS 70W: y(x)=0.09235x>+0.536x+6.274 R*=0.999
16+ —HPS 100W: y(x)=0.05652x>+0.5003x+4.969 R*=0.998
HPS 150W: y(x)=0.04542x+0.2449x+4.309 R?=0.998
14} HPS 250W: y(x)=0.0508x%-0.2815x+8.494 R*=0.999
12 1
Q)
X
S 10 N 1
Q A A X O
E 8 o 4
/ .
6 4
o O
4+ @ Empirical THD‘ value for 70W HPS 4
@ Empirical THD, value for 100W HPS
2t © Empirical THD‘ value for 150W HPS1
A Empirical THD‘ value for 250W HPS

00511522533544555566577538
Tl (%

Fig. 3. The relationship between THDj in a function of THDy: (a) for
HPS lamp with ECG, (b) for HPS lamp with EB

A luminaire equipped with electronic ballast is much less
sensitive to the increase in the supply voltage distortion (Ta-
ble 3). The active power and the current RMS value for each
tested lamp practically do not change as the THDy coefficient
increases. The measurement results also confirmed the infor-
mation concerning the power reduction of the luminaire pro-
vided by the manufacturer of the electronic ballast. For each
value of the THDy coefficient, the character of the circuit did
not change, which in the whole range of tested changes in the
THDy coefficient was capacitive. After the replacement of the
ECG with EB, the values of the generated higher current har-
monics decreased significantly. This is illustrated by the THD;
values, which on average decreased more than three times when
supplied with the sinusoidal voltage. Also, an increase in the
supply voltage distortion in the case of an HPS lamp with EB
leads to an increase in the THD; value (Fig. 3b). For a 70 W
lamp with EB, the THD; increased by 142.89%. Compared to
the lamp-ECG system, it is still a much smaller increase. For
a 100 W lamp the THDj value increased by 134.57% and for
a 150 W lamp — by 90.81%. The smallest increase in the THD;
value was observed for a 250 W lamp. There was an increase
of 9.02% only. Therefore, it can be concluded that in the case
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of EBs, their sensitivity to changes of the supply voltage distor-
tion is lower than the ECG and depends on their design and op-
erating principle. Also, for the EB-lamp system, the changes in
the approximating functions THDj in a function of THDy have
been determined (Fig. 3b). Despite the significant increase in
THD; observed with the increase in THDy, its values did not
exceed 16%. Even the largest current distortion of the EB lamp
system with the largest supply voltage distortion is less than the
smallest THD; value of the ECG lamp system with the sinu-
soidal voltage supply.

3.2. The analysis of luminous flux and luminous efficiency.
From the operational point of view, it seems interesting to check
whether the voltage distortion level affects the luminous flux
value of HPS lamps with ECG and electronic ballasts (EB). For
this purpose, the following quantity was measured. Based on
the measurement results of electrical parameters and luminous
flux, the luminous efficacy 11 was calculated. It was calculated
as the quotient of the luminous flux @ and the active power P

(Eq. (1))
_® (Im
7 (%)

Table 5 shows the measured values of luminous flux and cal-
culated luminous efficiency for the tested HPS lamps with ECG

ey

Table 5
The summary of measured and calculated values of luminous flux and
luminous efficiency of the HPS lamp with ECG and EB with a change
in the supply voltage distortion level

ECG EB
TI(L{%D)V Lamp D n P n
(Im) (Im/W) (Im) (Im/W)
TJOW | 7774.550 | 80.593 5311.289 | 76.161
0 100 W | 11727.535 | 91.102 7661.217 | 83.121
150 W | 15595.272 | 95.419 | 12340.326 | 89.138
250 W | 26838.235 | 91.255 | 21470.588 | 96.471
70W | 7740.600 | 80.490 5311.289 | 76.220
1.80 100 W | 11619.114 | 90.619 7661.217 | 83.151
150 W | 15595.272 | 95.507 | 12340.326 | 89.177
250 W | 26687.740 | 91.081 | 21470.588 | 96.497
7J0W | 7740.600 | 80.474 5311.289 | 76.182
250 100 W | 11601.044 | 90.669 7661.217 | 83.176
150 W | 15595.272 | 95.518 | 12340.326 | 89.216
250 W | 26587.410 | 90.919 | 21437.145 | 96.399
TJOW | 7672700 | 80.254 5311.289 | 76.202
5.00 100 W | 11492.623 | 90.514 7661.217 | 83.188
150 W | 15595.272 | 95.865 | 12340.326 | 89.222
250 W | 26503.802 | 91.405 | 21453.866 | 96.483
7J0W | 7604.800 | 80.167 5311.289 | 76.156
750 100 W | 11348.061 | 90.164 7661.217 | 83.144
150 W | 15416.016 | 95.237 | 12340.326 | 89.222
250 W | 26252978 | 91.337 | 21453.866 | 96.526
7
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and EB. For lamps with ECG, an increase in the distortion level
of the supply voltage does not change the luminous flux. For
lamps operating with an electronic ballast, the luminous flux is
lower than for the same lamp operating with an ECG. This is
due to the assumed operating algorithm of the electronic ballast
whose main aim is to reduce the active power received from the
mains to achieve energy savings. For a 70 W HPS lamp with
ECG, the luminous flux is 7774 Im and for the electronic bal-
last, it is reduced to 5311 Im. Thus, the reduction of the lu-
minous flux resulting from using EB is 32%. In the case of
a 250 W HPS lamp with ECG, the luminous flux is equal to
26838 Im and when using an electronic ballast, it reaches the
value of 21470 Im. Changing the type of ballast results in a 20%
reduction of the luminous flux.

3.3. The calculation of active power losses. Under the rec-
ommendations of the European Union and national legislation
[50,51], the energy efficiency of lighting installations, both in-
door and outdoor, should be increased. For this purpose, the
power consumption is usually limited (and if possible) with un-
changed or even higher luminous flux values. Only the active
power of the installation is used in the calculation of energy
efficiency indicators (energy performance indicators). It is cal-
culated as the sum of the active power of the light points and
other devices necessary for the proper performance of the light-
ing installation. These calculations are usually done with the
adoption of simplifications. One of them is to neglect active
power losses. As it was proved in previous studies [46,47], ac-
tive power losses may exceed even 7% of the total power of
luminaires for a single-phase installation. Therefore, reducing
active power loss should be one of the objectives of modern-
ization of lighting installations or a condition fulfilled by a new
installation. There are no recommendations in the literature on
permissible active power loss values for lighting installations.
In the authors’ opinion, the maximum value of active power
losses that may be considered acceptable is no more than 5%
of the installed power. In the case of luminaires with relatively
small values of higher harmonics of the current generated to the
mains, their influence on the value of the resistance of the ca-
ble can be neglected. However, with high harmonic values of
the current flowing through the cable, this effect must be con-
sidered. Below, there are presented the relationships by which
the resistance value of the power cable can be calculated for
a given harmonic. The analysis focused only on cable lines
because they are most commonly used in practice in the case
of outdoor (road) lighting installations. In general, cable re-
sistance is affected by three phenomena: skin effect, proxim-
ity, and metallic cable screen influence. The cable resistance
for a given frequency (harmonic order) can be calculated from

Eq. (2)
Rac(h) = Rpc [1 +x5(h) +x,(h) +xq(h)], )

Rpc — DC conductor resistance (Q); x, — resistance increment
caused by skin effect; x, — resistance increment caused by prox-
imity effect; x, — resistance increment caused by the impact of
the metallic cable screen.

Usually, the cables used in outdoor lighting installations have
no metallic screen. Therefore, in dependence (2), the compo-
nent x, can be omitted (Eq. (3))

Rac(h) = Roc [1+x,(h) +x, (1)) 3)

The literature describes many methods of determining the
components x; and x,, [48,52-55]. In the calculations, the de-
pendencies given in IEC-60287-1-1 will be used [48]. The value
of the coefficient taking into account the skin effect is calculated
from formula (4)

y4
h)=—>2— 4
x(h) 192 +0.8y4° @)
where )
8rhfk
4 s
= _— 5
Vs (Ruc107> ; (5

f — mains rated frequency (Hz); &4 — harmonics order; k; — cor-
rection coefficient depending on a cable conductor design.

The calculation assumes the value of the coefficient k, for
a single-strand cable equal to 1 and a multi-strand cable k; =
0.4. The value of the coefficient taking into account the proxim-
ity effect according to IEC-60287-1-1 [48] is calculated using
the relation (6)

xp(h) = 7% d ’
P 19240.8y% \ D

0.312 (g)2+ y21.18 ; (6)
m +0.27
where )
(e

D — Distance between axes of conductors (m), d — conductor
diameter (m).

Figure 4 shows a view of a four-strand cable with the dimen-
sions D and d marked. The correction coefficient depending on

D

d

Fig. 4. A cross-section of a four-strand cable
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the cable conductor design k), is equal to 1 for a single-strand
cable and 0.3 for a multi-strand cable.

For a three-phase installation, the active power losses in the
cable can be calculated from relation (8) [56]

o] (2)

2 1
+ (”} Yhm’®

Power losses in the neutral conductor of the power cable can
be determined from Eq. (9) [56]. Losses in the neutral conduc-
tor are caused by the flow of higher zero-order harmonics and
are a multiple of the number 3 (h =3,9,15,...)

Ry (h) |on? +101+n(3n—1)(6n 1)

APP — R
l 2

Z um,”. (9)

If the neutral conductor has the same cross-section, it is made
from the same material and has the same length as the phase
conductors, it can be assumed that Ry (h) = Rac(h). The total
active power losses in a power cable are equal to the sum of the
power losses in phase and neutral conductors (equation 10)

APY = APY 1 AP (10)
For a single-phase installation, active power losses in the

power cable are also total power losses. It can be calculated
using the relationship (11) [56]

APLP = 2Rpc(h) [n2 (loll>

=+ (27’!1] Z[Lumh .

Y

Using the above dependencies, it is possible to determine the
permissible number of the light points (luminaires) that can be
supplied from one circuit and the active power losses will not
exceed the assumed permissible value. The article presents the
results of the calculations of the permissible number of light
points due to the value of the assumed percentage losses of ac-
tive power. The percentage of the active power losses is un-
derstood as the quotient of active power losses and total ac-
tive power of luminaires. The installation of the road lighting
was chosen as a sample test object. The calculations were made
for five permissible values of active power losses in percent-
ages: 1%, 2%, 3%, 4%, and 5%. In road lighting installations,
both copper and aluminium strand cables are used. Therefore,
calculations were made for cables with copper and aluminium
strands. For cables with copper strands, the cross-sections of
10 mm?, 16 mm?, and 25 mm? have been selected; for cables
with aluminium strands, the calculations have been made for
the cross-sections of 16 mm?, 25 mm?2, and 35 mm?. Appar-
ently, the calculations were made for all tested HPS lamps with
both ECG and EB, and all analyzed distortion levels of the sup-
ply voltage. Single-phase and three-phase installations were an-
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alyzed, and the results of the calculations are presented in Ta-
bles 8-15.

To calculate the active power losses, it is necessary to know
the length of the cable line between the poles. For this purpose,
the lighting parameters on the road were calculated using DI-
ALux. The lighting system parameters adopted for the calcula-
tion are presented in Table 6. For the 250 W lamp, a dual car-
riageway with four lanes was selected as a reference object. The
arrangement of luminaires “Double row, opposing” was used.
The calculation of the permissible number of poles (luminaires)
due to the active power losses was made for a circuit located on
one side of the road. For the other lamps, a “Single row, bot-
tom” arrangement is used. The adopted assumptions concern
the lighting installation for HPS lamps with ECG and EB. After
the change of the ballast, neither the mounting of the luminaires
nor the installation parameters were changed. These parameters
were selected to meet the lighting requirements for the assumed
road lighting classes. The calculation results of the lighting pa-
rameters on the road are presented in Table 7. The tested elec-
tronic ballast reduces the active power received from the mains.
This was confirmed by the results of the tests described in Sec-
tion 3.1. Unfortunately, the power reduction is also associated
with a reduction in the luminous flux value (Section 3.2). This
affects the lighting parameters on the road as illustrated by the
calculation results in Table 7. The reduction of the luminous

Table 6
Parameters of road lighting installations
HPSLamp | 70W [ 100w [ 150w | 250w
Arrangements Single row, bottom Double.row,
opposing
Poledistance | 500 | 2800 | 25.00 33.00
(m)

Height (m) 8.00 9.00 10.50 10.30
Inclination (°) 0.00 5.00 6.00 1.00
Overhang (m) —-0.65 -0.65 —-0.65 -0.15

Boom length | 55 | 050 1.00 0.00
(m)
Number of
poles 22 19 16 10
single-phase
Number of
poles 48 42 36 21
three-phase
Street length
single-phase 550 532 400 330
(m)
Street length
single-phase 1200 1176 900 693
(m)
Street width 6 (21ane) | 7 (2 lane) | 7 (2 lane) T+7
(m) (4 lane)
Maintenance 0.80
factor
Lighting class M5 ‘ M5 ‘ M4 ‘ Ml
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Table 7
Results of photometric calculations

Lavg Uo Ui fri =

Luminaire (cd-m2) (%) (%) (%) E

O1 02 O1 02 o1 02 O1 02 (Ix)

TOW ECG 0.64 0.67 0.41 0.39 0.54 0.55 3 2 13

EB 0.51 0.54 0.41 0.39 0.54 0.55 3 2 10

100 W ECG 0.75 0.80 0.41 0.39 0.59 0.65 4 2 14

EB 0.54 0.58 0.41 0.39 0.59 0.65 4 2 10

150 W ECG 1.08 1.16 0.42 0.40 0.74 0.67 4 3 19

EB 0.76 0.82 0.42 0.40 0.74 0.67 4 2 13

ECG 2.47 2.54 0.77 0.72 0.80 0.88 7 8 39

250 W 2.55 2.46 0.73 0.82 0.91 0.83 8 7 39

EB 2.01 2.12 0.87 0.81 0.79 0.83 10 10 32

2.13 2.00 0.81 0.86 0.87 0.76 10 10 32

Table 8
The permissible number of HPS lamps with EB for single-phase circuits for a copper cable cross-section
Number of poles n
THDy (%) | PLamp 10 mm? 16 mm?2 25 mm?

1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5%
JOW | 14 | 21 | 25 | 30 | 33 | 18 | 26 | 32 | 38 | 42 | 23 | 33 | 41 | 48 | 53
0 100W | 12 | 17 | 21 | 24 | 27 | 15 | 22 | 27 | 31 | 35 | 19 | 27 | 34 | 39 | 44
I50W | 10 | 15 | 18 | 21 | 24 | 13 | 19 | 23 | 27 | 30 | 16 | 24 | 29 | 34 | 38
250W | 6 10 | 12 14 | 16 8 12 15 | 18 | 20 | 11 16 | 20 | 23 | 26
JOW | 14 | 21 | 25 | 30 | 33 | 18 | 26 | 32 | 38 | 42 | 23 | 33 | 41 | 48 | 53
1.80 100W | 12 | 17 | 21 | 24 | 27 | 15 | 22 | 27 | 31 | 35 | 19 | 27 | 34 | 39 | 44
IS50W | 10 | 15 | 18 | 21 24 | 13 | 19 | 23 | 27 | 30 | 16 | 24 | 29 | 34 | 38
250 W | 6 10 | 12 | 14 | 16 8 12 | 15 | 18 | 20 | 11 16 | 20 | 23 | 26
JOW | 14 | 20 | 25 | 29 | 33 | 18 | 26 | 32 | 38 | 42 | 23 | 33 | 41 | 48 | 53
250 100W | 12 | 17 | 21 24 | 27 | 15 | 22 | 27 | 31 35 19 | 27 | 34 | 39 | 44
ISOW | 10 | 15 | 18 | 21 | 24 | 13 | 19 | 23 | 27 | 30 | 16 | 24 | 29 | 34 | 38
250W | 6 10 | 12 | 14 | 16 8 12 | 15 18 | 20 | 11 16 | 20 | 23 | 26
JOW | 14 | 20 | 25 | 29 | 33 | 18 | 26 | 32 | 37 | 42 | 23 | 33 | 41 | 47 | 53
5.00 100W | 12 | 17 | 21 | 24 | 27 | 15 | 22 | 27 | 31 | 35 | 19 | 27 | 34 | 39 | 44
IS0W | 10 | 15 | 18 | 21 | 24 | 13 | 19 | 23 | 27 | 30 | 16 | 24 | 29 | 34 | 38
250W | 6 10 | 12 | 14 | 16 8 12 | 15 18 | 20 | 11 16 | 20 | 23 | 26
JOW | 14 | 20 | 25 | 29 | 33 | 18 | 26 | 32 | 37 | 42 | 23 | 33 | 41 | 47 | 53
750 100W | 11 17 | 21 24 | 27 | 15 | 22 | 27 | 31 35 | 19 | 27 | 34 | 39 | 44
ISOW | 10 | 15 | 18 | 21 | 24 | 13 | 19 | 23 | 27 | 30 | 16 | 24 | 29 | 34 | 38
250W | 6 10 | 12 | 14 | 16 8 12 | 15 18 | 20 | 11 16 | 20 | 23 | 26

flux mainly affects the value of luminance and illumination.
For the road under consideration, the reduction of luminance
did not cause negative effects, i.e. the reduction of luminance
below the value allowed for a given road lighting class. Oth-
erwise, the geometrical parameters of the lighting installation
should be changed, for example, the pole distance, the height,
the inclination, the overhang, and the boom length.

10

From the obtained results, it can be concluded that for HPS
lamps with EB no effect of supply voltage distortion was ob-
served on the permissible number of luminaires. This concerns
both single-phase and three-phase installations with copper and
aluminium cables. The increase in the permissible percentage
of active power losses from 1% to 5% results in a more than
100% increase of the luminaires number that can be installed
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Table 9
The permissible number of HPS lamps with EB for single-phase circuits for an aluminum cable cross-section
Number of poles n
THDy (%) PLamp 16 mm? 25 mm? 35 mm?
1% | 2% | 3% | 4% | 5% 1% | 2% | 3% | 4% | 5% 1% | 2% | 3% | 4% | 5%
70W 14 20 25 29 32 18 26 32 37 41 21 30 37 43 49
0 100 W 11 16 20 24 27 15 21 26 30 34 17 25 31 36 40
150 W 10 14 18 21 23 13 18 23 26 30 15 22 27 31 35
250 W 6 9 12 14 15 8 12 15 18 20 10 14 18 21 24
70W 14 20 25 29 32 18 26 32 37 41 21 30 37 43 49
1.80 100 W 11 16 20 24 27 15 21 26 30 34 17 25 31 36 40
150 W 10 14 18 21 23 13 18 23 26 30 15 22 27 31 35
250 W 6 9 12 14 15 8 12 15 18 20 10 14 18 21 24
70 W 14 20 25 29 32 18 26 32 37 41 21 30 37 43 49
250 100 W 11 16 20 24 27 15 21 26 30 34 17 25 31 36 40
150 W 10 14 18 21 23 13 18 23 26 30 15 22 27 31 35
250 W 6 9 12 14 15 8 12 15 18 20 10 14 18 21 24
70 W 14 20 25 29 32 18 26 32 37 41 21 30 37 43 49
5.00 100 W 11 16 20 24 27 15 21 26 30 34 17 25 31 36 40
150 W 10 14 18 21 23 13 18 23 26 30 15 22 27 31 35
250 W 6 9 12 14 15 8 12 15 18 20 10 14 18 21 24
70 W 14 20 25 29 32 18 25 31 36 41 21 30 37 43 48
750 100 W 11 16 20 24 27 15 21 26 30 34 17 25 31 36 40
150 W 10 14 18 21 23 13 18 23 26 30 15 22 27 31 35
250 W 6 9 12 14 15 8 12 15 18 20 10 14 18 21 24

Table 10
The permissible number of HPS lamps with ECG for single-phase circuits for a copper cable cross-section
Number of poles n
THDy (%) Pramp 10 mm? 16 mm? 25 mm?

1% | 2% | 3% | 4% | 5% 1% | 2% | 3% | 4% | 5% 1% | 2% | 3% | 4% | 5%
70 W 12 17 22 25 28 15 22 28 32 36 20 28 35 41 45
0 100 W 9 14 17 20 22 12 18 22 25 29 16 23 28 32 36
150 W 9 13 16 19 21 11 17 21 24 27 15 21 26 31 34
250 W 5 8 10 12 13 7 10 13 15 17 9 13 17 19 22
70 W 11 17 21 24 27 15 21 26 31 34 19 27 33 39 44
1.80 100 W 9 13 17 19 22 12 17 21 25 28 15 22 27 31 35
150 W 8 12 15 18 20 11 16 20 23 26 14 20 25 29 33
250 W 5 8 10 11 13 7 10 12 14 16 9 13 16 19 21
70W 11 16 20 23 26 14 21 26 30 34 18 26 33 38 43
250 100 W 9 13 16 19 21 11 17 21 24 27 15 21 26 31 34
150 W 8 12 15 17 19 10 15 19 22 25 13 20 24 28 32
250 W 5 7 9 11 12 6 9 12 14 16 8 12 15 18 20
70W 9 13 17 20 22 12 17 21 25 28 15 22 27 32 36
5.00 100 W 8 11 14 16 18 10 14 18 21 24 13 18 23 27 30
150 W 7 10 12 14 16 9 13 16 19 21 11 16 20 24 27
250 W 4 6 8 9 10 5 8 10 12 13 7 10 13 15 17
70W 7 11 14 16 18 10 14 17 20 23 12 18 22 26 29
750 100 W 6 12 14 15 8 12 15 17 20 10 15 19 22 25
150 W 5 10 12 13 7 10 13 15 17 9 13 16 19 22
250 W 3 6 7 8 4 6 8 9 10 5 8 10 12 14
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Table 11
The permissible number of HPS lamps with ECG for single-phase circuits for aluminum cable cross-section
Number of poles n

THDy (%) Pramp 16 mm? 25 mm? 35 mm?2
1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5%
70 W 12 17 21 25 28 15 22 27 31 35 18 26 32 37 41
0 100 W 9 13 17 19 22 12 17 21 25 28 14 21 25 30 33
150 W 9 13 16 18 21 11 16 20 24 26 13 19 24 28 31
250 W 5 8 10 12 13 7 10 13 15 17 8 12 15 18 20
70 W 11 16 20 23 26 14 21 26 30 34 17 25 31 35 40
1.80 100 W 9 13 16 19 21 11 17 21 24 27 14 20 25 29 32
150 W 8 12 15 18 20 11 15 19 22 25 13 18 23 27 30
250 W 5 7 9 11 12 6 10 12 14 16 8 12 14 17 19
70W 11 16 20 23 26 14 20 25 29 33 17 24 30 35 39
250 100 W 9 13 16 18 21 11 16 20 24 27 13 19 24 28 31
150 W 8 12 14 17 19 10 15 19 22 24 12 18 22 26 29
250 W 5 7 9 11 12 6 9 12 14 15 7 11 14 16 18
70 W 9 13 16 19 21 12 17 21 24 27 14 20 25 29 32
5.00 100 W 7 11 14 16 18 10 14 18 20 23 12 17 21 24 27
150 W 6 10 12 14 16 8 12 15 18 20 10 15 18 21 24
250 W 4 6 7 8 10 5 8 10 11 13 6 9 12 14 15
70 W 7 11 13 16 18 9 14 17 20 22 11 16 20 24 27
750 100 W 6 11 13 15 8 12 15 17 19 9 14 17 20 23
150 W 5 8 10 11 13 7 10 12 15 16 8 12 15 17 20
250 W 3 6 7 8 4 6 8 9 10 5 7 9 11 12

Table 12

The permissible number of HPS lamps with EB for three-phase circuits for copper cable cross-section

Number of poles n

THDy (%) PLamp 10 mm? 16 mm? 25 mm?
1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% 5% 1% | 2% 3% 4% 5%
70 W 36 51 63 72 81 45 66 81 93 105 57 81 102 | 117 132
0 100 W 30 42 51 60 69 36 54 66 78 87 48 69 84 9% | 108
150 W 24 36 45 51 60 33 45 57 66 75 42 60 72 84 93
250 W 15 24 30 36 39 21 30 39 45 51 27 39 48 57 63
T0W 36 51 63 72 81 45 66 81 39 | 102 57 81 102 | 117 132
1.80 100 W 30 42 51 60 66 36 54 66 75 87 48 69 84 9 | 108
150 W 24 36 45 51 60 33 45 57 66 75 42 60 72 84 93
250 W 15 24 30 36 39 21 30 39 45 51 27 39 48 57 63
T0W 36 51 63 72 81 45 63 78 39 | 102 57 81 102 | 117 129
250 100 W 30 42 51 60 66 36 54 66 75 87 48 69 84 9 | 108
150 W 24 36 45 51 60 33 45 57 66 75 42 60 72 84 93
250 W 15 24 30 36 39 21 30 39 45 51 27 39 48 57 63
70 W 36 51 63 72 81 45 63 78 39 | 102 57 81 99 | 117 129
5.00 100 W 30 42 51 60 66 36 54 66 75 84 48 66 84 96 108
150 W 24 36 45 51 57 33 45 57 66 75 42 60 72 84 93
250 W 15 24 30 36 39 21 30 39 45 51 27 39 48 57 63
70 W 36 51 63 72 81 45 63 78 90 102 57 81 99 | 117 129
750 100 W 30 42 51 60 66 36 54 66 75 84 48 66 84 9% | 108
150 W 24 36 45 51 57 33 45 57 66 75 42 60 72 84 93
250 W 15 24 30 36 39 21 30 39 45 51 27 39 48 57 63
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Table 13
The permissible number of HPS lamps with EB for three-phase circuits for an aluminum cable cross-section
Number of poles n
THDy (%) PLamp 16 mm? 25 mm? 35 mm?2

1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% 5% | 1% | 2% | 3% 4% 5%
70W 33 51 60 72 81 45 63 78 90 | 102 51 75 93 | 108 | 120
0 100 W 27 42 51 60 66 36 51 66 75 84 42 63 75 87 99
150 W 24 36 45 51 57 33 45 57 66 72 36 54 66 78 87
250 W 15 24 30 33 39 21 30 36 45 48 24 36 45 51 57
70 W 33 51 60 72 81 45 63 78 90 | 102 51 75 93 | 108 | 120
1.80 100 W 27 42 51 60 66 36 51 63 75 84 42 63 75 87 99
150 W 24 36 45 51 57 33 45 57 66 72 36 54 66 78 87
250 W 15 24 30 33 39 21 30 36 45 48 24 36 45 51 57
70W 33 51 60 72 81 45 63 78 90 | 102 51 75 93 | 105 | 120
250 100 W 27 42 51 60 66 36 51 63 75 84 42 63 75 87 99
150 W 24 36 45 51 57 33 45 57 66 72 36 54 66 78 87
250 W 15 24 30 33 39 21 30 36 45 48 24 36 45 51 57
70W 33 48 60 72 7 45 63 78 90 | 102 51 75 90 | 105 | 120
5.00 100 W 27 42 51 60 66 36 51 63 75 84 42 63 75 87 99
150 W 24 36 45 51 57 33 45 57 66 72 36 54 66 78 87
250 W 15 24 30 33 39 21 30 36 45 48 24 36 45 51 57
70W 33 48 60 69 78 45 63 78 90 99 51 75 90 | 105 | 120
750 100 W 27 42 51 57 66 36 51 63 75 84 42 60 75 87 99
150 W 24 36 45 51 57 33 45 57 66 72 36 54 66 75 87
250 W 15 24 30 33 39 21 30 36 45 48 24 36 45 51 57

Table 14
The permissible number of HPS lamps with ECG for three-phase circuits for a copper cable cross-section

Number of poles n

THDy (%) PLamp 10 mm? 16 mm? 25 mm?
1% | 2% | 3% | 4% | 5% 1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% 5%
70W 27 42 51 60 66 36 51 66 75 84 45 66 81 9 | 105
0 100 W 21 33 39 45 51 27 42 51 57 66 36 51 63 75 84
150 W 21 30 39 45 51 27 39 48 57 63 36 51 63 72 81
250 W 12 18 24 27 33 18 24 30 36 42 21 33 39 45 51
70W 27 39 48 57 63 33 51 60 72 81 45 63 78 90 | 102
1.80 100 W 21 30 39 45 51 27 39 48 57 63 36 51 63 72 81
150 W 21 30 36 42 48 27 36 45 54 60 33 48 60 69 78
250 W 12 18 21 27 30 15 24 30 33 39 21 30 36 42 48
70 W 27 39 45 54 60 33 48 60 69 78 42 60 75 87 99
250 100 W 21 30 36 42 48 27 39 48 54 63 33 48 60 69 78
150 W 18 27 33 39 45 24 36 45 51 57 30 45 57 66 72
250 W 12 18 21 24 27 15 21 27 33 36 18 27 36 42 45
70 W 21 30 36 42 48 27 39 48 54 60 33 48 60 69 78
5.00 100 W 18 24 30 36 42 21 33 39 45 51 27 42 51 60 66
150 W 15 21 27 33 36 18 27 36 42 45 24 36 45 51 57
250 W 9 12 18 21 24 12 18 21 27 30 15 24 27 33 36
70W 15 24 30 33 39 21 30 36 42 48 27 39 48 54 63
750 100 W 12 21 24 30 33 18 27 33 36 42 24 33 42 48 54
150 W 12 18 21 24 27 15 21 27 33 36 18 27 36 39 45
250 W 6 9 12 15 18 9 12 18 21 21 12 18 21 24 30
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Table 15
The permissible number of HPS lamps with ECG for three-phase circuits for an aluminum cable cross-section

Number of poles n

THDy (%) PLamp 16 mm? 25 mm? 35 mm?
1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5% | 1% | 2% | 3% | 4% | 5%
70W 27 39 51 57 66 36 51 63 72 81 42 60 75 87 96
0 100 W 21 30 39 45 51 27 39 48 57 63 33 48 57 69 75
150 W 21 30 39 45 48 27 39 48 57 63 33 45 57 66 75
250 W 12 18 24 27 30 15 24 30 36 39 21 30 36 42 48
70 W 27 39 48 54 60 33 48 60 69 78 39 57 72 81 93
1.80 100 W 21 30 36 45 48 27 39 48 57 63 33 45 57 66 75
150 W 18 27 36 42 45 24 36 45 54 60 30 42 54 63 69
250 W 12 18 21 27 30 15 24 27 33 36 21 27 33 39 45
70 W 24 36 45 54 60 33 48 57 66 75 39 57 69 78 90
550 100 W 21 30 36 42 48 27 36 45 54 60 30 45 54 63 72
150 W 18 27 33 39 45 24 36 42 51 57 27 42 52 60 66
250 W 12 18 21 24 27 15 21 27 33 36 18 27 33 39 42
70 W 21 30 36 42 48 27 36 45 54 60 30 45 54 63 72
5.00 100 W 15 24 30 36 39 21 30 39 45 51 27 36 45 54 60
150 W 15 21 27 30 36 18 27 33 39 45 21 33 42 48 54
250 W 9 12 15 18 21 12 18 21 24 27 15 21 27 30 33
70W 15 24 27 33 36 21 30 36 42 48 24 36 42 51 57
750 100 W 12 18 24 27 33 18 24 30 36 42 21 30 36 42 48
150 W 12 15 21 24 27 15 21 27 30 36 18 24 30 36 42
250 W 6 9 12 15 18 9 12 15 18 21 12 15 21 24 27

on one single-phase and three-phase circuit. For a single-phase
installation, the smallest increase in the permissible number of
lamps was found for lamps of 100 W with EB and a circuit
made with a 10 mm? copper cable. The increase was 125%, i.e.
the number of luminaires can be increased from 12 to 27 units.
The highest increase in the permissible number of lamps was
observed for a 250 W lamp with EB also for a circuit made
with a 10 mm? copper cable. The number of luminaires can
be increased from 6 to 16, an increase of 167%. In a three-
phase installation, increasing the permissible percentage of ac-
tive power losses (from 1% to 5%) also increases the permis-
sible number of lamps supplied from one circuit. The largest
increases in the lamp number that can be supplied from one cir-
cuit were found for 250 W lamps with EB and circuits made
with 10 mm? copper cable and 16 mm? aluminium cable. In
these cases, the number of lamps can be increased from 15 to
39 (160% increase).

In the case of HPS lamps with ECG, the influence of the dis-
tortion level of the supply voltage on the permissible number
of lamps can be observed. For permissible active power losses
equal to 1% in a single-phase circuit and with an increase of
THDy from 0 to 7.50%, the number of luminaires that can be
supplied from a single circuit has decreased on average by 39%.
Considering the variant where the permissible active power loss
is 5%, the number of luminaires decreased on average by 36%.
The greatest decrease in the permissible number of HPS lamps
with ECG was found for a 250 W lamp, with the permissible

14

active power losses equal to 1% and a copper cable of 25 mm?
cross-section. The number of lamps has been reduced by 44%
from 9 to 4. The smallest reduction in the lamp number caused
by an increase in THDy occurred for a 100 W lamp, with the
permissible power losses value equal to 5% and an aluminium
cable with a cross-section of 35 mm?”. The number of lamps has
decreased from 33 for THDy = 0% to 23 for THDy = 7.50%.
This is a 30% reduction. By increasing the permissible value
of power losses, the permissible number of lamps (luminaires)
increases. In the case of 250 W luminaire with ECG and single-
phase circuit, the largest increase in the lamp number occurred
for 25 mm? copper cable and reached 180%. The number of
lamps has increased from 5 to 14. The smallest increase in
the permissible lamp number was observed in several cases:
for 100 W lamp with ECG THDy = 5% and 10 mm? copper
cable and THDy = 0% and 25 mm? copper cable, 70 W and
THDy = 0%, 5.00% lamps and 25 mm? copper and aluminium
cables, respectively. The percentage increased to 125%.

In a three-phase circuit, as one might expect, it is possible
to supply a much larger number of lamps from one circuit. For
a copper cable with a cross-section of 25 mm? and a sinusoidal
voltage supply, the maximum number of lamps that can be sup-
plied from one circuit at the active power losses of 5% is 105
(for a single-phase installation it is 45 lamps). Analyzing the
obtained results for a 250 W lamp with ECG (three-phase cir-
cuit), it can be concluded that for this circuit the greatest reduc-
tion in the lamp number due to an increase in THDy occurred.
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Increasing THDy from 0 to 7.50% caused a reduction in the
lamp number by up to 50%. This decrease was observed for
a copper cable with a cross-section of 10 mm? and 16 mm?,
aluminium cable 16 mm?, and the permissible value of active
power loss of 1%. The smallest reduction in the lamp number,
only by 33%, was found for 100 W luminaire, 16 mm? cop-
per cables, and 25 mm? for the permissible active power losses
of 1%, and 25 mm? aluminium cable for the permissible active
power losses of 1% and 5%. To conclude, it can be stated that on
average for all tested cases of HPS lamps with ECG, there was
an increase in THDy results with a 42% decrease in the permis-
sible lamp number. The biggest and the smallest increase in the
permissible lamp numbers supplied from one circuit occurred
for a 250 W lamp with an increase in the permissible active
power losses from 1% to 5%. For THDy = 7.50%, the number
of lamps has increased from 6 to 18, an increase of 200%. Such
a case occurred for copper and aluminium cables of 10 mm?
and 16 mm? cross-section, respectively. The smallest increase
in the number of luminaires was observed for THDy = 7.50%
and 35 mm? aluminium cable. It amounted to 114% only.

3.4. Case study: calculation of active power losses, energy
performance indicators, energy, electricity costs, and CO,
emission of road lighting installation. To fully compare the
road lighting installations with luminaires for HPS lamps with
ECG and EB, the energy performance indicators according
to EN 13201-5 [57], the electricity consumption costs, and
CO, emissions must be additionally calculated. The calcula-
tion of energy performance indicators: the power density indi-
cator (PDI) Dp and the annual electricity consumption indicator
(AECI) Dg shall be made for the installation to be lit in a given
area. The calculation of these indicators also requires knowl-
edge of the horizontal average illuminance of the road. The il-
lumination value can be calculated, for example, by using DI-
ALux at the design calculation stage. The calculation of the ac-
tive power losses requires, as written before, knowledge about
the length, the cross-section, and the material of the cable. In
the analyzed case it has been assumed that the road lighting in-
stallation is made with an aluminium cable with a cross-section
of 25 mm?2. This assumption applies to both single-phase and
three-phase installations. It was assumed that the active power
losses in the most unfavorable case (i.e. for THDy = 7.50% and
lamps with ECG) cannot exceed 5%. The values of the permis-
sible number of luminaires (lamps) for the adopted assumption
were read in Tables 10 and 14. For a single-phase installation,
the following number of luminaires was assumed: 70 W — 22
luminaires, 100 W — 19 luminaires, 150 W — 16 luminaires, and
250 W — 10 luminaires. For a three-phase installation, these are
the following values: 70 W — 48 luminaires, 100 W — 42 lumi-
naires, 150 W — 36 luminaires, 250 W — 21 luminaires. Table 6
lists the parameters of the lighting installations under consid-
eration, including the number of luminaires and areas to be lit.
Table 7 shows the average illuminance values used to calculate
energy performance indicators calculated in the DIALux pro-
gram. For installations with 250 W lamps, only one carriage-
way was analyzed. The results of the calculations are presented
in Tables 16-19.
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Energy performance indicators are calculated only based on
the active power of the road lighting installation. It is calcu-
lated as the sum of the active power of luminaires and the sum
of the power of the other devices necessary for the operation
of the installation. During the calculations, it was assumed that
the power of the lighting system is equal to the sum of the lumi-
naire power. The power of other devices related to the operation
of the road lighting installation under consideration was omit-
ted. The calculation of the AECI also requires the knowledge of
the illumination time. The calculations assume an annual illu-
mination time equal to 3950 h. It is a calculated average annual
time of illumination based on the astronomical calendar taking
into account the hours of sunrises and sunsets for the geograph-
ical location of Poland. The active energy price of 0.1194 €
for 1 kWh was adopted for the calculation. This is the average
price for customers non-residential in the EU based on [58].
In Poland, the guidelines contained in [59] are used to calcu-
late CO, emissions. The generation of 1 kWh of energy is ac-
companied by the emission of 0.781 kg of CO,. This value of
1 kWh per kg of CO; has been assumed in the calculation. The
calculated costs of electricity consumption for a road lighting
installation with HPS lamps with EB and ECG are shown in
Tables 17 and 19, respectively. In addition, the aforementioned
tables show the calculated values of CO, emitted to the atmo-
sphere.

Analyzing the obtained results, it can be observed that an
installation with HPS lamps equipped with electronic bal-
lasts is less sensitive to the supply voltage distortion chang-
ing within the assumed range than the installation with HPS
lamps equipped with ECG. For a single-phase installation with
70 W lamps with ECG, the active power losses are equal to
42 W for the sinusoidal voltage supply. If the lighting installa-
tion is supplied by non-sinusoidal voltage, active power losses
increase to 96 W. Thus, in this case, the active power losses
are comparable to the power of a single luminaire. An in-
crease in the supply voltage distortion level results in an un-
necessary increase in electricity consumption of 216 kWh/year.
This generates the annual costs of 25 € and produces 168 kg
of CO; emissions in the atmosphere. For a single-phase instal-
lation equipped with luminaires for 250 W HPS lamps with
ECG, the active power losses equal 52 W for the supply of
sinusoidal voltage and increase to 126 W for the variant with
THDy = 7.50%. Changing the power supply conditions causes
the power losses to more than double only due to the sup-
ply voltage distortion. In the cost of electricity consumption,
there is an additional unjustified cost of 32 € and an additional
248 kg of CO; emitted into the atmosphere. The level of the
supply voltage distortion slightly affects the PDI and AECI en-
ergy performance indicators. A slight increase in the value of
these indicators can be observed as the supply voltage distor-
tion level increases. It should be remembered here that their
value per unit of area to be lit is determined. For a single-phase
installation with HPS 70 W lamps equipped with EB, the ac-
tive power losses are 21.98 W for sinusoidal voltage supply
and increase slightly to 22.30 W (for THDy = 7.50%). Such
a slight difference between these values increases the electric-
ity consumption of only 1.24 kWh. The difference between the
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electricity costs is therefore small. Immunity against the sup-
ply voltage distortion of electronic ballasts is their undoubted
advantage over ECG.

For example, for a three-phase installation equipped with
70 W HPS lamps with ECG, the active power losses are equal
to 77.23 W for the sinusoidal voltage supply and increase to
219.64 W for the THDy = 7.50% supply voltage. The increase
of power losses resulting from the change in power supply con-
ditions is more than triple. When comparing the results obtained
for single-phase and three-phase installations, it is important
to remember the assumptions made and the different number
of light points (luminaires) in both cases. An increase in the
voltage distortion level causes an unjustified increase in the an-
nual electricity consumption by 562 kWh. This situation con-
sequently increases the cost of electricity consumption by 68 €
and has the unwanted environmental effect of 720 kg of CO,
emissions. When the magnetic ballast is replaced by electronic
ballast, the active power losses are 37.12 W (for THDy = 0%)
and increase to 38.36 W (THDy = 7.50%) only. It can be stated
that even in this case the voltage distortion does not affect the
value of active power losses.

For a three-phase installation equipped with 250 W lamps
with ECG, the estimated active power losses are 84 W when
supplied with sinusoidal voltage and increase up to 247 W.
This is the reason for the electricity consumption increase of
289 kWh/year. The additional costs of electricity consumption
and the adverse environmental effects are a consequence of
this. The increase of the active power losses resulting from the
change of the supply voltage distortion level is compared to the
power of a single luminaire. With a distorted supply voltage,
the installation generates such costs and environmental effects
as if it were equipped with an additional lighting point. As for
the 70 W lamp, it is worth using electronic ballasts instead of
ECG in terms of costs and environmental impact.

4. Conclusion

The article aimed to compare the energy efficiency of light-
ing installation with HPS lamps equipped with electromagnetic
control gear and electronic ballasts supplied with sinusoidal
and non-sinusoidal voltage. Replacing ECG with EB should
improve the lighting quality, the energy efficiency, reduce the
electricity costs and greenhouse gas emissions. However, when
exchanging ECGs for EB on a one-to-one basis, several impor-
tant aspects need to be taken into account. The new technology
should meet or exceed the performance of the existing technol-
ogy, including the lighting quality, and reduce the power and
costs.

The article presents the results of the performance compari-
son of HPS lamps with electromagnetic control gear and elec-
tronic ballasts under the sinusoidal and the non-sinusoidal sup-
ply condition. The electrical, photometric, and colorimetric pa-
rameters of HPS lamps with power ratings of 70 W, 100 W,
150 W, and 250 W were measured and analyzed.

To accurately analyse the influence of the distortion supply
voltage on electrical parameters, additional parameters have

20

been calculated following the relations presented in the IEEE
Std. 1459-2010. Moreover, the permissible number of lumi-
naires for single-phase and three-phase installations made from
aluminium and copper cables for the most frequently used in
practice cross-sectional values were calculated due to the per-
missible value of active power losses in the power cable. The
calculations consider the influence of harmonic currents flow
on the value of power cable resistance and active power losses.
The calculations of energy performance indicators, electricity
consumption and costs, and CO, emissions were also made for
exemplary road lighting installations.

These calculations were made for a single-phase and three-
phase installation with an assumed number of luminaires for
all analyzed distortion levels of the supply voltage. There is no
such comprehensive analysis of HPS lamps with ECG and EB
made for different power supply conditions found in the liter-
ature. The presented results and method of calculations can be
useful in the technical and economic analysis of the advisability
of exchanging ECGs and replacing their EB.

The research results can be summarised as follows. Lumi-
naires equipped with magnetic ballasts for sodium lamps are
sensitive to the quality of the supply voltage. An increase in the
voltage distortion level causes an increase in the active power
losses and energy losses in a lighting installation equipped with
such luminaires. Luminaires equipped with electronic ballasts
as opposed to luminaires with magnetic ballasts are practically
immune to the electrical power quality. The decision to mod-
ernize the road lighting installation by replacing ballasts should
be preceded by a thorough technical and economic analysis and
in particular, by a comparison of investment and operating costs
of both solutions.

In the case of magnetic ballasts, the results obtained are rep-
resentative of other ballasts of this type available on the market.
For electronic ballasts, the situation is slightly more compli-
cated. Unlike their magnetic counterparts, they can differ in de-
sign, although the principle of operation remains the same. In
their case, as in the case of LED power supplies, the generaliza-
tion of results may apply to devices of similar design. Devices
of similar construction will have a similar effect on the supply
network, although the spectrum of higher harmonics may be
different. However, there may be non-standard solutions, which
should be considered individually.
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