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Abstract. The development of technology and design of light management systems remains dynamic. Among all the benefits offered by these
systems, the most valuable might definitely be the possibility of saving energy consumption. Knowing the value of energy savings is the key
factor that users need to know before deciding to use a lighting management system (the type of light management system). For this purpose, it
is useful to simulate the operation of the lighting control system, for example in the DIALux program. Such simulation helps evaluate potential
savings in electricity consumption using the proposed lighting control system. In the DIALux program, it is possible to change the luminous flux
value of luminaires. In such a case, it becomes possible to semi-simulate the light management system’s operation as we don’t receive actual
information on reducing installed power of the lighting system during reduction of the luminous flux value of luminaires. This article shows
what type of technical data are important to use for the DIALux program to properly and accurately simulate light management systems and to
receive accurate data on energy saving. It also presents the results of photometrical and electric parameter measurements (® — luminous flux,
P — power, PF — power factor, THDi — total harmonic distortion of current). The article discusses the power control characteristics obtained on
the basis of these measurements and explores the source of differences between simulation of energy saving calculations and real measured
energy savings. An existing lighting control system installed in an office reception area was used to compare calculations with the real value
of energy consumption reduction. The impact of electronic power and control systems on electrical network parameters is also an important
problem mentioned in this article. It also explores the effect of power regulation of LED luminaires and LED modules on the value of the power
factor and total harmonic distortion (current) value (THDi).
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1. Introduction

Currently, the use of lighting control systems is becoming more
and more common as it provides many benefits for users. These
benefits include saving electricity, lowering lighting mainte-
nance costs, adjusting the illumination level to individual
needs of employees and receiving feedback on the status of the
lighting device (damaged luminaire, damaged ballast or light
source). In general, different types of control systems (occu-
pancy sensors, light sensors, time scheduling regulators etc.)
lead to energy savings and improve the comfort of lighting use
[1, 2]. In many cases in interior and exterior lighting systems
the potential of energy saving [3—7] is one the most important
benefits.

Generally, the largest savings in electricity consumption can
be obtained by using daylight lighting systems. The users very
often decide to use a lighting control system due to the possibil-
ity of reducing the lighting system maintenance costs. Accurate
data allow users to make decisions about the type of control
system to be installed. In order to calculate potential savings in
using the lighting control system accurately, a lighting designer
needs some important data about the control and controlled
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devices. For this purpose, measurements of basic electrical and
photometric parameters of selected types of LED luminaires
and LED modules are performed. These LED luminaires and

LED modules with power regulation (luminous flux) are man-

aged by the DALI signal.

This article is organized in the following manner.

— Chapter 2 presents the basic electric and photometric data
of chosen LED luminaires and LED modules.

— Chapter 3 deals with the measured data of power control
characteristics and the comparison between real power con-
trol and theoretical power control characteristics. In this
presented research, the real power control characteristics
were developed on the basis of measurements of power and
luminous flux. The easy way to calculate savings in electric-
ity consumption is to use theoretical control characteristics.
However, this usually does not provide accurate data.

— Chapter 4 presents the comparison between real energy sav-
ings and energy savings calculated in the DIALux program.
For this purpose, real measurements of electricity consump-
tion in an office reception area were compared with the
calculations made in the DIALux program. The theoretical
control characteristics of tested luminaires were applied to
calculate energy savings in the DIALux program.

The use of a lighting control system also has some disad-
vantages. LED luminaires and LED modules with the option
of power control affect the power supply network parameters
[8]. In many cases, the power control of LED luminaires often
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causes a reduction in the power factor (PF) value and the intro-

duction of harmonics. In this case, the cost of maintenance of

a lighting system by means of using the lighting control system

can be higher than theoretically assumed.

Higher harmonic value is the term used for current patterns
with frequencies which exceed the basic frequencies and are
superposed together, resulting in distortion of the original sinu-
soidal waveform. High total harmonic distortion (THD) value
in the system causes lowering of the power factor, increasing
peak currents and lowering efficiency [9, 10]. Non-linear loads
constitute the main source of higher harmonic values in the
system. Equipment such as electronic control gears for LED
modules and LED luminaires and regulators constitutes a good
example of non-linear loads.

Important problems caused by non-linear loads include:

e overheating resulting from increased current in the system,

e increased heating of the core caused by additional core loss
in the motors,

e interference with communication transmission lines,

e disturbance of power-electric security system operation

e overload of capacitor batteries.

The LED modules and LED luminaires being tested consti-
tute a non-linear load. The IEC 61000-3-1 [11], IEC 61000-3-2
[12] and IEC 61000-3-3 [13] standards determine the limit of
total harmonic distortion (THD) values. This limit of THD val-
ues also applies to LED luminaires and LED modules.

The EN 50160 standard [14] specifies that for the lighting
equipment the total harmonic distortion value (THD1i) should
not exceed 10%. THDi values between 10 and 50% may cause
interference with other electrical devices.

In accordance with the requirements for magnetic and elec-
tronic ballasts (including LED drivers) included in the ANSI
C82.11 standard [15], permitted total harmonic distortion
(THD1) values cannot exceed 32% and permitted triples can-
not exceed 30%. Therefore it can be assumed that all electronic
LED drivers (ballasts) are rated less than 20%.

— Chapter 5 presents the results of power factor (PF) and
total harmonic distortion of current (THDi) measurements
of selected types of luminaires and LED modules as a func-
tion of power regulation via DALI signal.

2. Basic technical data of tested luminaires

Three types of LED luminaires and two types of LED modules
were tested. Three samples for each type of LED luminaires and
LED modules were used. All these luminaires were dedicated to
indoor lighting. The average values of measured parameters for
each chosen LED luminaire and LED module were analyzed.

The first type of luminaire was downlight LED 35 W,
shown in Fig. 1. Basic technical data for downlight LED 35 W
are presented in Table 1.

The second type of luminaire was a typical panel LED lumi-
naire (600 x 600 mm), shown in Fig. 2. Basic technical data for
the panel LED luminaire are presented in Table 2.

The third type of luminaire was a spot LED lamp, known
generally as AR111, seen in Fig. 3. The power of this lamp was

810

Fig. 1 Tested downlight LED 35 W

Table 1
Basic technical data of downlight LED 35 W
. P O] T, CRI | L7o/Bs
Luminaire
(W] | [lm] | [K] (-] [h]
Downlight LED 35 35 3325 | 4000 85 30000

Fig. 2. Panel LED luminaire 33 W being tested

Table 2
Basic technical data of panel LED luminaire 33W
. P O] T, CRI | Ly,/Bs
Luminaire
(W] | [im] | [K] (-] [h]
Panel LED
luminaire 33 W 33 3100 | 4000 85 50000

regulated by a phase control dimmer. Basic technical data for
the S = spot LED lamp are shown in Table 3.

The tested LED COB 3000 (30.7 W) and LED COB 2000
(19.2 W) modules directly supplied 230 V mains voltage. These

Bull. Pol. Ac.: Tech. 68(4) 2020
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Fig. 3. Spot LED lamp 11.5 W being tested

Table 3
Basic technical data of spot LED lamp 11.5 W
- P D T, CRI | Lyo/Bso
Luminaire
(W] | [lm] | [K] (-] (h]
Spot AR111 11.5 800 3000 85 40000

Fig. 4. LED modules COB being tested

Table 4
Basic technical data of LED modules COB 3000 and COB 2000
P (0] T, CRI | L4¢/Bsg
LED module COB
[W] | [lm] (K] (-] [h]
LED COB 3000 30.7 | 3000 | 4000 85 50000
LED COB 2000 19.2 | 2000 | 4000 85 50000

modules were regulated directly via DALI signal. The first and
second type of LED modules construction is showed in Fig. 4
and basic technical data are presented in Table 4.

3. Measurements of power characteristics
of luminaires and LED modules

The Ulbricht sphere with a diameter of 2 m was used to mea-
sure the luminous flux. A DPW 66202 power meter was used
to measure power and network parameters (P, PF and THDi).

Bull. Pol. Ac.: Tech. 68(4) 2020

The power analyzer provides measurement of basic electrical
parameters with an accuracy of 2%. As for the operation of the
lighting control system, we usually have the option of changing
the luminous flux value of the luminaire when designing the
lighting. A simple way to determine the power of a luminaire at
a given luminous flux value is to assume the theoretical control
characteristics. This characteristic allows us to determine the
power of the luminaire at a given luminous flux. The assump-
tion of proportional changes of power value in relation to the
value of the luminous flux is the easiest way to calculate the
luminaire’s power. The accuracy of calculation of the measured
power of the luminaire at a given luminous flux, using theoret-
ical control characteristics, depends on the difference between
the course of the measured and theoretical characteristics. The
formula to calculate the difference between power value (AP)
and the calculated theoretical value of power (P;) and measured
power (P,) is presented in mathematical formula (1). The values
of AP were calculated for the same values of luminous flux.

P

AP = “P—‘tpt % 100 [%] (1)

The changes of AP values in the function of power reg-
ulation for all measured LED luminaires and LED modules
are also presented. Figure 5 presents the theoretical control
characteristics adopted for a downlight LED 35 W luminaire.
In order to determine the theoretical characteristic, the nom-
inal power and nominal luminous flux of the luminaire are
needed. The power and luminous flux rated values (35 W and
3325 Im) and the luminaire power value in the off state of the
DALI system (standby mode, 0.2 W) were adopted to deter-
mine the theoretical characteristics for downlight LED 35 W.
Figure 6 presents the measured power control characteristics
for a downlight LED 35 W luminaire. The power differences
(AP) between the measured and theoretical value of power in
the function of power regulation for downlight LED 35 W are
presented in Fig. 7.

Figure. 6 presents the measured and theoretical power reg-
ulation characteristics. The calculated AP values (characteristic
AP in the function of the power value) for downlight LED

LED Luminaire 35 W
Theoretical characteristic

35;3325
3500

3000
2500
2000
1500
1000

Luminous flux [Im]

500
0 4,2;0
0 10 20 30 40

Power [W]

Fig. 5. Theoretical characteristic of power regulation for downlight
LED 35 W luminaire
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Downlight LED 35 W luminaire
3500
3000
2500
2000
1500

Luminous flux [Im]

1000

—— Measured
500

—— Theoretical
0 10 20 30 40

Power [W]

Fig. 6. Measured and theoretical characteristic of power regulation for
downlight LED 35 W luminaire

LED luminaire 35 W

70

60
50
40
T 30
S 2
10
0
-10
-20

0 5 10 15 20 25 30 35 40

Power [W]

Fig. 7. AP changes in function of LED luminaire 35 W power value

35 W show that the AP value increases significantly when
the power of luminaires is reduced below 5 W. The AP value
increases significantly below 14% of the power control range.

The maximum of AP increases to over 60% when luminaire
power value is lower than 2 W. Figure 8§ presents the measured
and theoretical power control characteristics for a panel LED
luminaire 33 W.

The power differences (AP) between measured and theo-
retical value of power in the function of power regulation for
downlight LED 33 W are presented in Fig. 9. The calculated AP
values (characteristic AP in the function of the power value)

Panel LED luminaire 33 W

3500

3000

2500

2000

1500

1000

Luminous flux [Im]

—— Measured
500
—— Theoretical

0 5 10 15 20 25 30 35
Power [W]

Fig. 8. Measured and theoretical characteristic of regulation for panel
LED luminaire 33 W
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LED Luminaire 33 W

80
70
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40
30
20
10

AP [%)
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=20
0 5 10 15 20 25 30 35

Power [W]

Fig. 9. AP changes in function of LED luminaire 33 W power value

for LED luminaire 33 W show that the AP value increases sig-
nificantly when the power of luminaires is reduced below 4 W.
The AP value increases significantly below 12% of the power
control range. The maximum of AP increases to over 70% when
luminaire power value is lower than 2 W.

Figure 10 presents the measured and theoretical control
characteristics for a spot LED lamp 11.5 W.

Spot LED Lamp 11.5 W

900

800

700

600

500

400

300

200 —— Measured
100 —— Theoretical

Luminous flux [Im]

0 2 4 6 8 10 12 14

Power [W]

Fig. 10. Measured and theoretical characteristic of regulation for LED
luminaire power 11.5 W

The power differences (AP) between measured and theo-
retical value of power in the function of power regulation for
LED luminaire 11.5 W are presented in Fig. 11.

LED Lamp 11.5W

400
350
300
250
200
150
100

50

AP [%]

Power [W]

Fig. 11. AP changes in function of LED luminaire 11.5 W power value

Bull. Pol. Ac.: Tech. 68(4) 2020
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The calculated AP values (characteristic AP in the function
of the power value) for LED luminaire 11.5 W show that the
AP value increases significantly when the power of luminaires
is reduced below 5 W. The AP value increases significantly
below 43% of the power control range. The maximum of AP
increases to over 120% when the luminaire power value is lower
than 3 W. This lamp is supplied by the phase cut dimmer with
potential regulation via DALI signal. The phase cut dimmer
significantly reduced the power and values of the luminous flux
emitted by the spot LED lamp 11.5 W in relation to the rated
values. The work of the phase control dimmer has the biggest
impact on the differences between measured and theoretical
power control characteristics of spot LED lamps 11.5 W.

Figure 12 presents the measured and theoretical control
characteristics for a LED module COB 3000 (30.7 W).

The power differences (AP) between measured and theoreti-
cal value of power in the function of power regulation for LED
module COB 3000 W are presented in Fig. 13.

The calculated AP values (characteristic AP in the function of
the power value) for LED module COB 3000 show that the AP
value increases significantly when the power of the LED mod-
ule is reduced below 3 W. The AP value increases significantly
below 10% of the power control range. The maximum of AP
increases to over 69% when the luminaire power value is lower
than 1 W. Figure 14 presents the measured and theoretical con-
trol characteristics for a LED module COB 2000 (19.2 W). The

LED Module COB 3000

3500

3000

£ 2500
5
2 2000
»
3 1500
£
E 1000
-
500 —— Measured
—— Theoretical
0
0 5 10 15 20 25 30
Power [W]

Fig. 12. Measured and theoretical characteristic of regulation for LED
COB 3000

LED Module COB 3000

80
70
60
50
40
30
20
10

AP [%]

-10
-20
0 5 10 15 20 25 30

Power [W]

Fig. 13. AP changes in function of LED module COB 3000 power
value
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power differences (AP) between measured and theoretical value
of power in the function of power regulation for LED module
COB 2000 W are presented in Fig. 15. The calculated AP values
(characteristic AP in the function of the power value) for LED
module COB 2000 show that the AP value increases significantly
when the power of the LED module is reduced below 3 W.

LED Module COB 2000

2500

2000

1500

1000

Luminous flux [Im]

—— Measured
500 -
—— Theoretical

0 5 10 15 20
Power [W]

Fig. 14. Measured and theoretical characteristic of regulation for LED
COB 2000

LED Module COB 2000
70
60
50
40
30
20
10

AP [%]

-10
0 5 10 15 20

Power [W]

Fig. 15. AP changes in function of LED module COB 2000 power
value

The AP value increases significantly below 16% of the
power control range. The maximum of AP increases to over
59% when the luminaire power value is lower than 1 W. Table 5
presents the maximum of power calculations differences AP

Table 5
Maximum value of differences between measured and theoretical
power calculation of LED luminaires and LED modules at a given
luminous flux value

Type of luminaire Power reduction . AP

[W] maximum [%]
Downlight LED 35 W 2.0 60
Panel LED luminaire 33 W 2.2 74
Spot LED lamp 11.5 W 2.4 352
LED module COB 3000 1.0 70
LED module COB 2000 0.9 59
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between measured and theoretical power characteristics calcu-
lation of LED luminaires and LED modules at a given luminous
flux value.

The presented characteristics of power control for selected
types of LED luminaires and LED modules indicate that the
use of theoretical control characteristics for calculations may
introduce large errors in the calculation of LED luminaire and
LED module power at a given luminous flux. Presented char-
acteristics indicated that the AP values increase significantly
between 10% and 43% of the power control range. Therefore,
it is recommended to use the measured power control charac-
teristics to calculate the power of luminaires and LED modules
at a given luminous flux accurately.

4. Calculation of energy saving

For the analysis intended to this article, I have chosen a recep-
tion area that actually exists. The aim of this analysis was to
compare the results of real power of the lighting device with
the power calculation results obtained by means of simulation
in the DIALux program. The DIALux software is a verified
tool [16] applied for analysis of electric lighting in interiors,
e.g. [17, 18], and according to CIE publication 171:2006. This
reception lighting control system reduces the power (luminous
flux) of the luminaires at a pre-programmed time and these
luminaires work at full power during the office working time.
However, during night time the power (luminous flux) of lumi-
naires is reduced.

Figure 16 presents the reception model made using the
DIALux program and Fig. 17 shows pictures of the reception
area. In this reception, the measurements of illumination levels
in points were made and the average value of illuminance was
calculated. Measurements were made using an LS100 luxmeter
to ensure accurate measurements of illumination level according
to class A (CIE, DIN 5032-7), i.e. spectral matching f1 < 2%
and directional matching 2 < 1.5%, with total error < 2.5%.
The measurements were made for two options — the full and
reduced power. The comparison was conducted in such a way
that the luminous flux of the luminaires was changed in the
DIALux program to obtain the same real (measured) average

Fig. 16. Reception model in DIALux program

814

Fig. 17. Picture of the reception area

illumination values. Two lighting levels were simulated at full
and reduced power (night time). In order to calculate the power
reduction, the theoretical characteristics of power regulation
were adopted. Table 6 presents the comparison of the average
illumination levels obtained from the DIALux program and
the real values obtained from the measurements. The compar-
ison is also made of the measured values of the real power
installed with the power calculated in the DIALux program on
the basis of the theoretical characteristics of power regulation.
The differences values of 3.5% (full power) and 3.4% (reduced
power) between the measured average level of illuminance and
the average calculated illuminance level (in DIALux program)
confirm good simulation of the lighting system. The difference
of 8.5% between the measured maximum power of the light-
ing system and the calculated maximum power in the DIALux
program confirm the good simulation power value of the light-
ing system in the reception room. The big difference (194.2%)
between the minimum measured power and the minimum cal-
culated power (adopting the theoretical power characteristic)
causes a substantial power calculation error.

Table 6
Comparison of average illuminance levels for the reception
Reception area
Average Measurement DIALux Difference
illuminance Em [Ix] Em [Ix] [Y%]
Full power 843 814 34
Reduction power 198 205 3.5
Installed Power Measurement | DIALux Difference
P [W] P [W] [%]
Full power 1547 1679 8.5
Reduction power 154 453 194.2

In this analyzed case of the reception area, adoption of the
measured power control characteristics is recommended. In the
reception are being discussed it was not possible to take mea-
surements of the basic electrical and light parameters of the
luminaires used and to receive the measured characteristic of
power regulation.

Bull. Pol. Ac.: Tech. 68(4) 2020
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5. Impact of power regulation of LED
luminaires on the power network

Furthermore, usage of the lighting control system is really ben-
eficial. There are many benefits of using the lighting control
system. Special attention should be paid to the effect of power
regulation of LED luminaires and LED modules on the power
network parameters. LED lamps also have a significant impact
on network parameters [19]. The introduction of harmonic val-
ues and lowering the value of the power factor when reducing
the power (luminous flux) of the luminaires need to be partic-
ularly taken into consideration. Figure 18 shows the graph of
THDi value changes in the function of power of the downlight
LED 35 W luminaire and panel LED luminaire 33 W, regulated
by the DALI signal.

Downlight LED 35 W, Panel LED luminaire 33 W
30

25
20

15

THDi [-]

10
—— Downlight LED 35 W
—— Panel LED luminaire 33 W

0 10 20 30 40
Power [W]

Fig. 18. Changes of THDi values in function of power for downlight
LED 35 W and panel LED luminaire 33 W

Measurements of THDi values for downlight LED 35 W
and panel LED luminaire 33 W show that the value of THDi
increases significantly when the power of luminaires is reduced
below 9 W. Figure 19 shows the graph of THDi value changes
in the function of power of the luminaire spot LED lamp
11.5 W, supplied by the phase cut dimmer regulated by the
DALI signal.

Measurements of the THDi value for the spot LED lamp
11.5 W show that the value of THDi is higher than THDi for
downlight LED 35 W luminaires and panel LED luminaires

Spot LED lamp 11.5 W
140
120
100
80
60

THDI [-]

40
20

Power [W]

Fig. 19. Changes of THDi in function of power for spot LED lamp
11.5W
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33 W. In this case the construction of the phase cut dimmer is
the source of the high THDi value. Figure 20 shows the graph
of THDi value changes in the function of power of the LED
module power (COB 3000 and COB 2000), regulated by the
DALI signal.

Downlight LED 35 W, Panel LED 33 W
and Spot LED 11.5 W

1.0
— 08
L
.
2 o6
o
&
g 0.4
3 — 35W
& 02 — 33W
11.5W
0.0
0 10 20 30 40

Power [W]

Fig. 20. Changes of PF in function of power for luminaires 35 W,
33Wand 11.5W

LED Modules COB 3000 and 2000

50 —— COB 3000
45 —— COB 2000

THDi [-]

0 10 20 30
Power [W]

Fig. 21. THDi changes in function of the LED modules power, regu-
lated by the DALI signal

Measurements of the THDi value for LED modules
(COB 3000 and 2000) show that the value of THDI increases
significantly when the power of LED modules is reduced below
3W.

The measurement results (showed in Fig. 18. and Fig. 19.)
indicate that the harmonic content (THDi) increases during the
reduction of the power of the luminaires being tested. This phe-
nomenon should be taken under consideration when it comes to
designing lighting control systems. In the case of a spot LED
lamp 11.5 W, the values of THDi are much higher than the
THDi for luminaires of 35 W and 33 W in power. These big
differences in THDi values are caused by the different reg-
ulation systems applied. Power reduction in downlight LED
35 W and panel LED luminaire 33 W is realized by PWM, and
in luminaire spot LED lamp 11.5 W the phase cut control dim-
mer is used.

The reduced value of the power factor results in increased
reactive power consumption, which is more expensive than
active power. Figure 20 presents changes in the power factor

815



www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

A. Wisniewski

value as the function of the power of luminaires: panel LED 33,
downlight LED 35 W and spot LED lamp 11.5 W. The results
of power factor measurements as a function of power changes
of the luminaires indicate large changes in its value. At max-
imum power, the power factor is relatively high (PF > 0.9).
By reducing the power, its value decreases to PF = 0.12 for
the panel LED luminaire 33 W, while PF = 0.15 for down-
light LED 35 W luminaire and PF = 0.38 for spot LED lamp
11.5 W. The value of power factor LED luminaires (downlight
LED 35 W and panel LED 33 W) is reduced significantly when
the power of luminaires is reduced below 10 W. The value of
power factor of the spot LED lamp 11.5 W decreases with the
power reduction and its value drops below 0.5 at the power
value of 4.0 W. Figure 22 presents changes in the power factor
value as the function of the power of LED modules COB 3000
and COB 2000.

LED Modules COB 3000 and 2000
1.00
0.98
0.96
0.94
0.92
0.90

Power factor [-]

0.88
— COB 3000

— COB 2000

0.86
0.84

Power [W]

Fig. 22. Changes of PF in function of power for LED modules COB
3000 and 2000

The value of power factor LED modules (COB 3000 and
COB 2000) is reduced significantly when the power of modules
is reduced below 2.5 W.

6. Conclusions

Undoubtedly, the use of lighting control systems contributes to
savings in electricity consumption and reduction of cost main-
tenance of a lighting system as compared to a traditional light-
ing system. Before deciding to install a lighting management
system, it is important for the user to know what the value of
the saving energy will be. The exact calculation of power reduc-
tion and thus the determination of savings in lighting operation
depends on the available data on the lighting control system
being used. The accurate calculation of energy consumption
savings using a lighting control system will certainly influence
the user’s rational decision.

This paper presents the differences between a calculated
(simulated in DIALux program) power reduction of a light-
ing management system and a real power reduction. The
adoption of theoretical power control characteristics of LED
luminaires and LED modules leads to calculation mistakes of
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potential energy savings. The DIALux program should serve
as a useful tool for accurate calculations of power reduction
using lighting control systems when the real power control
characteristics were adopted. When DIALux is used to the
simulate the power reduction of the lighting system using the
light management system, real control characteristics are rec-
ommended.

This article proves that the application of real power control
characteristics as compared to the theoretical ones results in
greater accuracy of simulated calculations of energy savings
using lighting control systems.

Using a lighting control system has the vast advantage of
reducing active power. However, special attention should be
paid to the negative influence of power control systems on elec-
trical system parameters such as the value of the power factor
and the value of current harmonics (THDi) in the function of
power regulation of LED luminaires and LED modules.
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