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Influence of Large-Scale Installation of Energy
Saving Lamps on the Line Voltage Distortion of a
Weak Network Supplied by Photovoltaic Station
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Abstract—The aim of this research is to calculate and ana-
lyze the harmonic distortion extent caused in weak low-voltage
networks due to a possible large-scale installation of the widely
spread compact fluorescent lamps (CFLs). The research uses
data from laboratory measurements of the produced harmonic
currents by CFLs, as well as field measurements of the harmonic
content and other characteristic measurements of the electric
network of a small Greek island, which is supplied by an au-
tonomous photovoltaic (PV) station. The PV station is also a
harmonic generator by itself. This fact combined with other highly
nonlinear loads—such as CFLs—causes serious problems at the
network power quality as undesirable harmonic components are
induced. The whole network is simulated and three scenarios of
CFL installation extent are considered, so that the harmonic flow
analysis reveals the influence in the power quality. It is examined
whether this weak low-voltage electric network is able to keep the
total harmonic distortion factor at all nodes under 8%, as more
and more CFLs are installed. The conclusions drawn from this
analysis are important and must be taken into account in every
electric network design.

Index Terms—Fluorescent lamps, harmonic analysis, harmonic
distortion, photovoltaic power systems, power quality.

I. INTRODUCTION

THE ELECTRIC power utility companies worldwide sug-
gest the use of energy-saving lamps. The most common

type of such lamps is the self-ballasted compact fluorescent
lamp with electronic gear. However, that type of lamp is a
highly nonlinear load producing extremely distorted current
with a total harmonic distortion (THD) usually exceeding
100%.

The market promotion of such lamp types is expected to
deteriorate the power quality of the electric network (especially
weak ones), given the additive influence of other harmonics
sources (electronic equipment, etc). Therefore, steps toward
large-scale installation of such energy-saving lamps must be
thoroughly studied and analyzed especially on case studies like
weak low-voltage networks where the THD content is already
high. Otherwise, the result of an expanded use of compact
fluorescent lamps (CFLs) will most probably be the increase of
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voltage THD factor beyond the internationally set limits [1],
[2], a fact that causes serious problems to the customer side.

Grid-circulating harmonics is an issue of great importance.
International standards define harmonic distortion limits under
which the energy producing companies are obliged to operate.
It is known that high harmonic existence represents a possible
source of faults and troubles for loads and for the electric system
equipment. This is the reason why all electric power providers
try to maintain high-power quality (stable frequency and voltage
as well as nondistorted waveforms). All harmonic sources and
effects have been well identified and presented [3]–[7].

On the field of the harmonic content of CFLs or the behavior
of CFLs under various exploitation conditions, a large number
of papers have been published [8]–[13]. On the contrary, not
many studies are published dealing with the influence of CFLs
to the power network or with the definition of their max-
imal presence without leading to excessive voltage distortion
[14]–[16].

The principal goal of this research is to identify the levels of
the harmonic distortion caused in weak low-voltage networks
due to large-scale installation of CFLs. For the purposes of this
investigation, the network of a small Greek island of Aegean
Sea, named “Arki,” was selected. The network is supplied by a
25-kWp autonomous photovoltaic (PV) power station.

The population of the island reaches 100 inhabitants. The PV
station uses a self-commutated DC/AC inverter, which is con-
sidered to be an important harmonic source [17]–[19]. It has
been proved that the harmonic content of the voltage waveform
at nodes of the electric network was richer in harmonics when
the PV station was on, rather than when the backup diesel gen-
erator supplied the system [19].

Elimination techniques used for these harmonics are many
and they are applied successfully in most cases in the photo-
voltaic systems [20], [21]. These techniques are either elec-
tronic or conventional. The electronic ones like the sinusoidal
pulse-width modulation (SPWM) or the multiple pulse-width
modulation (MPWM) are used in almost all new inverter models
and their task is to modify and adjust the thyristor pulses in a
way that the first harmonic component at the output is of high
frequency, thus easy to be filtered. Conventional harmonics re-
duction techniques like specific transformer connections and fil-
tering are used in old inverter topologies like the one studied in
the Arki island. This is the reason why a relatively high THD
(2.5–4.5%) of the line voltage is present.

After the PV station, other nonlinear loads produce more har-
monic currents that circulate in the power network and when
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added with other harmonic currents of similar phase serious
problems on electrical appliances can occur.

The paper applies a three-phase harmonic flow analysis in
order to determine the influence of the CFL installation in the
power quality of the system. The whole electric network is sim-
ulated and three scenarios of CFL installation extent are consid-
ered.

Field measurements on the network and the PV station pro-
vided the necessary data for the simulation of the electric net-
work. The harmonic content of the line voltage was measured
at the output of the PV station and at several places of the net-
work. Furthermore, energy audits determined the installed load
and the energy consumption in various typical buildings of the
island. On the other hand, laboratory tests were performed on
widely used types of CFLs for the measurement of their elec-
trical characteristics and their harmonic spectrum.

II. ARKI ISLAND ENERGY AUDIT

The 25-kWp PV power plant that supplies the weak low-
voltage electric network of the island of Arki has 688 panels
in total (43 series of 16 panels each), while each panel consists
of 40 solar cells of Photon Technology in series and has a nom-
inal power of 26 Wp.

The PV station of the island is equipped with a three-phase
static inverter, which serves the purpose, to feed ac consumers
that require 230/400-V supply voltage. More specifically, it is
a self-commutated inverter model of AEG “G 220 D 400/43/2
rgf-V30.” The dc input supply voltage is 220 V ( 15%), the
rated ac voltage is 3 400 V (full load neutral) and the rated
power is 24 kW with unity power factor. Its efficiency lies in the
range of 73%–91% when the load varies between 10–100%.

The power-electronic section consists of six thyristor stacks
combined into two six-pulse three-phase full-wave bridge
circuits. That means that each three out of the six identically
assembled low-loss McMurray circuits form a three-phase
full-wave bridge circuit configuration. With periodic sequence
of triggering the main thyristors, each three-phase full-wave
bridge circuit supplies a separate three-phase ac system, while
the second system lags in time by 30 with respect to the first
system. The electric power is transmitted by means of two
transformers; one assigned to the first system and the other one
to the second but both ending at a common secondary winding.

The inverter has been already presented and simulated in [19].
A simplified single-phase circuit is shown in Fig. 1. The main
components of a McMurray circuit are the main thyristors

, the commutation thyristors , the reverse current
diodes , and the commutation components ( , ).
The main thyristors carry the load current. These periodically
triggered into conduction by a pulse train consisting of three
rectangular pulses. The block width of the single phase funda-
mental waveform of the voltage across a primary winding of the
associated transformer amounts to 120 at full control. By trig-
gering the thyristor groups in a suitable way, the fundamental
block can be split up into two partial blocks laying symmetri-
cally to each other, and being variable in width without that the
phase position of the fundamental waveform changes. In this

Fig. 1. Simplified (single-phase) diagram of the inverter of the PV station.

Fig. 2. Topology of the electric network of Arki island.

way, the thyristor stack becomes a control element, which is
used to control the output voltage.

The electric power is delivered from the PV station to the
loads exclusively using overhead lines. The low-voltage net-
work topology of the island along with the data of the overhead
lines (conductor type and length) are presented in Fig. 2. The
network supplies 60 houses.

The Public Power Corporation (PPC) of Greece does not
allow high energy demanding electrical appliances. PPC also
suggests gas for cooking, solar panels for hot water, and oil
heaters for heating in order to minimize the electrical loads.
The most used electrical appliances are incandescent lamps and
other low power, home appliances. Load statistical data of the
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TABLE I
HARMONIC SPECTRUM (%) OF THE VOLTAGE AT THE PV STATION

island of Arki show that the load profile of each house consists
of lighting (50%) and other consuming appliances (50%).

Field measurements at typical residences showed that the av-
erage daily loading (200 W–400 W) was lower than the installed
load. It was also observed that there is a load-asymmetry be-
tween the three phases. Actually, almost 40% of the load is sup-
plied by the S and T phases. This has been taken into account
while simulating the load in the three-phase network. The ex-
isting harmonic distortion of the line voltage was also measured
at several sites of the island.

III. FIELD MEASUREMENTS

Apart from the PV power station, the demand of the island can
be covered by a diesel station, which operates only in emergency
cases (too many cloudy days, PV station service, etc). It has been
observed that the harmonic content was significant at the output
of the specific PV station inverter, while—as expected—it was
very low when the diesel station was on. The voltage and current
THD measurements were performed after connecting the PV
station and disconnecting the diesel and vice-versa [19].

Measurements were also performed at numerous preselected
lines of the electric grid and at houses and other customers as
presented in [19]. The measuring instrument was the Multiver
3S of Dossena. The measurements were being obtained every
500 s (2 kHz) in each sample procedure. Each sample con-
tains three voltage and four current “sub-samples.” The analysis
of the samples was performed using the fast Fourier transform
(FFT) method. The appropriate software enabled an analysis of
harmonic components up to the 19th order (0–950 Hz).

Given the fact that the PV plant injects harmonics into the
grid, it is obvious that the harmonic distortion at the output of
the PV station is a very important input data for the purposes
of the simulation. The voltage harmonic spectrum at the output
of the PV station was recorded at several loads during different
times and days. After statistical analysis of these measurements,
the harmonic spectrum that represents most accurately the har-
monic voltage condition at the output of the PV station is shown
in Table I.

For the determination of the voltage THD, the IEEE definition
was used

(1)

where is the root mean square (rms) value of the fundamental
and is the rms value of the N-order harmonic component.

The line voltage waveform was recorded at several nodes of
the electric grid of the island. The THD was found to vary in
the range 1.85%–5.30% [19]. The higher values of THD indi-
cate that there are certain points of the electric grid where THD
exceeds the limits. It should be noticed that the total load de-
mand was 8.5 kW in that period of time (i.e., considerably lower

TABLE II
NORMALIZED AMPLITUDE (%) OF CFL CURRENT HARMONICS

Fig. 3. Measured distorted current of CFLs.

than the installed power of the PV system). This proves how
weak and sensitive the local network is under possible nonlinear
loads that may be added. This should be taken under consid-
eration despite the limits set by IEC 61 000-3-2 for the current
distortion caused by household appliances and similar electrical
equipment [1].

IV. LABORATORY TESTS ON CFLS

In order to obtain real and reliable data concerning the exact
current harmonic content of CFLs so that they can be used in the
simulation program, many samples of CFLs (Philips, Osram,
Sylvania) were tested in the laboratory in order to determine
their odd order harmonic spectrum. Such lamps do not produce
even-order harmonic currents. The nominal power of the CFLs
that are widely used in the households of the island is 20 W
and 23 W. It must be also noticed that the phase difference be-
tween the supply voltage waveform and the fundamental current
waveform of the tested lamps is negligible. However, the power
factor is very low ( 0.6) due to the considerable harmonic con-
tent of current. The measurement of the current harmonics of
these CFLs is presented in Table II, while their distorted current
waveforms are illustrated in Fig. 3.

All data from the measurements and the energy audit are
properly used as input in the simulation model in order to es-
timate the influence of CFLs to the network voltage distortion.
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Fig. 4. Simulation of the electric network of the island using current sources to represent the harmonic content of CFLs.

TABLE III
LOAD DEMAND OF TYPICAL RESIDENCES

V. SIMULATION

All of the electrical characteristics of the network (i.e., dis-
tribution lines, load) have to be accurately simulated in order
to obtain reliable results. The measured grounding resistance of
the inverter was found to be 10 while the average grounding
resistance of the tower was 40 . The simulation of the electric
network is performed using the PSCAD v3.0.6 software.

All conductors of the electric network shown in Fig. 2 are
simulated with their actual lengths, which have been measured
in site. The resistance and the inductance are calculated and set
as input data according to the type and the cross-section of the
conductors.

The inverter is represented by seven discrete three-phase
voltage sources. Each source corresponds to the respective
harmonic component of the voltage that was measured at the
output of the inverter (Table I). The fifth- and the 11th-order
harmonics of the inverter output are simulated by sources of
negative sequence, the third- and ninth-order components by
sources of zero sequence and the 1st and 7th by sources of
positive sequence.

According to the energy audit, three typical loads (A: 200 W,
B: 300 W, C: 400 W) are considered, as shown in Table III. Some
nodes of the real network supply three residences. In that case,
the loads of the three residences are added and presented as one
(D: 900 W).

The electric network of Arki, after the addition of the har-
monic current of CFLs is fully described in Fig. 4.

For the whole island, three load profile scenarios are simu-
lated and examined in this study:

1st scenario: This load profile corresponds to the measured
low loading of Table III and sums up to 9-kW total load
(30% of the inverter power).
2nd scenario: This load profile corresponds to a possible
higher loading of 18 kW total load (60% of the inverter
power).
3rd scenario: This load profile corresponds to the max-
imum loading of the inverter 27 kW (90%).

The observed load-asymmetry between the three phases, ac-
cording to the energy audit, is taken into account in the simu-
lation of the load in the three-phase network, while the load of
every house is reliably assumed to consist of 50% for lighting
and 50% for other consuming appliances.

Initially, the electric network was analyzed considering only
linear loads, while the THD of the inverter output was consid-
ered to be equal to one of the less distorted measured values
(3.14%). This is the most favorable network initial condition (al-
most ideal). In that case the calculation of the THD at all nodes
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TABLE IV
IMPEDANCE OF THE LOADS OF TYPICAL RESIDENCES

was found to be 3.14% 0.09% (Table V) as expected due to
the absence of nonlinear loads.

Then, all scenarios examine the variation of voltage harmonic
distortion at all network nodes assuming that all incandescent
lamps are replaced with CFLs. More specifically, all of the
100-W incandescent lamps are replaced with 23-W CFLs and
all of the 75-W incandescent lamps are replaced with 20-W
CFLs. In both cases, laboratory measurements showed that the
CFLs of 23 W and 20 W have the same maintained luminous
flux with the replaced incandescent ones of 100 and 75 W,
respectively.

The rest loads are considered to be linear. This consideration
is not true but it represents the less distorted load profile of the
network. This means that the calculation results will provide the
minimum values of harmonic distortion. In fact, the harmonic
content will be higher due to the nonlinear behavior of the rest
of the loads.

The current harmonics induced by the CFLs of every house
are simulated with harmonic current sources of odd order (150
Hz, 250 Hz, etc.) as shown in Table II.

For the purposes of the simulation, the loads of the typical
residences of Table III are represented by their equivalent
impedance (R and L) as shown in Table IV.

VI. RESULTS AND DISCUSSION

The calculation results for all scenarios are given in Table V.
The most significant conclusions for all of the examined sce-
narios are presented and discussed as follows:

1st Scenario: Total Load 9 kW (30%)
• maximum of line voltage: 10.15%.
• exceeds the limit of 8% in three out of 42

nodes of the network.
• largest difference before/after CFLs installa-

tion: 6.9% (i.e., the power quality is not affected).
This means that in case of a network with ideal

source, the voltage THD will never exceed the limit
of 8% at any node.

• highest appears at one terminal node (no. 19),
where a large load is connected.

2nd Scenario: Total Load 18 kW (60%)
• maximum of line voltage: 22.2%.
• exceeds the limit of 8% at 27 out of 42 nodes

of the network.
• largest difference before/after CFLs installa-

tion: 18.9%. This means that even in case of an ideal
source, there are nodes of the network with voltage

.
• highest appears at 19 terminal nodes.

3rd Scenario: Total Load 27 kW (90%)
• maximum of line voltage: 34%.
• exceeds the limit of 8% at 41 out of 42 nodes

of the network.
• largest difference before/after CFLs instal-

lation: 30.8%. This means that even in case of an
ideal source, there is a remarkable number of network
nodes with .

• exceeds the limit of 8% at all terminal nodes
of the network that require special care.

A. Other General Results

The load-asymmetry forces the inverter to work to the extent
that the S- and T-connected loads are sufficiently covered, while
R absorbs only a small percentage of energy. Most probably, this
asymmetry enhances the third and fifth harmonics existence.
However, it is certain that the harmonic canceling procedure,
which happens at all nodes, is less effective. While designing
an autonomous electric network, special care must be given in
the equal load distribution on each phase at every node and in
total throughout the network.

Given that the rest network loads were considered linear
(which is not true), one comes to the conclusion that each
time-calculated voltage THD factor is the least possibly ex-
pected, when replacing incandescent lamps with CFLs. This
also means that even in that ideal case (linearity of the rest
of loads), CFLs increase the voltage THD factor near to the
acceptable limits of 8% only in the first scenario, because the
circulating currents are very low.

The second and third scenarios prove that if the total load of
the island is near to the half (60%) or even 90%, then the voltage
THD factor is unacceptable at most or all nodes of the network
respectively. Accordingly, this means that CFLs installation in
that extent (30% and 45% of the islands’ installed load) leads to
excessive international voltage THD limits.

It is observed that phase S of the 19th node has the largest
harmonic distortion in every examined scenario. This node sup-
plies one of the largest loads. Such loads are connected to nodes
18 and 20 on the same phase (load asymmetry). These nodes
also appear to have a large voltage THD factor. Such network
nodes, defined by the simulation analysis, can be considered as
“sensitive nodes” and are suggested for field measurements of
the factor as preselected sites, since they represent—pos-
sibly—the worst picture that the harmonic distortion could have
throughout the network.
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TABLE V
VOLTAGE THD (%) AT ALL ELECTRIC NETWORK NODES FOR THE THREE SCENARIOS

The shaded shells represent nodes where the voltage THD exceeds the value of 8%.

Taking into account the above arguments and facts, one can
come to the following conclusion: If the voltage THD factor at
a “sensitive node” is under the international acceptable limits,
then there will be no exceed problem throughout the
electric network.

The harmonic distortion problem is a complex one, especially
in weak low-voltage networks, such as those supplied by au-
tonomous PV stations. In such cases, every significant change
of load synthesis to achieve energy savings must be thoroughly
studied. Otherwise, problems like unacceptable harmonic dis-
tortion will rise. Moreover, it may be not cost effective with such
a large-scale load substitution since the cost of giving solution
to the created problem is possibly larger than the energy-saving
profit itself.

VII. CONCLUSION

The power quality in every weak PV system is very sensitive
to nonlinear loads. The use of energy-saving technologies (e.g.
CFLs) in order to decrease the power consumption in such net-
works may result in unacceptable distortions in the network line
voltage. Among the main objectives of the energy management
team of such networks is to reduce the energy demand and to
supply acceptable power quality. It seems that the accomplish-
ment of the first goal opposes the other. An important parameter
for energy-saving strategies is the use of CFLs with electronic
gear. Measures in that direction must be designed carefully after
a thorough investigation of the network. As shown from the sim-
ulation, a replacement of incandescent lamps with CFLs of more
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than 30% leads to unacceptable values of the voltage factor THD
( 8%). Depending on the CFLs installation extent, the voltage
THD can be increased up to 31%. The problem is enhanced if
the existence of other nonlinear loads is also taken into account.

Therefore, in order to achieve and maintain—especially in
weak systems—the desired power quality and performance,
appropriate directions should be given to the consumers. These
should concern the suggested types of electrical equipment
(load quality) and the upper limit of their load (load quantity)
that will not increase the THD line voltage beyond the limits
under which an electric system must operate.
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