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Abstract
An experimental 1,000 kWh/month PV solar system was connected to a low-voltage network at the Universidad de 
Ibagué, Colombia. In this work, we present the findings about the electrical voltage issues in the common connection 
point. The characterization of the low-voltage network was based on the NTC 5001standard, including aspects such as 
voltage imbalance, intermittency, short and long-term flicker, and harmonics. The maximum energy production was 
850 kWh /month, equal to the 72.65% of the total installed capacity. In this condition, the minimum voltage measure-
ments evidenced a 2 % increase from the previous value, the voltage imbalance was 3.5 to 70 percent lower, and the 
voltage harmonics (TDH) increased 7, 0.8 and 3 percent in the phases U1, U2 and U3, respectively. Current harmonics 
did not show significant increases in lines U2 and U3, line U1 recorded an increase of 22%, but there were no significant 
variations in the short and long-term flicker, notches and interruptions. Regarding the electrical power, the active and 
reactive components increased 58 and 42%, respectively, and the thermographic study indicated a 7.5 percent increas-
ing temperature after the installation of the experimental PV system. This experience aims to be a reference project in 
the implementation of the Act 1715 of the Colombian government to promote solar systems.

Keywords: Low voltage network, Power quality, solar PV system, experimental network.

Resumen
Este trabajo presenta, el estudio de los problemas de tensión originados en el punto común de conexión de una red 
experimental de 1,000 kWh/mes de energía solar en la ciudad de Ibagué, Colombia. La red de baja tensión fue carac-
terizada de acuerdo con la NTC 5001e incluye aspectos como desequilibrio de tensión, intermitencia, flicker de cor-
to y largo plazo, fluctuaciones y harmónicos. La energía máxima producida por la fue de 850 kWh/mes, equivalente 
al 72,65% de la capacidad instalada, con relación a las perturbaciones de larga duración se tuvo un incremento del 
2% con respecto al valor mínimo de la tensión registrada; el desequilibrio de tensión disminuye entre el 3.5 y el 
70% y los harmónicos de tensión (THD) aumentaron el 7% en la línea U1, 0.8% en la línea U2 y 3% en la línea U3. 
Los harmónicos de corriente no presentaron incrementos significativos en las líneas U2 y U3, la línea U1 registró un 
incremento del 22%. Los valores de flicker de corta y larga duración, las muescas de tensión (Notches) y las inter-
rupciones de larga duración no registraron diferencias significativas, la potencia activa y reactiva total se incremen-
taron en 58 y 42%, respectivamente. El estudio termográfico permite establecer un incremento de temperatura de 
7.5% después de la implementación de la red experimental. Se espera que la experiencia en el proyecto pueda servir 
de referencia en la aplicación de la ley 1715 del gobierno de Colombia para el aprovechamiento de la energía solar.
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1. Introduction

Throughout the world, most of public and private 
investments are addressed to the modernization of 
the conventional energy grids, especially for the 
implementation of smart public service networks, 
whereas microgrids have low funding options (1). 
Some investors are preparing suitable conditions 
for microgrids by including solar PV and small 
wind energies operating in alternate current (AC) at 
60 Hz; requirements for the synchronization with 
the existing electrical grids. New inverters allow 
solar PV systems to operate even when conven-
tional grids are down, reducing the time without 
electricity available. Historically, some engineers 
in the public service area have against the concept 
of microgrids, claiming lack of security and con-
trol over the distribution network. Meanwhile, the 
Institute of Electrical and Electronics Engineers 
(IEEE) developed a technical manual about micro-
grids. Ninety percent of the committee accepted 
this document in 2009 because it offers the security 
protocols for microgrid creation and the guidelines 
for reactive power. This fact allows microgrids to 
sell auxiliary systems in the same way providers do 
in the current established markets.

The experimental studies about voltage problems 
caused by PV solar systems are required because 
measured data can describe any system better. 
The voltage problems, synchronism and real pro-
duced power need to be analyzed rigorously be-
fore a massive implementation of PV solar sys-
tems. According to the NTC-5001 (2) standard, 
the admissible voltage variation is ± 10% for 230 
V. In a three-phase network, the voltage imbal-
ance occurs when each phase magnitude or phase 
angle between two phases are different. Howev-
er, the fundamental principles of a three-phase 
system show that a small imbalance is necessary 
when a load condition is attended. This condition 
is accomplished only when non-linear monopha-
sic loads are used, for instance in a supply change. 
The imbalance can cause the unnecessarily incre-
ment of the temperature in induction electric mo-
tor coils, reducing the performance and life cycle. 
Then, the imbalance could also be a problem in 
renewable energy generation when monophasic 
networks connect to distribution networks (3).

Generally, medium- and high-voltage networks 
present more fluctuations due to the use of elec-
tric arc furnaces, welding equipment, rolling mills 
and others (4-5). On the other hand, the short and 
long-term flicker are not common in low-volt-
age networks, but when it occurs it takes a short 
time; this is because it is caused by the start-up of 
large electric motors, X-ray equipment, hydraulic 
pumps and cooling systems. The flicker levels are 
no significant, but if their occurrence is relative-
ly high, the start-up torque of electric motors can 
change, increasing the electric power and affect-
ing the efficiency and life cycle. Other negative 
effects of voltage imbalance include the variation 
in the luminosity levels of light sources (6), mal-
function in electronic equipment, and the unnec-
essary activation of Uninterruptible power supply 
(UPS) units, which reduce the battery life (7).

In distributed generation systems, the final customer 
can supply energy to any low-voltage system; this 
increases the system clearance and reduces the loss-
es in the transmission/distribution stages and then 
the dependency of centralized generation. Distribut-
ed generation is desirable to identify the technical 
conditions for the interconnection between new en-
ergy suppliers, keeping the reliability in established 
levels. The Act 1715, as of 2014 by the Colombi-
an government established the framework and le-
gal instruments to promote and explore sources of 
non-conventional energy, mainly renewable. This 
act also encourages the investment, research and 
development of clean technologies for energy gen-
eration. Other topics dealt with are the connection 
procedures and surplus delivery to the network, to 
make possible the use of self-generation in the resi-
dential sector. The application of law 1715 of 2014 
is of special relevance, but offers more doubts than 
answers. The point is that while there are advances in 
deploying generators distributed around the world, 
they still have problems at the points of connection 
to the network and in the way the large generators 
distribute the resources. The objective of this work 
is to install an experimental network of 1,000 kWh 
/ month using solar energy as a form of distributed 
generation at the University of Ibagué, Colombia. 
Among the factors analyzed is the characterization 
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of the low voltage system considering the quality of 
the energy before and after the installation of the ex-
perimental network.
2. Electrical power quality
The quality of electric power systems aims to ver-
ify physical properties such as the amplitude, fre-
quency, waveform, current and voltage. The most 
important standards about electrical power quality 
in Colombia include: the standard IEC 61000-4-
7 for the electromagnetic compatibility; the IEEE 
Recommended Practices and Requirements for 
Harmonic Control in Electrical Power Systems 
; the Colombian standard NTC-5001 for electric 
power systems; the Colombian standard NTC-
1340 for voltage and nominal frequency in electric 
power systems of service networks; the Technical 
regulations for electrical systems RETIE; and the 
following series of regulations of the Colombian 
Energy and Gas Regulatory Commission (CREG), 
070 (1998), 069 (2000), 084 (2002) and 024 (2005).
2.1. Disturbances of electrical power  
systems quality
Supply voltage and current suffer different alter-
ations in frequency, amplitude and waveform pro-
duced by electromagnetic disturbances of non-lin-
ear loads: voltage imbalance, flicker, harmonic 
distortion and others defined in Table 1.

Table 1. Classification of disturbances in electrical  
power systems quality.

3. Assessment methodology

In electrical power quality, the accuracy in all 
measurements will determine the effectiveness 
of the proposed solutions. The methodology pre-
sented here follows the basic aspects of Dugan 
et al. (5), and the Colombian standard NTC 5001 
(2008). The data measurement took a week, tak-
ing 10 minutes of aggregation period for long-
term (or permanent) imbalances and 10 seconds 
for the slow/rapid ones.

4. Software and measurement equipment

During the system monitoring, a Power analyzer 
HIOKI (model PW 3360-21) registered all mea-
surements; subsequently, all data were loaded and 
processed in the accompanying software SF1001 
for further analysis. The power analyzer specifica-
tions are presented in Table 2.

Table 2. Technical specifications of the power analyzer.

Length Disturbance

Long-
term or  

permanent

Steady-state voltage variations
Voltage imbalance
Flicker
Long-term interruptions (t ≥1 min)
Voltage harmonics 
Current harmonics
Notches
Long-term voltage variations

Slow
Short-term interruptions (t<1 min)
Sags
Swell
Frequency variations

Rapid Transient overvoltage

Specification Characteristic

Dielectric  
strength 4.29 kV RMS

Number of  
channels

Voltage: 3 channels,Current:  
3 channels

Measurement  
type

Monophasic 3-cable (1P3W, 
1P3W1U)

Three-phase 3-cable (3P3W2M, 
3P3W3M)

Three-phase4-cable (3P4W)

Measured  
frequency 50/60 Hz

Measurement  
method

Digital sampling, Syncronized  
zero-cross

Effective 
range

Voltage: 90V a 780V; peak: ±1,400 V

Current: 5% a 110% of Full range

Power: 5% to 110% of Full range

Frequency: 45 Hz to 66 Hz

Accuracy
45 Hz to 66 Hz: ±2.3% rdg. ±0.4% f.s
Above 1kHz: ±3% rdg. ±0.2% f.s.
Above 3kHz: ±10% rdg. ±0.2% f.s.
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5. Results and analysis from the electrical  
power quality measurements in the common  
connection point

The daily measurements of active power obtained 
before and after the installation of the experimental 
PV solar system did not show significant chang-
es, Figures 1 and 2. During the academic period, 
the maximum energy consumption was 190 kW, 
but decreased to only 30 kW on vacation time. On 

Sundays, the academic activities do not affect the 
energy consumption during the operation of the PV 
solar system from 10h to 15 h, except for an aver-
age decrease of 8 kW. A similar analysis from 10h 
to 12h suggested a 10-kW reduction. Conversely, 
the consumption of reactive power increased 7 % 
due to the operation of the PV solar system in com-
parison to the maximum value before the instal-
lation; if compared with the minimum value, the 
increase is 40%.

Figure 1. Active power [kW] before the installation of the PV solar system.

Figure 2. Active power [kW] after the installation of the PV solar system.
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5.1. Voltage variation in steady-state

The connection of the experimental PV solar sys-
tem to the low-voltage network does not present 
negative impacts over the voltage variations in the 

three phases as stated in the standards NTC 5001, 
IEC 038 and EM 50160.This fact was verified af-
ter the analysis of the related information of the 
electrical power quality in steady state before and 
after the operation of the system, Table 3.

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
U1 102.61% 95.90% 101.67% 97.38% 110% 90%
U2 102.87 % 96.19% 102.61% 97.05% 110% 90%
U3 100.58% 94.08% 100.02% 96.09% 110% 90%

Table 3. Comparison of the voltage variations in steady-state.

Additionally, the measurements did not register 
swell (overvoltage values), except an increment 
of 2% in the voltage level. This increment was 
expected and it was covered by the standard as 
mentioned by Stetz et al. (8) & Stetz et al. (9).
5.2. Voltage imbalance
After the PV solar system startup, the voltage 
imbalance continued within the limits estab-

lished by the NTC 5001 standard; however, 
the voltage imbalance reduced 3.5 to 70 per-
cent regarding the maximum and minimum 
values in Table 4. It is possible to obtain an 
increment in voltage imbalance as some au-
thors suggested Von & Banerjee (10), but this 
was not the case.

Parameter
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum

Voltage imbalance 1.72% 1.10% 1.66% 0.33% 2.00% 2.00%

Table 4. Comparison of voltage imbalance.

5.3. Flicker
The measurements of short-term flicker indicate 
that all values, after the operation of the solar PV 
system, are within the recommended levels estab-
lished by the NTC 5001 and EM 50160 standards, 

Table 5. The standards point out a maximum of 
1.0 p.u. ; the measurements are in the range of 
0.10 to 0.35 p.u. for the three phases. A similar 
value (0.38 p.u.) is reported for a solar 7.2 kWp 
PV system by Jianhui et al. (11).

Table 5. Comparison of short-term flicker (PST).

Phase Before After Standard
Maximum Minimum Maximum Minimum Maximum Minimum

U1 0.30 p. u 0.10 p.u 0.30 p.u 0.10 p.u 1.00 p.u 1.00 p.u
U2 0.32 p.u 0.10 p.u 0.35 p.u 0.15 p.u 1.00 p.u 1.00 p.u
U3 0.27 p.u 0.10 p.u 0.25 p.u 0.10 p.u 1.00 p.u 1.00 p.u

Similarly, the measurements of long-term flicker 
are in agreement with the levels of the NTC 5001 

standard. The maximum value of 0.65 p.u. is not 
exceeded by the measured values in the range of 
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0.09 to 0.20 p.u, Table 6. Also, the values of short 
and rapid flicker are smaller than the values re-

ported by Jianhui et al. (11) in the case of the 7.2 
kWp PV solar system. 

Phase Before After Standard
Maximum Minimum Maximum Minimum Maximum Minimum

U1 0.19 p. u 0.09 p. u 0,19 p. u 0.09 p. u 0.65 p. u 0.65 p. u
U2 0.19 p. u 0.10 p. u 0,20 p. u 0.10 p. u 0.65 p. u 0.65 p. u
U3 0.20 p. u 0.10 p. u 0,20 p. u 0.09 p. u 0.65 p. u 0.65 p. u

Table 6. Comparison of long-term flicker.

5.4. Long-term interruptions
According to the collected data, and consider-
ing the NTC 5001 standard, no long-term inter-
ruptions were identified during the measurement 
campaigns, before and after the operation of the 
PV solar system.
5.5. Voltage harmonics
All the total harmonic distortions (THD) comply 
with the NTC 5001 standard; that is, lower than 5 %. 

In this case, the maximum value of 3.75 % was 
found on the phase U2. However, the THD values 
increased with the operation of the PV solar sys-
tem as follows: 7% in the phase U1, 0.8% in the 
phase U2 and 3% in the line U3, Table 7. Some au-
thors explain this fact by including the effects of 
the electromagnetic emissions and the harmonics 
over the existing electrical structure (12). Another 
reference reported a similar increase between 0.7 
– 2.5 % in an 8 kWp PV system (13).

Table 7. Comparison of the total harmonic distortion values in each phase.

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
U1 3.18 % 2.21 % 3.40 % 1.70 % 5.00 % 5.00 %
U2 3.72 % 2.13 % 3.75 % 1.80 % 5.00 % 5.00 %
U3 3.42 % 2.40 % 5.52 % 1.80 % 5.00 % 5.00 %

5.6. Current harmonics

In this case, the total distortion of demand current 
harmonics (TDDI) present values exceeding the 
limits of the NTC 5001 standard in all phases, Ta-
ble 8; this condition is present regardless whether 
the PV system is operating. The maximum record 
of 17.8 represents an excess of 356%. The values 

between the phases U2 and U3 do not differ signifi-
cantly; the phase U1 shows an increment of 22% 
in comparison to the previous measurements and 
it is similar to the reported values by Elkholy et 
al. (13) between 2 and 38% in an 8 kWp PV solar 
system. Other authors report the existence of such 
increments (14).

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
U1 9.00 0.80 11.00 0.80 5.00 5.00
U2 17.00 3.00 17.80 2.50 5.00 5.00
U3 16.80 3.00 16.50 2.00 5.00 5.00

Table 8. Comparison of the current harmonics in each phase.
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5.7. Notches

According to the collected data, no significant 
changes were identified after the connection of the 
experimental PV solar system.

5.8. Slow perturbations

No slow perturbations were identified in the system 
caused by short-term interruptions, sags, swells or 
frequency variations.

5.9. Rapid perturbations
No transient swells were identified during the mea-
suring period, neither before nor after the operation of 
the PV solar system. The active power presents incre-
ment of 66, 45 and 37% in the phases U1, U2and U3, 
respectively, Table 9. This issue can be associated to 
the power availability in the system. On Sundays, the 
active power does not have consumption in the phases 
U2 e U3, 100% smaller than previous values, whereas 
the phase U1 remains constant.

Table 9. Comparison of the values of active power in kW.

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
U1 6.80 1.00 11.30 1.00 NA NA
U2 7.80 1.00 11.30 1.00 NA NA
U3 9.00 1.00 12.30 1.00 NA NA

NA: Not available in the standard.

Parameter
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
Total active power 21.50 4.00 33.88 3.00 N. A N. A

Table 10. Comparison of the total active power in kW.

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
U1 2.50 1.00 3.00 1.00 NA NA
U2 1.50 0.80 4.00 1.00 NA NA
U3 -0.50 -2.50 -0.50 -3.00 NA NA

Table 11. Comparison of the reactive power in kVar.

The total active power in the common connec-
tion point grew in 58% due to the operation of 
the PV solar system, Table 10; this result cor-
responds to the increment in each phase. How-

ever, values of the total active power were not 
recorded during the operation of the solar system 
on Sundays because it generated all the energy 
cover the demand.

NA: Not available in the standard.

On the other hand, the reactive power expe-
rienced an increment of 17% in the phases U1 
and U3, in the phase U2 was 62.5%, Table 11; all 
values regarding the previous measured values. 
According to the IEEE 1547 standard, section 

3 (15), the inverter sizing must include a pow-
er factor close to 1.0 during operation. Thus, the 
reactive power delivered to the grid decreases, 
which is also recommended by other authors as 
Smith et al. (16).

NA: Not available in the standard.
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As shown in Table 12, the total reactive power in-
creased in 42% regarding the previous measures; 

the maximum record occurred during the opera-
tion of the experimental PV solar system.

The power factor remained unchanged during 
the operation of the experimental PV solar sys-
tem.All measurements are within the NTC 5001 
(17) standard levels; that is, ranging from 0.90 
to 0.98, Table 13. These values are in agreement 

5.10. Thermographic analysis

The heat transfer to the ambient air limits the con-
ductor capacity, so the insulation temperature must 
be lower than the service value. Figures 3 and 4 
show the temperature distribution before the opera-
tion of the PV solar system, respectively. The mea-
surements followed the ANSI/IEEE C037.010-
4.4.3 (21) standard for electrical installations. The 
FLIR-I5 thermographic camera has an emissivity 
of 0.8, thermal sensibility of 0.1 ºC and accuracy 
of ±2%. The data analysis took into consideration 
the Colombian standard NTC 2050, which defines 
the ambient and system operation temperatures. 
The standard also contains the circuit dimensioning 
rules, but has no information about its operation 
temperature; this issue was found in the FLUKE 
operation manual, in which reference values are 
offered for transformers and low-voltage circuits.

Warning levels in electrical circuit boards are es-
tablished when the operating temperature is 40°C 
higher than the ambient temperature or when there 
is a temperature difference of 15°C with another el-

Phase
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
Total reactive 

power
5.50 1.50 9.50 1.50 N. A N. A

Table 12. Comparison of the total reactive power in kVar.

NA: Unavailable in the standard.

with the utility regulations, which state that PV 
solar systems must operate with a minimum 
power factor of 0.85 (inductive or capacitive) if 
the output power is 10 percent higher than the 
installed capacity (18-20).

Table 13. Comparison of the power factor measurements.

Parameter
Before After Standard

Maximum Minimum Maximum Minimum Maximum Minimum
Power factor 0.98 0.85 0.98 0.90 1.00 0.90

ement in the circuit. For electric transformers, the 
maximum ambient temperature must be 40°C; if the 
temperature of the insulating oil exceeds 10°C, there 
will be a 50% of life reduction. According to the re-
sults presented in Table 14, the minimum and maxi-
mum temperature of the whole system is 31.4°C and 
34.4°C, respectively, before the operation of the so-
lar PV system. The temperature increases 7.5% after 
the operation, which corresponds to maximum and 
minimum values of 36.3°C and 33.7°C, respective-
ly. Anyway, this increment is within the limits of the 
standards NTC 2050 and BWG.
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Figure 4. Thermographic analysis in the common 
connection point after the PV system operation.

Table 14. Thermographic measurements before  
and after the operation of the PV system.

6. Conclusions

In accordance with the requirements established 
by the Colombian standard NTC 5001, the long-
term perturbations increased 2%, the voltage im-
balance decreased 3.5 and 70% in the maximum 
and minimum values, respectively. Similarly, the 
total harmonic distortion raised in 7, 0.8 and 3% 
in the phases U1, U2, U3, respectively. In the phase 
U1 the current harmonics also increased 22%, 
so the rapid perturbations in 66, 45 and 37% in 
the phases U1, U2, U3, respectively. The reactive 
power increased 17% in the phases U1and U3, 
and 62.5% in the phase U2; but the total active 
and reactive values of power increased to 58 and 
42%, respectively. After the operation of the ex-
perimental PV solar system, no significant differ-
ences in the short- and long-term flicker, notches 
and long-term interruptions were identified. The 
slow perturbations did not suffer any change, 
so the short-term interruptions remained stable. 
The thermographic analysis showed a growth of 
7.5% in the temperature of the common connec-
tion point to the grid; with minimum and maxi-
mum values of 33.7 and 36.9 °C, respectively.The 
change in each monitored variable must be stud-
ied to improve the low-voltage network operation, 
making this renewable energy a more attractive 
business opportunity.
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