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Abstract: Among the non-linear loads used in household, Compact Fluorescent
Lamps (CFLs) and LED lamps are becoming more widespread, while incandescent lamps
are intended to be replaced by these types of lighting devices. LEDs and CFLs are
significantly more efficient and economical than incandescent lamps, and are expected to
be used in 100% of residential lighting in the future. As nonlinear loads, LEDs and CFLs
produce highly distorted currents. A large number of customers using LEDs or CFLs for
domestic, commercial and industrial lighting could determine important Power Quality
problems. The paper reports experimental measurement results regarding Power Quality in
indoor lighting systems. The harmonic absorptions of several types of luminaries are
analyzed, highlighting the impact behavior of different lamps function of used luminaries’
technologies. The recorded harmonic absorption allows characterizing the harmonic
spectrum variability of the investigated lamps.
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1. Introduction

The Power Quality (PQ) in electrical systems is regulated by IEC and EN standards, used as
reference by the utilities [1-3]. In order to comply with these technical standards, the utilities have to
guarantee admissible voltage levels established by the standards, also ensuring the supply continuity;
the end-users have to guarantee current absorptions with adequate Power Factor (PF) and reduced
harmonic current absorptions. Indeed, an inadequate PF and/or insufficient PQ level dramatically
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increase the power losses in the distribution grid, the voltage drop and the voltage distortion. Power
factor correction capacitors are suitable to compensate the reactive power required by linear loads.
Non-linear loads, like rectifiers or arc discharge devices such as fluorescent lamp, require filters to
reduce their harmonic current injection.

Among the non-linear loads used in household, Compact Fluorescent Lamps (CFLs) and LED
lamps are becoming more widespread, while incandescent lamps are intended to be replaced by these
types of lighting devices. Although LED lamps work on a completely different principle than CFLs,
both need a power supply system enabling their correct operation and both introduce nonlinearities
into the electrical grid. Furthermore, dimming devices are usually used to adjust the luminosity of the
lamps. As nonlinear loads, CFLs and LEDs produce highly distorted currents.

Therefore, a good understanding of the CFLs and LEDs harmonic production characteristics becomes
necessary. Many studies about the PQ issues related to the lighting devices have been addressed to
analyze these problems since the 90s [4-7]. They generally estimate through simulations the mutual
influence between loads and distribution grid [1-7]. The measurement of device’s harmonic absorption
represents the preliminary step for the assessment of loads impact on the distribution grid.

Nowadays, this aspect is more important as the growing interest in energy saving determine
the replacement of incandescent lamps with more efficient CFLs or LEDs [8—10]. The knowledge of
the power and harmonic absorptions of each device influences their right application and
management [11-18]. In the present paper, three experimental studies are performed, investigating the
power consumptions and harmonic absorptions of different types of indoor luminaries. The first
experimental survey regards two indoor LED panels supplied by external DC switched power supply
with dimming system [19]. The second experimental survey regards four LED spots with embedded
electronic ballast. The third experimental survey regards two CFLs of earlier generation and two CFLs
of new generation. In this paper, the lamps are analyzed focusing on their power quality impact
(i.e., produced harmonic currents), neglecting the analysis of other characteristics like luminosity,
interferences and life-time. The PQ and harmonic analysis will be performed with reference to the
indexes reported in the IEEE Trial use standard definitions for measurement of electric power [20].

In the paper, the Section 2 deals with the main PQ indexes. The results of the measurement campaigns
are reported in Section 3 where each Subsection describes monitoring equipment characteristics and it
summarizes the obtained results, pointing out the power and harmonic absorptions.

2. Power Quality Analysis

A power quality analysis has been performed to compare the different luminaries behavior. The
absorbed apparent power is decomposed in four different parts, as described in [20] with regards to the
single-phase case. The RMS values of voltage and current are decomposed, respectively, as:

Vi=vl+V, (1)
=+, 2)
where subscript 1 refers to the fundamental harmonic and subscript H refers to all the other harmonics.

The total harmonic distortion, or THD, of a signal is a dimensionless index of the harmonic
distortion present and it is defined, for current and voltage respectively, as:
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Starting from Equations (1) and (2), the apparent power is decomposed into fundamental apparent
power S, current distortion power Dy, voltage distortion power Dy, and harmonic apparent power Sy as:

Si=N-1, (5)
D =01, (6)
D, =V, -1 (7)
Su=Vy Iy (8)

Fundamental apparent power is composed of the fundamental active and reactive powers:
S12 = P12 + le %)

and accounts the power quantities related to the voltage and current fundamental harmonic.

Current distortion power is related to the product of the voltage fundamental harmonic with all the
current harmonic components. Similarly, voltage distortion power is related to the product of the
current fundamental harmonic with all the voltage harmonic components.

Similar to the fundamental apparent power, also the harmonic apparent power is composed by the
harmonic active power and harmonic distortion power:

S =P+ Dy (10)
Current distortion power, voltage distortion power and harmonic apparent power are related to the

voltage and/or current distortion. Combining them, it is possible to define the non-fundamental
apparent power Sy defined by:

Sy =D;+D;+S; (11)
With regard to energy conversion, the active power is defined as the mean value over the

investigated period of the instantaneous power:

1 +T

P=— I v(t)-i(t)-dt (12)

The fundamental active power P, in Equation (7) is given by:

P =V -1 -cosg, (13)
and harmonic active power Py in Equation (8) is given by:
by =P-HR (14)
Finally, the power factor is defined as:

PF =

P
S (15)
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PF represents the ratio of the average power converted by the device—the active power P—and the
maximum average power that may be converted—the apparent power S—considering the same RMS
values of voltage and current. In this context, PF can be considered as an indicator of the quality in the
energy conversion. PF values close to 1 indicate that the net transfer of energy to the load is the main
energy process, while PF values close to 0 characterize devices in which the energy exchange between
load and grid, characterized by a nil net energy flow in a period, is the main energy process. In any
way, the PF is not a measure of the efficiency of the device: PF indicates the ratio between the active
power and the maximum active power that could be produced by the same RMS voltage and current,
while the efficiency is the ratio between the output and input power of the device and it is a measure of
the power losses into the device (i.e., in a luminaries, efficiency is the ratio between the radiated power
as light and the electrical active power P).

It is important to underline that the only way to increase the power factor by using passive devices
is to place a reactive element (usually a capacitor) in parallel with the load. Indeed, in the case of
distorted load, the capacitor can compensate only the reactive power Q;. Moreover, capacitor acts like
a high pass filter for the harmonic currents, requiring oversizing. Finally, parallel resonance with the
line inductance can cause high voltage distortion.

3. Experimental Section

Luminaries are generally nonlinear loads connected to the low voltage AC distribution grid. Several
light sources, like bulbs, can be connected directly to the AC distribution grid, while other kinds of
light sources, like fluorescent lamps or LEDs, require a power supply system (a ballast) to interface
them with the electric grid. In any case, the current waveform shows some amount of distortion,
depending on the luminaries’ technology.

In order to evaluate the luminaries’ power absorption in terms of power quality analysis as
described in Section 2, an experimental procedure based on the measurement of the voltage and
current waveforms at the luminaries’ terminals has been developed. Considering that supply of the
luminaries is single phase, with voltage of 230 V RMS and frequency of 50 Hz, the acquisition system
adopted for the measurement of the voltage and current waveforms requires:

e A 300 Mhz, four channels digital oscilloscope;
e A differential voltage probe;
e A 30 kHz Hall effect current probe.

The oscilloscope uses two channels to sample and store the waveforms, which are subsequently
transferred to a PC for processing. In order to reduce the noise, 10 cycles are sampled and the average
period is calculated. The sampling frequency is automatically set by the oscilloscope. In the test
conditions it is 50 kS/s, allowing a frequency resolution—up to 500th harmonic—high enough for
power quality analysis. Voltage differential probe allows to reduce the grid voltage to values
compatible with the oscilloscope input, moreover it decouples the supply circuit from the measuring
circuit for functional and safety reasons. Also, Hall effect current probe allows to transduce current in
supply circuit without electrical connection with the measuring circuit. The luminaries under test are
connected to the grid of the laboratory, that is supplied by a switchgear whose short circuit current is



Energies 2012, 5 5457

10 kA. Therefore, because of the low absorption of the luminaries, the voltage waveform across to the
supplied load is quite similar to the no load voltage waveform.
The experimental tests have been performed on three different kinds of indoor luminaries:

e LED panels;
e LED spots;
e  Compact Fluorescent Lamps.

The details of each experimental test on the investigated indoor lamps are reported. For each
performed experiment, the current waveforms and the harmonic spectrum are illustrated.

3.1. Experimental Tests on LED Panels

LED panels are lighting devices in which the light source consists of several strips of LEDs placed
parallel to the edges of the panel. Light source requires a 12 V DC power supply which is provided by
an external ballast for each panel. Moreover, a simple control system allows to regulate luminous flux
in 10 different steps, managing the ballast DC output voltage with a step down converter. The layout of
the test arrangement for LED panels’ measurements is shown in Figure 1. Experimental tests have
been performed on two of LED panels, with rated specifications:

e Type A: LED panel of 21 W with 36 W ballast;
e Type B: LED panel of 49.5 W with 60 W ballast.

Figure 1. (a) Test arrangement for LED panels monitoring survey; (b) LED panel during test.
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The tests are performed, for each panel, varying the luminous flux, starting from maximum luminous
flux until the minimum luminous flux. The current and voltage measurements are made 5 min after the
system is switched on, in order to consider the whole system in a thermal steady state.

The results of the power quality analysis are reported in Table 1 for 21 W LED panel, respectively
in Table 2 for the 49.5 W LED panel. Considering the large quantity of waveforms, only the most
significant results are reported. Figure 2 shows the current waveform and its harmonic spectrum
considering the 21 W LED panel without dimming, while Figure 3 shows the current absorption of the
same LED panel when the dimmer is set to step 4. Figure 4 shows the current waveform and its
spectrum considering the 49.5 W LED panel without dimming. In all the cases, the voltage is
substantially sinusoidal and voltage first harmonic is shown together with the current waveform.
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Table 1. Power quality analysis of the measurements results for 21 W LED panel with

36 W ballast.
Voltage RMS values Current RMS values App.  Active power Apparent power
Dimmer power decomposition decomposition cosp, PF
V, Vg THDy 1 I, Iy THD, S P P, Py S; Sy Dy Dy Sy
M» M O®™ (mA) (mA) (mA) VA W) W) (W) (VA) (VA) (VAr) (VAn) (VA)

No  228.0 228.0 3.6 1.6% 158.8 78.4 138.1 176% 362 17.2 17.3 -0.1 179 315 31.5 03 0.5 0.969 0474
Step 1 228.7 228.7 3.6 1.6% 1343 66.4 116.8 176% 30.7 14.4 145 —-0.1 152 26.7 267 02 0.4 0.959 0.470
Step2 228.5 228.5 3.6 1.6% 123.5 59.7 108.1 181% 282 12.9 13.0 —0.1 13.6 247 247 02 04 0.952 0.457
Step3 229.2 229.2 3.6 1.6% 110.5 53.3 96.8 182% 253 114 11.5 -0.1 122 222 222 02 0.3 0.939 0.449
Step4 228.8 228.8 3.8 1.7% 964 46.7 844 181% 221 98 99 -0.1 10.7 193 193 02 0.3 0.928 0.446
Step 5 228.9 2289 3.7 1.6% 82.6 399 723 181% 189 81 82 -0.1 9.1 165 165 0.1 0.3 0.900 0.431
Step 6 228.7 228.6 3.7 1.6% 72.0 351 629 179% 165 69 69 -0.1 80 144 144 0.1 0.2 0.865 0.418
Step 7 228.9 228.8 3.7 1.6% 54.0 28.0 462 165% 124 50 50 00 64 106 106 0.1 0.2 0.782 0.403
Step 8 229.0 229.0 3.7 1.6% 43.8 24.1 36.6 152% 100 39 39 00 55 84 84 0.1 0.1 0.704 0.384
Step 9 230.6 230.5 3.6 1.6% 21.8 181 120 66% S50 1.0 1.0 00 42 28 28 0.1 0.0 0.236 0.195

Table 2. Power quality analysis of the measurements results for 49.5 W LED panel with

60 W ballast.
Voltage RMS values Current RMS values App.  Active power Apparent power
power decomposition decomposition
Dimmer cosp; PF
Vi Vg THDy 1 I Iy THD, S P P, Py S Sy D Dy Sy
™M M O™ (mA) (mA) (mA) VA W) W) (W) (VA) (VA) (VAr)(VATr) (VA)
No 2273 2272 53 2,3% 3929 205.7 334.8 163% 89.3 44.6 448 —0.2 46.7 76.1 76.1 1.1 1.8 0.958 0.499
Step 1 227.4 2273 53 2,3% 3399 1749 291.4 167% 77.3 37.7 37.8 —0.2 39.7 663 662 09 1.5 0952 0.487
Step2 227.5 2274 53 2,3% 3129 158.8 269.6 170% 71.2 34.1 342 —-0.1 36.1 613 613 08 14 0948 0.479
Step3 227.1 227.0 53 2,3% 271.8 138.7 233.7 169% 61.7 29.5 29.6 —0.1 31.5 53.1 53.1 0.7 12 0.942 0478
Step4 227.0 2269 52 23% 2445 122.7 211.5 172% 55.5 259 26.0 —0.1 27.8 48.0 48.0 0.6 1.1 0.934 0.466
Step 5 227.7 227.7 53 23% 2059 1029 1784 173% 469 213 213 —-0.1 234 40.6 40.6 0.5 1.0 0911 0453
Step 6 228.1 228.1 52 23% 1764 87.1 153.4 176% 402 17.5 17.6 0.0 19.9 350 350 0.5 0.8 0.885 0.436
Step 7 228.3 2282 5.1 22% 1449 712 1262 177% 33.1 13.6 13.7 0.0 163 288 288 04 0.6 0.841 0.412
Step 8 228.0 2279 52 2,3% 1109 574 949 165% 253 99 99 0.0 13.1 21.6 21.6 03 0.5 0.756 0.392
Step9 228.3 2282 5.1 22% 57.7 379 435 115% 132 20 19 0.1 86 99 99 02 02 0221 0.152

Figure 2. LED panel of 21 W without dimming: Current waveform and its harmonic spectrum.
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Figure 3. LED panel of 21 W with dimmer set to step 4: Current waveform and its
harmonic spectrum.
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Figure 4. LED panel of 49.5 W without dimming: current waveform and its harmonic spectrum.

Current (mA)

2000 T T T 400 400
1500 T 1
1000 200 . ? 300 N SN SO ST SO ST SO S o
500 % )
0 0 %ﬂ E 200
-500 | 1 S =
=
-1000 1-200 “ 100
-1500 1
-2000 . . . -400 0
0 5 10 15 20 1 5 10 15 20 25 30 35 40
Time (ms) Harmonic Order (h-th)

The power quality analysis leads to the considerations:

The AC side current waveforms are affected by high distortion, while voltage is almost
sinusoidal, as indicated by the THD indexes. Moreover, THDy is not related to the load
condition. In fact, voltage harmonics produced by the interaction between current harmonics
and the very low grid equivalent impedance are negligible. The small value of THDy is due
only to the harmonic pollution already existing into the grid.

Current waveforms indicate that the ballast input stage is based on a single phase Graetz bridge
with a DC side smoothing capacitor; the pulse-type current waveform is related to this kind
of circuit.

The AC side current waveform is characterized by high derivative, and a significant part of the
period when current is nil: these characteristics are reflected in a spectrum rich in harmonics,
and harmonics with high or significant amplitude can be found up to about the 40th harmonic.
The AC side current waveform changes in amplitude, but not in shape, with the dimming steps.
The AC side voltage and current first harmonics have not a large phase shift. For the 60 W
ballast, the small first harmonic in—quadrature capacitive component indicates the presence of
capacitor on the ballast AC side acting as a simple EMC filter.

cosp; and PF reduce with the increase of dimming. Moreover, PF is about half than cosg,,
indicating that harmonics in current waveform have a strong impact in reducing the quality in
the energy conversion.
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3.2. Experimental Tests on LED Spots

LED spots are another kind of lighting devices based on several LEDs. Unlike LED panels, in LED
spots the ballasts are embedded and no dimming system is provided. The layout of test arrangement for
LED spots measurements is shown in Figure 5. In addition to electrical measurements, operating
temperatures are also measured by using a thermal imaging camera. Experimental tests have been
performed on four types of LED spots from different manufactures, hereafter called type A, B, C, and D.

The results of the power quality analysis are reported in Table 3.

Figure 5. (a) Test arrangement for LED spots monitoring survey; (b) LED Spots during test.
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Table 3. Power quality analysis of the measurements results for LED Spots.

App. Active power Apparent power
Voltage RMS values Current RMS values
power decomposition decomposition
Dimmer cosp; PF
V V, V4 THDy 1 I Iy THD, S P P, Py S Sv D Dy Su
&M MO (mA) (mA) (mA) VA) W) W) W) (VA) (VA) (VAr) (VAr) (VA)

Type A 221.7 221.6 3.6 1.6% 208.4 2052 36.5 17.8% 462 42.6 42.7 —0.1 455 8.1 8.1 0.8 0.1 0.938 0.922
Type B 221.8 221.7 3.8 1.7% 273.7 272.5 265 9.7% 60.7 59.8 59.7 0.1 604 6.0 59 1.0 0.1 0.988 0.985
Type C 2214 2213 3.8 1.7% 193.1 191.1 27.5 144% 427 41.8 41.7 0.0 423 6.1 6.1 0.7 0.1 0.987 0977
Type D 220.5 2204 3.8 1.7% 145.6 144.4 189 13.1% 32.1 30.5 30.5 0.0 31.8 42 42 0.6 0.1 0.959 0.950

The power quality analysis leads to the considerations:

e The current waveforms are affected by a small amount of distortion, while voltage is almost
sinusoidal, as indicated by the THD indexes. Also in this case, voltage harmonics due to
harmonic current absorption are negligible and the small value of THDy is related only to the
harmonic pollution already existing into the grid.

e The embedded electronic ballasts adopt more sophisticated switching input circuits and control
strategies with respect to the LED panels, allowing a current waveform as sinusoidal as possible.
Current harmonics with significant amplitude can be found up to about the 10th harmonic.

e cosp; and PF are very close to the unit value, indicating that voltage and current first
harmonics have a little phase shift and harmonics in current waveform do not have a strong
impact on the quality in the energy conversion [19].



Energies 2012, 5

5461

Figures 6-9 show the current waveform, its harmonic spectrum and thermal image of each LED

spot under test.

Figure 6. Type A LED spot: (a) Current waveform and its spectrum; (b) Thermal image.
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Figure 7. Type B LED spot: (a) Current waveform and its spectrum; (b) Thermal image.
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Figure 8. Type C LED spot: (a) Current waveform and its spectrum; (b) Thermal image.
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Figure 9. Type D LED spot: (a) current waveform and its spectrum; (b) thermal image.
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3.3. Experimental Tests on Compact Fluorescent Lamps

Compact Fluorescent Lamps are widespread in indoor lighting application. Like for LED spots, also
in compact fluorescent lamp ballasts are embedded and no external dimming system is provided. The
layout of test arrangement for compact fluorescent lamps measurements is shown in Figure 10.

Figure 10. (a) Test arrangement for compact fluorescent lamp monitoring survey;
(b) Compact fluorescent lamp during test.
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Experimental tests have been performed on four compact fluorescent lamps, two CFLs of earlier
generation and two CFLs of new generation. The rated specifications are:

e CFL-A: 15 W new generation compact fluorescent lamp from manufacturer 1;
e CFL-B: 20 W new generation compact fluorescent lamp from manufacturer 1;
e CFL-C: 20 W earlier generation compact fluorescent lamp from manufacturer 2;
e CFL-D: 12 W earlier generation compact fluorescent lamp from manufacturer 3;

The results of the power quality analysis are reported in Table 4.

Table 4. Power quality analysis of the measurements results for compact fluorescent lamps.

App. Active Power Apparent power
Voltage RMS values Current RMS values
power decomposition decomposition
Type cosp, PF
V V; Vy I I Iy THD S P P, Py S Sv D Dy Su
% I
&M M O (mA) (mA) (mA) VA W) W) W) (VA) (VA) (VAr) (VAr) (VA)

CFL-A 2259 2259 3.6 1.6% 660 642 150 233% 149 143 143 0.0 145 34 34 02 0.1 0.986 0.959
CFL-B 2254 2254 34 15% 928 90.0 228 254% 209 20.1 202 00 203 52 5.1 03 0.1 0.995 0.962
CFL-C 224.0 224.0 3.4 1.5% 150.1 101.7 110.4 108.6% 33.6 20.7 20.7 —0.1 22.8 247 247 03 04 0910 0.615
CFL-D 223.6 223.6 3.3 1.5% 84.1 58.0 61.0 1051% 188 11.6 11.7 0.0 13.0 13.6 136 02 0.2 0.900 0.618

The power quality analysis leads to the considerations:

e The current waveforms are affected by distortion while voltage is almost sinusoidal, as
indicated by the THD indexes. Also in this case, voltage harmonics due to harmonic current
absorption are negligible and the small value of THDy is related only to the harmonic pollution
already existing into the grid [19].
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The new generation compact fluorescent lamps show smaller current distortion than the earlier
generation ones: their 7HD; is four times less than the THD; of earlier generation compact
fluorescent lamps.

The AC side current waveform of earlier generation compact fluorescent lamps is characterized
by high derivative and a significant part of the period when current is nil: these characteristics
are reflected in a spectrum rich in harmonics, and harmonics with high or significant amplitude
can be found up to about the 40th harmonic.

Harmonics with significant amplitude in the AC side current waveform of new generation
compact fluorescent lamps can be found up to about the 10th harmonic; the 5th harmonic is the
higher. Moreover, the current waveforms show that the ballast input stage includes a valley-fill
circuit for the passive correction of power factor. For the new generation compact fluorescent
lamps, cosp; and PF are very close to the unit value and PF is a little lesser than cosg;. This
means that voltage and current first harmonics have a small phase shift and the significant
harmonics in current waveform are few and small in amplitude. Therefore, current harmonics
does not have a strong impact on the quality in the energy conversion. For the earlier
generation compact fluorescent lamp, cosg; is less than in the new generation ones. Moreover,
PF is very low indicating that harmonics in current waveform have a strong impact in reducing
the quality in the energy conversion.

Figures 11 and 12 show the current waveform and the harmonic spectrum of the new generation

compact fluorescent lamps; Figures 13 and 14 show the current waveform and the harmonic spectrum

of the

earlier generation compact fluorescent lamps. The results here reported are in agreement with

the results obtained by other Authors [17,18]. Furthermore, the new generation of CFLs shows a

further improvement of the PQ behavior.

Current (mA)

Current (mA)

Figure 11. CFL-A: Current waveform and its harmonic spectrum.
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Figure 12. CFL-B: Current waveform and its harmonic spectrum.
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Figure 13. CFL-C: current waveform and its harmonic spectrum.
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Figure 14. CFL-D: current waveform and its harmonic spectrum.
400 ‘ ‘ : 400 100
300 _ :
—~ 200} B b T — ENRRRRN R R, 41200 —_ 80
£ 100 5 : 1 S & 60
= 0 \h‘ 4 0 ,%D E
(] . jo]
E -100} : A1 © E %
5 200 | ™ /; 4-200 > 5
< v ; 20
-300 .
-400 - : . -400 0
0 5 10 15 20 1 5 10 15 20 25 30 35 40
Time (ms) Harmonic Order (h-th)

4. Conclusions

The paper deals with the harmonic characterization of indoor LEDs and Compact Fluorescent
Lamps and their power supply systems. Several experimental results on harmonic generation of these
lamps, which are currently being used for domestic, commercial and industrial lighting, are reported.

From the analysis of the obtained results, it is possible to conclude that all LEDs and CFLs generate
harmonics due to the use of power electronic converter or ballast to drive them. The tested lamp THD;
is strongly dependent on the power supplier circuit topology and control strategy, and it is independent
on the lamp technology and size.

It is also noted that different lamp manufacturers use several ballast technologies. Some power supply
systems are based on very simple circuits—i.e., single phase Graetz bridge with a DC side smoothing
capacitor—and are characterized by high current distortion while other ballasts includes different
solutions suitable to improve PF. These solutions may be related to the circuit topology (i.e., passive
power factor correction circuits or harmonic filters) and/or to the control strategy of the power
converters (i.e., active PWM rectifiers).

The new generation of ballast uses filters and/or controlled switching circuit, like active rectifier, to
reduce harmonic injection in the power system. In this case, the PF' can reach the unit value and the
THD;y is very low, close to 10%. Finally, the results here reported show an improvement of the PQ
behavior of the new generation of CFLs.
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