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Abstract: Before the use of regulated street luminaires with variable power and luminous flux,
computations were performed using constant values for their electrical and photometric parameters.
At present, where such lighting is in use, it is no longer possible to base calculations on such
assumptions. Computations of energy and power losses, for example, need to be performed for all
dimming levels and based on the applied regulation algorithm. Based on measurements carried out
on regulated luminaires, it was found that certain electrical parameters have a nonlinear dependence
on the dimming level. Electrical parameters were also observed to depend on the value of the
supply voltage. The results of the measurements are presented in this article. Failure to take
account of power losses in computations of the energy efficiency of street lighting in accordance
with the applicable EN 13201 standard causes values of energy efficiency indicators to be overstated.
Power loss computations are presented in this article for a sample street lighting system with regulated
luminaires, for the whole range of dimming levels and additionally for fluctuations of =10% in the
supply voltage. In addition, a mathematical model of a regulated luminaire is constructed with the
use of regression methods, and a practical application of that model is described.

Keywords: road luminaire; linear regression; power losses

1. Introduction

European Union recommendations concerning improvement in energy efficiency cover 25 areas of
action under seven priorities. One of these priorities is lighting, the others being buildings, equipment,
transport, industry, power plants, and interdepartmental issues [1,2]. Lighting is an area where energy
efficiency can be improved by means of a relatively small financial expenditure [1,3-6]. It is achieved
most often by replacing light sources or by modernising or replacing luminaires. The use (although not
exclusively) of modern light sources or luminaires based on LED technology makes possible the use of
regulation systems [6-8]. The simplest regulation system, and the kind most commonly used in practice,
is based on an illumination schedule implemented in a luminaire controller [8]. These schedules may
be identical for all days and seasons, or may include seasonal variation. The illumination schedule
determines the degree of reduction of power and luminous flux at particular times in the evening
and night. The PN-EN 13201 standard [9] permits changes in the lighting class of a road at times
of lower traffic volume. A change of lighting class allows a reduction of the luminous flux of the
luminaire, which is equivalent to a reduction of its power. The power reduction should not cause the
illumination conditions to fall below those laid down in PN-EN 13201 [9]. Often in practice, during the
modernisation of street lighting, insufficient care is taken to ensure that the requirements of PN-EN
13201 [9] are satisfied at reduced levels of power and illumination. Advanced (intelligent) systems of
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street lighting control enable the regulation of individual luminaires and of whole systems. They also
enable diagnostics of luminaires and monitoring of electricity consumption [10].

Section 5 of the standard [9] defines indicators for evaluating the energy efficiency of street
lighting, taking account of the consumption of energy when adequate street lighting parameters are
maintained. One of the indicators for evaluating the energy efficiency of a lighting system is the power
density index (PDI), Dp. This represents the electrical power needed to provide an adequate level of
road illumination. It is computed by dividing the active power P of the lighting system by the sum,
over a set of considered horizontal planes, of the product of the average illuminance on a plane E; and
the area of the plane A;:

Dp = P/i(Ei-Ai), 1)
i=1

Another indicator is the annual energy consumption index (AECI), Dg:

M

De =) (Pytj)/ A @)

1

]

This is computed as the sum, over periods of operation of the system during the year, of the
product of the power of the lighting system in a period (P;) and the duration of the period (t;), divided
by the area illuminated (A). The power of the lighting system P (P)) is computed as the sum of the
powers of the light sources and the total power of devices of the system necessary for its proper
functioning. The value of the power of the system affects both of the above-mentioned indicators of
street lighting efficiency. The standard does not specify whether power losses are to be considered
in the computations, although in precise computations they should be taken into account. It would
therefore appear important to estimate how the accuracy of computations of these indicators is affected
by the decision to neglect or to consider power losses in the street lighting system.

Analysis of the energy efficiency of street lighting in accordance with the PN-EN 13201 standard [9]
requires knowledge of the mean illuminance on the road, the size of the area illuminated, and the
power of the lighting system being considered. Computations are usually performed based on the
rated powers of the luminaires, neglecting power losses in the system components. An increase
in power losses will lead to an increase in consumption of active power and in electricity charges.
Failure to take this issue into account during an energy audit may lead to discrepancies between the
results of theoretical computations and the actual consumption of active power. The losses of active
power in a street lighting system depend on the complexity of the network, the number of circuits
and the numbers of luminaires in each circuit, the power supply and control devices used, the level
of reactive power in the network, etc. In making an economic analysis of the losses, it is possible
to describe in detail the impact of just one component of the power supply system, which may be
significant in this context [11,12].

Active power losses in lighting networks can be reduced by using devices with regulated
parameters [13] and by limiting the reactive power in those networks [14]. During laboratory tests of
LED street luminaires with regulated power, the authors have observed that the displacement power
factor and the THD (Total Harmonic Distortion) of the current depend greatly on the dimming level.
In a real supply network, the voltage very often deviates from the rated value. The EN 50160
standard [15] permits fluctuation in a supply voltage within limits of £10%. For a single-phase
network rated at 230 V, the voltage in accordance with EN 50160 [16] may range between 207 V
and 253 V. Power supply devices are currently used with different input voltage ranges, such as
198-264 V or 200240 V. In the latter case, if the voltage supplied is greater than 240 V, the device
will be operating in conditions for which it was not designed. To determine the effect of the supply
voltage at different dimming levels, measurements were made on a street luminaire, and based on
those measurements a calculation was made of the power losses in a sample lighting system; this is the
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chief topic of this article. Both single-phase and three-phase systems were considered. Computations
were performed for supply voltages in the interval 230 V £10% and for ten dimming levels.

The article is structured as follows: Section 2 describes the methodology for computing power
losses in individual elements of a lighting system. Section 3 presents the characteristics of the tested
luminaire and the measurement results. Section 4 contains the results of computations of power losses
in the analysed street lighting system based on a mathematical model of a luminaire.

2. Computing Power Losses in Street Lighting Systems

This chapter concerns the formulae used to compute active power losses in a single-phase
or three-phase street lighting system. In view of the low values of the reactance of elements of
the system, reactive power losses are neglected here. Active power losses are denoted by AP1oTAL Y
for a single-phase system and by APro7ar’ for a three-phase system. Total active power losses are
the sum of the power losses occurring in the power supply cable (APcaprE), the safety device for
the supply cable located in the lighting system distribution board (APppg), the relay controlled by
an astronomical clock (or other control device) in the distribution board (APrgray), the safety device
located in a recess in the pole (APpporg) and the wire connecting the pole fuse box to the luminaire
(APwirE). In the case of a three-phase system, account is also taken of the active power loss APNEUTRAL
in the neutral conductor of the cable. Total active power losses for a three-phase lighting system
AP7oraL P are given by:

AProrar® = APcapre + APNeuTRAL + APWiRE + APppp + APpporg + APRELAY, 3)
For a single-phase system, total active power losses amount to:
AProrar'? = APcapre + APwire + APppg + APppoLg + APRELAY, 4)

For a three-phase lighting system, active power losses in the power supply cable can be computed
from Equation (5) described in [17]:

APcapie = 3Ry (X7 + 137 ) luun®, 5)
where:
Ry =1/(vcSc), Q)
xi =2 ((lo +1)/1), )
65 = (n(n—=1)(2n-1))/2, (8)

In the case of a single-phase system, power losses in the supply cable can be computed from
Equation (9):

APcapre = 2R (X}p + X;p) Trum®, )

where:
xi' = (o /1), (10)
X' = (n(n—1)(2n—1))/6, (11)

In formulae (5)—(11) the symbols have the following meanings:

Rj—resistance of the cable wire between poles (());

n—number of luminaires per phase;

lpy—distance of the first luminaire from the lighting system distribution board (m);
I—distance between poles (m);

yc—specific conductance of the conductors of the supply cable (m/Qmm?);
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Sc—cross-sectional area of the conductors of the supply cable (mm?);
I1um—RMS (Root Mean Square) current of the luminaire (A).

Active power losses in the neutral conductor of the supply cable are generated by the flow of
higher harmonics in the zero sequence whose orders are multiples of three. These losses can be
computed from Equation (12) or (17):

oo

APNeuTRAL = RNEUTRAL [Xi\] +x3 + Xﬂ Inpum®s (12)
h=3
Ry = IN/(YNSN), (13)
x" =9, (14)
X' =lo/l, (15)
xs' = (n(3n—1)(6n —1))/2, (16)
or:

APNEuTRAL = RN (Xi\] +x3 + Xé\]) Bt 17)

where:

Ry is the resistance of the neutral wire (Q0);
Inpum is the RMS current of the ii-th harmonic in the zero sequence for h =3, 9,15, ..., (A);
INLum is the RMS current flowing in the neutral conductor (A).

Power losses in the wire connecting the pole fuse box to the luminaire are computed from
Equation (18):

1
APwire = 2l Rpw = 2l um? —, (18)
YcSc

where:

Ipw is the length of the wire connecting the pole fuse box to the luminaire (m);
¢ is the specific conductance of the conductors of that wire (m/Qmm?);

Sc is the cross-sectional area of the conductors of that wire (mm?);

Rpw is the resistance of cable wire (Q)).

Power losses in safety devices may be computed based on the rated values of active power losses
APpp provided in the manufacturer’s catalogue. Knowing the rated active power losses and the rated
current Igpp, the resistance of the device is given by the simple Equation (19):

Rpp = APpp/1zpp, (19)

If the value of the resistance is known, then computation of the power losses is a simple task.
If a fuse is used as the protective device, then the total active power losses are the sum of the power
losses in the fuse base and the fuse element. The value of the power losses in the relay may be
computed analogously.

3. Results of Measurements

The device selected for testing was an LED street luminaire with a rated power of 32 W.
The luminaire has a power supply with analogue control input on a 1-10 V standard, with rated
input voltage 120277 V. Dimming of the luminaire is regulated by changes in the value of the control
voltage Uc between 1 V and 10 V, with a step size of 1 V. A laboratory power supply device was
used as the source of the DC control voltage. The luminaire was powered by a 6834B supply device
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(Agilent, Palo Alto, CA, USA). It was assumed that in the power supply network, in accordance with
the EN 50160 standard, the value of the phase voltage will remain in the range 230 V % 10%, that is,
from 207 V to 253 V. Measurements were made for voltages Us = (207, 210, 215, 220, 225, 230, 235,
240, 245, 250, 253) V and based on the assumption that the supply voltage is pure sinusoidal (without
distortions). Measurements of electrical parameters were made using a 1760 electrical energy quality
analyser (FLUKE, Everett, WA, USA).

Figure 1a shows changes in the active power of the luminaire as a function of the supply voltage
Us and the control voltage Uc. It shows that the relationship is linear as regards control voltages.
In the range Uc = 8-10 V it can be assumed that the luminaire is operating at full power. The value of
the active power of the luminaire is practically independent of the supply voltage within the range of
variation analysed. The reactive power Q (Figure 1b) increases with a rise in the supply voltage Us.
In contrast to the active power, the reactive power is seen to be strongly dependent on the supply
voltage. However, no significant variation in the reactive power is observed depending on the control
voltage. Since the current drawn by the luminaire is composed of active and reactive components, it is
seen to depend on both the supply and control voltage (Figure 1c).
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Figure 1. Measured electrical parameters of the luminaire: (a) active power P; (b) reactive power Q;
(c) Irums; (d) displacement power factor PFp; (e) THDy; (£) Iy3; (8) Ino; (h) In1s; (1) Ijo-

The luminaire draws its maximum current when it operates at full power and is supplied with
a voltage of 207 V. The displacement power factor PFp as a function of supply voltage and control
voltage is shown in Figure 1d. Like other LED luminaires, the tested luminaire has a capacitive
power factor for all dimming levels and for the entire range of analysed supply voltages. The power
factor is found to be strongly dependent on the control voltage. When the luminaire operates at
lower power, the value of this factor decreases, reaching a value of around 0.35 when the supply
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voltage is 253 V and Uc = 1 V. The next electrical parameter to be analysed is the current distortion
factor THDj (Figure 1e). When THDy is analysed as a function of the supply voltage Ugs and the control
voltage Uc, two different zones of variation are observed. For control voltages above 5V the value
of THD; for current drawn from the network varies over a narrow range. However, as the control
voltage falls from 5 V to 1V, the value of THDj rises sharply. The maximum value of THDj is 44.59%
(for Uc =1V and Ug = 235 V), three times higher than the value obtained when the luminaire operates
at full power. Such a large growth in the higher harmonics generated in the supply network may lead
to a number of undesirable phenomena, as described widely in the literature [13,18-20]. Figure 1f-i
show how the higher harmonics of the current of the tested luminaire depend on the voltages Ug
and U, for the third, ninth, 15th and 21st harmonics respectively. The values of these harmonics are
selected because they are used for computation of the power losses in the neutral conductor of the
supply cable. The greatest variation can be observed in the case of the third harmonic, which reaches
its highest values for control voltages of 1-4 V.

In summary, two ranges of operation of the tested luminaire may be distinguished, based on the
value of the control voltage Uc: the first for Uc = 1-5'V, and the second for Uc = 5-10 V. In the first range
the current distortion (represented by values of THD)) is strongly dependent on the dimming level.
In the second range there is virtually no such dependence. This leads to the practical conclusion that
if it is required that the luminaire should not generate excessive distortions in the supply network
in the form of higher current harmonics, then the control voltage should be maintained between
5V and 10 V. Bearing in mind that in the range Uc = 8-10 V the luminaire operates at full power,
the width of the regulating voltage range would then be reduced to 4 V, and the luminaire could be set
to operate at between 50 and 100% power. Reducing the range of regulation will reduce variation in
the displacement power factor of the luminaire. This is important if the owner of the street lighting
system pays for both active and reactive energy consumption, or pays additional charges as a penalty
for exceeding the permissible value of the parameter tang.

4. Results of Computations of Power Losses in the Street Lighting System

4.1. Results of Computations of Power Losses in a Three-Phase System

Active power losses were computed for a sample three-phase street lighting system. It was
assumed that the number of lamps is 30, giving 10 luminaires per phase. It was also assumed that
each luminaire is installed on a separate pole, and that the length of the cable between neighbouring
lamps is 30 m. The distance of the first luminaire from the lighting system distribution board was also
taken to be 30 m. Cables were assumed to have copper conductors with cross-section 4 x 16 mm? and
specific conductance 56 m/Q-mm?. The wire in the pole connecting the fuse box to the luminaire is
a copper wire with cross-sectional area 1.5 mm?, length 10 m and specific conductance 56 m/Q-mm?.
The supply cable is protected with a gG (gL) fuse element with rated current 25 A, with a three-phase
fuse base with rated current 160 A. Active power losses for the rated current as stated in the catalogue
are 12 W and 2.4 W respectively. The lighting circuit is switched by a relay with rated current 25 A,
for which the catalogue power losses for the rated current amount to 7.9 W. The wire connecting the
fuse box to the luminaire is protected by a gG (gL) fuse element with rated current 6 A, with a fuse
base of rated current 16 A. Power losses for the rated current stated in the manufacturer’s catalogue
amount to 1.7 W for the fuse element and 3 W for the base.

Active power losses were computed using the formulae given in Section 2. Table 1 gives the
losses in the street lighting circuit with 30 luminaires as percentages of the circuit power Py, for each
dimming level. The circuit power P, is the product of the number of lamps 1, and the power of
a luminaire Py, at a given dimming level. Tables 2 and 3 give the active power losses caused by the
flow of active and reactive power respectively.

The percentage total losses relative to the circuit power are found to take their highest values (from
0.4 to 0.52%) at the control voltage Uc = 1 V (Figure 2a). When the luminaire operates at full power,
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these losses lie between 0.26 and 0.35%. The flow of active current through elements of the supply
network leads to active power losses caused by the flow of active power AP,. The flow of reactive
current leads to active power losses caused by the flow of reactive power AP,. This is described by the
following equations:

AP = (sz/ur) /R = ((zﬂ/ur) /R) n ((Qz/ur) /R) — AP, + AP, (20)

AP, = AP;tg% g, (21)

Table 1. Power losses AProTa1, as percentages of the rated power for the three-phase circuit.

AProTaL (%)

Dimming Supply Voltage
207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 0.40 0.41 0.52 0.46 0.46 0.39 0.45 0.52 0.40 0.40 0.40
2V 0.32 0.32 0.33 0.34 0.37 0.35 0.41 0.44 0.42 0.43 0.43
3V 0.22 0.22 0.22 0.22 0.22 0.22 0.27 0.29 0.30 0.32 0.33
4V 0.24 0.24 0.24 0.23 0.22 0.20 0.22 0.22 0.20 0.22 0.23
5V 0.26 0.26 0.26 0.25 0.25 0.22 0.23 0.22 0.21 0.21 0.21
6V 0.29 0.29 0.28 0.27 0.26 0.24 0.25 0.25 0.23 0.22 0.22
7V 0.32 0.32 0.31 0.30 0.29 0.27 0.27 0.26 0.25 0.24 0.24
8V 0.35 0.34 0.33 0.32 0.31 0.29 0.30 0.28 0.27 0.26 0.26
9V 0.34 0.34 0.33 0.32 0.31 0.29 0.29 0.28 0.27 0.26 0.26
10V 0.35 0.34 0.33 0.32 0.31 0.29 0.29 0.29 0.27 0.26 0.26

Table 2. Power losses AP, as percentages of the rated power for the three-phase circuit.

AP, (%)
Dimming Supply Voltage

207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 0.053 0.053 0.058 0.059 0.060 0.053 0061 0.062 0047 0.045 0.043
2V 0.070  0.069 0.068 0.066 0.081 0.073 0078 0.084 0062 0.060 0.060
3V 0.099 0099 0.098 0.099 0.097 0.095 0112 0.119 0.087 0.084 0.083
4V 0.137 0.141 0.134 0.133 0.128 0.120 0.126 0.130 0.106 0.103 0.102
5V 0.172 0.171 0.171 0.169 0.161 0.149 0.155 0.150 0.130 0.126 0.121
6V 0209 0209 0199 0193 019 0176 0183 0.176 0.159 0.149 0.146
7V 0.246 0.242 0.234 0.226 0.222 0.204 0.206 0.201 0.182 0.173 0.170
8V 0.279 0.272 0.264 0.255 0.245 0.233 0.235 0.226 0.206 0.197 0.193
9V 0277 0272 0267 0256 0248 0233 0232 0226 0206 0197 0.192
10V 0283 0276 0265 0257 0249 0233 0235 0229 0206 0197 0.193

Tables 2 and 3 contain values of active power losses caused by the flow of active and reactive power
respectively. As the power factor decreases—that is, as the power of the luminaire decreases—there
is an increase in the percentage value of active power losses caused by the flow of reactive power.
For control voltages in the range 1-3 V, these losses are dominant. For control voltages of 4 V upwards,
active power losses caused by the flow of active power begin to take larger values. It can be seen from
Figure 2b and Table 2 that the losses AP, depend both on the dimming level and on the supply voltage.
For the losses AP, (Figure 2c) the dependence on the supply voltage is smaller than in the case of AP,.
Losses in the neutral conductor caused by the flow of higher current harmonics were treated as active
power losses.

For all elements of the supply network for which the active power losses were analysed, there is
a clear region in which the losses are not dependent on the control voltage U, or the supply voltage U;
(Figure 3). This is the region where U, ranges from 3 V to 10 V. When U, is below 3 V, the contributions
of individual components to the total active power losses are strongly dependent on both the supply
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voltage Us and on the control voltage. The dominant contributions to the total losses are those of the
supply cable (up to 90%) and the neutral conductor (up to 30%).

Table 3. Power losses AP, as percentages of the rated power for the three-phase circuit.

AP, (%)
Dimming Supply Voltage
207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 0.349 0.362 0.462 0.399 0.405 0.333 0.386 0.461 0.355 0.353 0.355
2V 0.252 0.254 0.258 0.274 0.291 0.274 0.328 0.357 0.356 0.372 0.368
3V 0.122 0.122 0.123 0.120 0.126 0.128 0.155 0.172 0.217 0.239 0.248
4V 0.105 0.104 0.101 0.093 0.094 0.085 0.091 0.093 0.096 0.114 0.128
5V 0.092 0.089 0.089 0.080 0.085 0.075 0.076 0.073 0.080 0.082 0.085
6V 0.082 0.081 0.076 0.077 0.073 0.069 0.070 0.069 0.072 0.074 0.075
7V 0.073 0.073 0.073 0.070 0.070 0.064 0.064 0.061 0.067 0.069 0.070
8V 0.069 0.067 0.065 0.063 0.064 0.059 0.061 0.057 0.063 0.065 0.065
9V 0.068 0.066 0.066 0.064 0.064 0.060 0.059 0.058 0.063 0.065 0.066
10V 0.069 0.068 0.066 0.065 0.064 0.060 0.059 0.058 0.063 0.065 0.065
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Figure 2. Active power losses in a street lighting circuit with 30 luminaires as percentages of the circuit

power Py.: (a) total power losses APoT4r; (b) active power losses caused by flow of active power AP,,

(c) active power losses caused by flow of reactive power AP;.
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Figure 3. Power losses in elements of the lighting system as percentages of total power losses AP1oTaL:

(a) losses in the supply cable; (b) losses in the neutral conductor of the supply cable; (c) losses in

the wire in the pole between the fuse box and the luminaire; (d) losses in the safety device in the

distribution board; (e) losses in the safety device of the wire in the pole; (f) losses in the relay.
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4.2. Results of Computations of Power Losses in a Single-Phase System

Computations of active power losses were also made for a single-phase street lighting system
consisting of 30 lamps. It was assumed that the length of the cable, with 2 x 25 mm? copper conductors,
between the luminaires is equal to 30 m, and that the distance of the first luminaire from the distribution
board is also 30 m. As in the case of the three-phase system, it was assumed that the wire in the
pole connecting the fuse box to the luminaire is a copper wire with cross-sectional area 1.5 mm?
and length 10 m. The supply cable is protected by a gG (gL) fuse element with rated current 25 A,
with a single-phase fuse base with rated current 160 A. The active power losses for the rated current
given in the manufacturer’s catalogue are 12 W and 2.4 W respectively. It was also assumed that the
lighting circuit is switched by a relay with rated current 25 A, for which the catalogue power losses for
the rated current amount to 7.9 W. The wire in the pole is protected by a gG (gL) fuse element with
rated current 6 A, with a fuse base with rated current 16 A. Power losses for the rated current as stated
in the catalogue are 1.7 W for the fuse element and 3 W for the base.

Computations of active power losses were again performed using the formulae given in Section 2.
Table 4 gives the power losses in the street lighting circuit with 30 luminaires, as percentages of the
circuit power Py, for each dimming level.

Table 4. Power losses AP1oTaL, as percentages of the rated power for the single-phase circuit.

AProraL (%)

Dimming Supply Voltage
207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 1.86 1.88 2.04 2.08 2.12 1.86 2.15 2.18 2.00 2.04 2.07
2V 1.60 1.61 1.59 1.63 1.76 1.59 1.86 1.99 1.84 1.87 1.87
3V 1.26 1.26 1.25 1.24 1.25 1.18 1.36 1.44 1.46 1.52 1.54
4V 1.35 1.37 1.32 1.28 1.26 1.16 1.24 1.26 1.13 117 121
5V 1.47 1.45 1.45 1.39 1.38 1.26 131 1.27 1.20 1.19 117
6V 1.64 1.62 1.55 151 1.47 1.37 142 1.38 1.30 1.27 1.26
7V 1.80 1.78 1.72 1.67 1.64 1.50 151 1.48 1.40 1.36 1.35
8V 1.97 1.92 1.87 1.80 1.74 1.64 1.66 1.59 1.52 1.48 1.45
9V 1.96 1.92 1.88 1.81 1.75 1.64 1.64 1.60 1.52 1.47 1.45
10V 2.00 1.95 1.87 1.82 1.76 1.64 1.66 1.61 151 1.47 1.45

Tables 5 and 6 contain the computed active power losses caused by the flow of active power
(AP;) and reactive power (AP,) as percentages of the rated power of the single-phase circuit.
For supply voltages below 215V, the loss percentage is smallest for control voltages from 3 Vto 5V,
ranging between 1.3 and 1.5%. In the case of control voltages below 3 V or above 5 V the percentage
is greater, reaching 2% (Table 4). For supply voltages above 215 V the loss percentage takes minimum
values for control voltages in the range 3-5 V. For the lowest analysed control voltage (1 V) the
percentage loss is largest, exceeding 2%.

Table 5. Power losses AP, as percentages of the rated power for the single-phase circuit.

AP, (%)
Dimming Supply Voltage

207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 0.308 0310 0341 0346 0348 0310 0356 0360 0275 0261 0.254
2V 0407 0404 0400 0387 0474 0425 0454 0493 0365 0351  0.352
3V 0.581 0579 0571 0582 0565 0556 0.658 0.696 0507 0.489  0.483
4V 0.804 0826 0782 0.780 0.748 0.700 0738 0759  0.620  0.603  0.599
5V 1.006 1.002 0998 098 0943 0870 0907 0.879 0758 0739  0.710
6V 1224 1221 1166 1130 1112 1.029 1.069 1.031 0928 0873  0.853
7V 1438 1419 1369 1325 1300 1191 1206 1176 1.064 1.009  0.993
8V 1634 1591 1546 1490 1436 1363 1372 1320 1205 1.155  1.127
9V 1620 1590  1.560 1.499 1453 1362 1358 1.324 1204 1153 1126

10V 1.656 1.617 1.549 1.505 1.454 1.362 1.373 1.338 1.203 1.152 1.126
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Table 6. Power losses AP, as percentages of the rated power for the single-phase circuit.

AP, (%)
Dimming Supply Voltage

207V 210V 215V 220V 225V 230V 235V 240V 245V 250V 253V
1V 1.556 1.567 1.703 1.734 1.776 1.547 1.798 1.817 1.724 1.783 1.817
2V 1.190 1.204 1.187 1.243 1.288 1.169 1.401 1.494 1.477 1.524 1.516
3V 0.678 0.682 0677 0.662 0.683 0.627 0707 0748 0950 1.028  1.057
4V 0.547 0543 0539 0497 0511 0461 0503 0500 0512 0572 0.615
5V 0.466 0.451 0.453 0.404 0.436 0.387 0.403 0.391 0.440 0.448 0.464
6V 0413 0403 0382 0382 0361 0342 0354 0353 0376 0393  0.403
7V 0365 0361 0355 0343 0336 0310 0307 0301 0340 0353  0.357
8V 0.337 0328 0320 0309 0303 0282 028 0271 0313 0322 0.326
AY 0335 0327 0323 0308 0301 0282 0282 0273 0313 0321 0.327
10V 0.342 0.334 0.319 0.312 0.301 0.282 0.283 0.277 0.311 0.322 0.326

Analysing the components of the losses (Tables 5 and 6) it is seen that the primary factor
determining the component percentage values is the control voltage U.. As U, rises from 1 V to
10 V these values may change several fold: for example, AP, for Us = 230 V varies from 0.31% to 1.36%.
Values of AP, are highest for operation at full power, while the reverse holds for P,. For AP, a slight
effect is exerted by changes in the value of the supply voltage Us, but this is negligible compared with
the effect of the control voltage U.. For AP,, when the control voltage is above 5 V, the percentage
loss becomes dependent on the supply voltage Us, being greatest when U; takes its lowest value.
These relationships are shown on contour diagrams in Figure 4. These make it easy to observe the
percentage value of a given component depending on the dimming level and the supply voltage.

210% 253, 1.60% 253 1.80%
2.00% A | 1.60%
/ — 1.40% [
luw. 2489 y | £ 249 [
o /| [ 1.20% “ 1.40%

H1.80% A |
235 235) 1.20%
\ 1.00% y

14

1.70%

1.60% 1.00%

1.50% 225|

Usv)

| 0.80%

0.80%
1.40%
1.30% 215} ? +

0.60%
0.60%

0.40% -

1.20%

Figure 4. Active power losses in a street lighting circuit with 30 luminaires as percentages of the
circuit power Py : (a) total power losses AP1orar; (b) active power losses caused by the flow of active
power AP;; (c) active power losses caused by the flow of reactive power AP;.

Power losses in elements of the lighting system as percentages of the total losses AProta; for
three-phase network shown in Figure 5a. For the single-phase system, the largest component of the
losses is the loss occurring in the supply cable (97%). The remaining components are approximately
equal at around 1% (Figure 5b).

0.60%0.27%
1.08%

0.97%

W Pcasie ) W APcas (%)
APugurrar (%) AP yge (%)
[04P g ) AP, (%)
APppg (%) W 4Pppo (%)
W2Pppoe () W 2Peeay (%)
-APRELAY %)

91.29% 97.08%

(@) (b)

Figure 5. Power losses in elements of the lighting system as percentages of the total losses APty for
(a) three-phase system, (b) single-phase system.
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The figures show the percentage share of power losses in the devices calculated for 230 V voltage
and a lighting installation composed of 30 luminaires for 100% dimming.

5. Mathematical Model of a Luminaire for Computation of Active Power Losses

To compute power losses in a three-phase network, it is sufficient to have knowledge of parameters
of the regulated luminaire such as the active power, power factor and reactive power. If the
computations of active power losses for a three-phase network are to take account of losses in the
neutral conductor, then it is also necessary to have knowledge of the harmonic currents in the zero
sequence with orders being multiples of three.

As has been shown in the foregoing chapters, the electrical parameters of a luminaire and the active
power losses depend on two variables: the supply voltage Us and the dimming control voltage Uc.
Using the developed model it is possible to determine the parameters of the luminaire which will
serve as input data for the computation of active power losses in the lighting system, namely the active
power P, the displacement power factor PFp, the RMS supply current I, and the RMS values of the
current harmonics I, where n is the order of the harmonic. A luminaire, as a nonlinear electrical load,
is a source of higher harmonics of the supply current [13,19,20].

The developed model enables computation of the electrical parameters of a luminaire for control
voltages in the range 1-10 V and supply voltages in the range 207-253 V. The voltages in a real
distribution network usually lie between these limits. Using the model, the active power losses may
be determined for any supply voltage from this range and for any dimming level. In this way one
may compute both the power losses and the power of the lighting system as a whole. These data will
enable precise calculation of the energy efficiency of the street lighting system. Using the method of
linear regression, based on the measurement data, approximating polynomials were determined for
electrical parameters such as the active power and the displacement power factor PFp (cos¢) [21-24].
Approximating polynomials for the active power of the luminaire, the power factor and the RMS
supply current are given in Table 7 below. For the mathematical description of these phenomena one
may use models of a nonlinear load based, for example, on its design [16,25,26]. The method given
here for determining power losses may be used not only for luminaires, but also for other load devices
with nonlinear current-voltage characteristics [18,27-30].

Table 7. Form of the approximating polynomials for analysed parameters.

Parameter Form of Polynomial

P(U¢,Ug) = 22.91 + 12.41U¢ — 0.03646Ug — 0.9593U% — 0.0223UcUsg —
1.608U3 — 0.001888U2Ug — 0.2163Uc* — 0.002771U3Ug

PF(U¢,Ug) = —0.8639 — 0.08082Uc + 0.003243Ug + 0.1204U¢2 — 0.01196UcUs +
Displacement power 0.01532U32 — 0.09274Uc3 + 0.01069U2Ug — 0.01501UcUg? + 0.006405U s> —
factor PFp 0.01472Uc* + 0.005266U3Ug — 0.001153U2Ug2 — 0.001942UUg3 + 0.02446U°
— 0.00424U*Ug + 0.005417U 3 Ug2 — 0.000624U2Ug3

I(Uc,Ug) = —689.7 + 3.472U + 14.87Ug — 0.01839U? — 0.05933UcUg —
0.128Ug2 + 0.0001402U3 + 0.0002673U2Us + 0.0003809UUs? + 0.0005504U 53
—7.59 x 107°Uc* — 4.929 x 1077U3Ug — 9.726 x 10~ Uc?Us? — 1.093 x
1070UCUs® — 1.182 x 1070Ug* + 1.364 x 1075U® — 1.458e x 10~°U4Ug +
7.956 x 10~ 8U3U% — 7.331 x 107 10U2Us3 +1.199 x 10~ UcUg* + 1.013 x
10-%Ug®

Active power P

RMS current [

The mean square error R? for the polynomial approximating the value of the active power as
a function of the voltages Uc and Us is 0.9979. For the polynomial approximating the displacement
power factor PFp(Uc,Us) we have R? = 0.9953, and for the polynomial approximating the value of the
RMS current we have R? = 0.9967.

In the computations of power losses, account is taken of such harmonics as Ij,3, In9, In1s, Iy21, In27,
I33 and Ij;39. The even harmonics are neglected, since they take only small values. Linear regression
was used to determine approximating polynomials for these values, but the results were not
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satisfactory: the R? error exceeded the set limit of 10%. For this reason, to model the harmonics,
the method of cubic spline interpolation was used. The matrix notation for cubic spline interpolation is:

le ay le
by by, b
— 3.2 X y z
(e o) 2] = [ atu ]| 22
de dy ds
or:
P = UA, (23)
where:
P = [x(u) y(u) 2(u)), (24)
U=[wau], (25)
le ay az
Ao | b b b (26)
Cx Cy €z
dx dy dz

This method enabled the prediction of higher current harmonics with an accuracy that was
adequate from a practical point of view. For regressions of this type, the mean square errors R? are
equal to 1.

Using the developed model, electrical parameters may be determined for any supply voltage
Us in the range 230 V £10% and for dimming levels ranging from 10% to full power. Computations
were performed for sample input data; the results are given in Table 8. In practical computations,
account must be taken of the illumination schedule defined for the luminaires and the consequent
dimming levels, which must comply with the illumination requirements for the road in question,
in accordance with the standard [9]. Values of the RMS supply voltage result from the conditions of
the power supply to the lighting system distribution board.

Table 8. Parameters of a luminaire computed using the model.

Us Uc P I cosg Ins Ing In1s In21 27 Ip33 Iy39
V) V) W) (mA) ) (mA) (mA) (@mA) (@mA) (@mA) (@mA) (mA)

209 55 2296 12827  0.856 16.01 1.80 1.23 1.36 0.98 0.90 0.90
218 4.5 18.58 105.63  0.815 12.96 1.51 1.72 1.00 1.18 0.98 0.88
227 6.2 2585 132.33  0.878 16.22 2.23 1.09 0.92 0.98 0.68 0.74
238 7.2 29.50 143.74 0.886 17.03 2.20 1.32 1.44 1.11 0.97 1.02
247 52 19.83 10429 0.791 9.91 2.32 1.21 0.63 0.64 0.44 0.42

Knowing the values of the electrical parameters for the assumed values of Ug and U, it is possible
to determine the separate components of the active power losses. To do this, the concrete numerical
values of the electrical parameters given in Table 8 were substituted into Equations (3)—(19). The results
of the computations appear in Table 9.

Table 9. Computed power losses.

Us Uc AProrar APa AP, APcapre APneutrar APwire APppp APppore APreray
V) (V) (%) (%) (%) (%) (%) (%) (%) (%) (%)
209 55 0.28 0.20 0.08 90.88 4.38 2.04 1.11 0.51 1.08
218 45 0.23 0.15 0.08 90.94 4.32 2.04 1.11 0.51 1.08
227 6.2 0.26 0.19 0.07 91.03 4.23 2.05 1.11 0.51 1.09
238 7.2 0.27 0.20 0.07 91.26 3.98 2.05 1.11 0.51 1.09

247 52 0.21 0.13 0.08 92.48 2.70 2.08 1.13 0.51 1.10
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The values of APtorar, AP; and AP, are expressed as percentages of the rated power for the
analysed lighting system (30 luminaires). For the remaining parameters, the values represent the
percentage contributions of the individual components to the total power losses.

Figure 6 shows the proposed method of determining total losses using the developed model,
in the form of an algorithm. The input data are the measured characteristics of changes in the analysed
basic electrical parameters depending on the value of the RMS supply voltage and the dimming level.
The range of variation of the supply voltage results from the requirements of the EN 50160 standard [16],
and the considered variation in the dimming level should cover the complete range available for the
luminaire. For obvious reasons, increasing the number of analysed points improves the accuracy of
the computed characteristics, but at the cost of increasing the quantity of work. To obtain a desired
accuracy of 5%, the number of measurement points given in Table 4 can be considered sufficient.

Y
Input Data |
Y

4
Buliding Luminaire
Model

Supply Voltage Us Luminaire Parameters
Control Voltage Uc Calculating

Y

Power Losses Lighting Installation
Calculating Parameters

Figure 6. Algorithm for determining total losses in elements of the lighting system.

At the next stage, a mathematical model of the luminaire is constructed, and the mean square
error value is checked. If the error exceeds the set limit, the construction process is repeated with
an adjustment to the degree of the approximating polynomials, or else a different regression method
is adopted. At the start of model construction the degrees of the polynomials are taken as small
as possible; higher-degree polynomials are used if the accuracy needs to be improved. When the
mean square error is found to be at an acceptable level, work on the construction of the model is
complete. For any values of the input data (Ug and U,) the model can be used to determine the
electrical parameters; sample values of these are given in Table 8. Based on the parameters of the
lighting system, particular components of the active power losses may be determined (sample values
appear in Table 9) based on the analytical equations given in Section 2. The parameters of the lighting
system include values such as the number of lamps, the power of each lamp, the cross-sectional area,
length and type of the supply cables, and so on.
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6. Conclusions

Any lighting system ought to offer high energy efficiency. Lighting is an area in which efficiency
can be significantly improved by means of a relatively small amount of financial expenditure.
Section 5 of the standard [6] defines indicators for evaluation of the energy efficiency of street lighting,
taking account of the consumption of energy while adequate street lighting parameters are maintained.
One of the indicators for evaluation of the energy efficiency of a lighting system is the power density Dp.
This value is directly proportional to the active power of the system, and inversely proportional to
the value of the mean illuminance and illuminated area. One of the components of the active power,
alongside the utilised power of the luminaires, is the active power losses occurring in the various
components of the system. With regard to the possibility of using luminaires with regulated power,
operating according to a defined schedule, it is necessary to choose the technical solution that will
provide the best energy efficiency. Analysis of the energy efficiency of street lighting in accordance
with the PN-EN 13201 standard [9] requires knowledge of the mean illuminance on the road, the size
of the illuminated area, and the power of the lighting system under consideration. Computations are
usually performed based on the rated powers of the luminaires, neglecting power losses in the devices
of which the system is composed. An increase in power losses will lead to an increase in the active
power consumed, and in the cost of the electricity used. Failure to take account of this factor in energy
audits may lead to discrepancies between the computed theoretical values and the actual values of
active power consumed. An increase in power losses will cause a reduction in the DP factor. that is
with the deterioration of energy efficiency of the lighting installation.

This article has described a method of determining the power losses occurring in a lighting system,
depending on the power supply conditions and the dimming level. The components of active power
losses and analytical methods for their determination are introduced in Section 2. The method used
to determine the losses is dependent on the configuration of the supply network, that is, whether it
is single-phase or three-phase. Total active power losses are presented here as the sum of individual
components, such as the losses in the working conductors of the supply cable, in the neutral conductor
for three-phase systems, and in other devices of the power supply system. Since the proposed
method of determining losses is based on a mathematical model, Section 3 contains a presentation
of results of measurements to determine how the electrical parameters of a luminaire, such as the
active power P, the reactive power Q and the factor THD}, depend on the RMS supply voltage and
the dimming level. Construction of the mathematical model for a luminaire involves the use of
an approximating polynomial [21,22,29,31] or cubic spline interpolation, depending on the output
parameter being analysed. Section 4 includes sample results of computations of active power losses,
including values for the losses resulting from the flow of active and reactive power. These computations
were performed for assumed parameters of the lighting system. The algorithm for construction of the
model is described in detail in Section 5. Results are given for computations of active power losses
for arbitrary values of the supply voltage and the dimming level of the luminaire. The algorithm
is shown in diagram form in Figure 6. Given the mathematical model for a luminaire, one may
determine the level of losses for any chosen value of RMS supply voltage Us and dimming level
(control voltage) Uc, and thereby, for example, select a dimming regulation schedule in such a way
as to minimise those losses. This means that, during the design of the system, it becomes possible to
select a solution offering the highest energy efficiency, and consequently the lowest operating costs.

The characteristics of the luminous flux of the tested luminaire as a function of the control voltage
Uc and the supply voltage Us are shown in Figure 5. In the range of control voltages from 1 Vto 8V,
the luminous flux increases linearly to the full value (Figure 7). For U¢ voltages > 8 V, the luminous
flux does not change. The relationship between the percentage of active power and the luminous flux
of the luminaire considered is shown in the Figure 8. This dependence is linear.
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Figure 7. The relation of luminous flux ¢ of the lighting luminaire as a function of supply voltage Usg
and control voltage Uc.

P (%)
3

1q0 20 30 40 50 70 80 20 4100 110

60
@ (%)

Figure 8. The relation of the active power of the luminaire P as a function of the luminous flux ¢.
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