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Abstract: This paper deals with renewable energy systems in modern smart grids have growth in many countries, and with that
increase the quality of power becomes a major concern for power system operators, especially at the load side. Among the most
important power quality challenges, the harmonics comes on top, as they affect the voltage and current quality at the point of
common coupling (PCC), and negatively affects the loads. One of the most used renewable generators is the solar photovoltaic
(PV) systems, where it is connected into the low voltage distribution grid using power electronics inverters, and with the
increased penetration level, massive harmonic current is injected into the network. There is a need to reduced the resulting
harmonics distortion and highlight its possible constraints. The simulation is performed with increasing the connected PV
modules, and the results are analyzed showing high level of THD with the increased PV penetration at the PCC considering a
higher loading level of the distribution transformer.

Index Terms: Inverter, Harmonic distortion, Smart distribution grid, PV systems.

I. INTRODUCTION
Electricity utilities throughout the world are responding to the increased integration of renewable energy into the national grid. The
planning of the integration of renewable energy needs to be conducted and well understood by the electricity utilities. There are
many challenges that are caused by the poor PQ such as overheating of the transmission lines and transformers, inaccurate metering
reduction of equipment efficiency [1]. The integration of renewable energy has the negative effects on the total harmonic distortion
at the point of Common Coupling (PCC) / Paint of Connection (POC).
The power systems were not designed to accommodate the renewable energy; therefore, this is causing some challenges to the
power systems that can no longer be ignored The methodology of the power quality used to be measured has changed and most
measuring equipment can no longer be used.
It is a known challenge of the higher total harmonic distortion at the PCC for both utilities and customers [3]. It is a costly exercise
for both parties as internal document needs to change to accommodate the new phenomena, training of the manpower to conduct the
measurement, purchasing of new measuring equipment and adapting to the new challenges involved.
In the new era the smart grid plays an important role as the network is automated and monitored using the modern
IT/communication/ control technology [4]. Those electronic automated equipment has negative effects on the power quality. The
introduction of smart grids has a potential to cause excessive voltage and/or current distortion [4]. The management of electricity
utilities worldwide has to be ready to invest when implementation of smart grids taking place as most of the existing technology
won’t be compatible with the new system.

A. Total Harmonic Distortion
The total harmonic distortion needs to be monitored closely and compared to the applicable standard [4]. During application of new
customer(s) the system planners has to conduct a harmonic study to ensure the possibility of connection at the PCC.
The total harmonic distortion (THD) is a measure of the effective value of the harmonic components of a distorted waveform. It can
be calculated for either voltage or current distortion as follows [5].
The formulae to calculate the total harmonic distortion of current and voltage;

V2 100% (1)

% Vb= \,‘,
h 2
, 2 100% (2)
%ltHp= \
h 2
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B. Case Studies
The study was conducted on the 66kV distribution network as shown in Fig. 1.
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Fig. 1: Single - Line Diagram of a distribution network.

Table I: Transformer data

Element [ Voltage (kV) |MVA | Connection

Trfr 1 66/33 10 DYNI11

The PV systems are non-linear load as it injects harmonics into the distribution network. The measured harmonic spectrum of the
Solar PV is used. The PV system data are:
Table Il: PV System data

PV System 1 5 MW
PV System 2 5 MW
PV System 3 2.5 MW

Four case studies were conducted as summarized on Table |11

Table I11: Case studies conducted

Case study 1 No Solar PV
One 5MW solar

Case study 2 PV

Case study 3 Two solar PV

Case study 4 Three solar PV
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I1. SIMULATION RESULTS AND ANALYSIS
The results for the four case studies are as follows;

Table IV: comparison of the four case studies
Case studies Trfr VHD at| VTHD [ITHD at
Loading in| PCCin| at PCC | Trfrin

% % in % %
Case study 1 56% 1.2% 3.9% 7.2%
Case study 2 16% 1.5% 4.4% | 29.6%
Case study 3 51% 1.8% 49% | 10.9%
Case study 4 76% 2.1% 5.5% 8.4%

The voltage harmonic distortion and voltage total harmonic distortion at the PCC is increasing with 0.3% and 0.5% respectively

with the increase of integration of the solar PV systems.

No solar PV connected at the PCC, the transformer loading was 56%, with the first Solar PV installation, the transformer loading

was reduced to 16% due to that the Solar PV is a renewable source of energy. The second and third solar PV systems cause the

increase of transformer loading. The first solar PV system also caused higher total harmonic distortion to the transformer which can

cause the heating and insulation level to deterioration.

According to the standard [6] poses the following limits on transformers operating in a harmonic environment:

1) Current total harmonic distortion should not exceed 5%.

2) Steady state rms voltage should not exceed 110% of rated at no-load and 105% of rated at rated load which means the voltage
total harmonic distortion

Should not exceed. Therefore, Trfr 1 as shown in Fig. 2 in all condition of case studies the %ITHD is exceeding the limit stated in

[7]. The background harmonic is contributing to the %ITHD; thus excessive investigation need to be conducted on this transformer

to have it under the limit.

In case study 1 the harmonic distortion shown in Figures 4 - 6 is due to the background harmonic. The background harmonic is

generated from the other side of the national network, this can no longer be ignored it need to be monitored and managed well.

25|

Current (A)

501

P
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
I
|
I
|
T B e
|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
I
I
|
|
|
|
|
ISR RS M M I.__________________
|
|
|
|
|
|
|
|
|
|
|

75 . :
0 002 Time (s) 0.03 0.04 0.05

Fig. 3: Background harmonic at the PCC
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Fig. 6: Bus 2 Voltage total harmonic distortion

The waveform of individual voltage distortion and total voltage distortion is similar for all case studies as it only increases by 0.3 %
and 0.5% respectively. Therefore, the waveform is only included for case study 1. The current total harmonic distortion for the
transformers, the waveform is completely different as it increases drastically in other case studies but mainly for case study 2. Thus,
the waveforms are included for all four case studies in this paper.

Current LV Side (A)

-100

-150 0

0.01 0.02 Time (s) 0

Trir

Fig. 7: Trfr 1 current total harmonic distortion
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c) Case Study 3
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Fig. 8: Trfr 1 current total harmonic distortion

d) Case Study 4
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Fig. 9: Trfr 1 current total harmonic distortion
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Fig. 10: Bus 2 Frequency sweep

The frequency sweep (Zs can) was done to determine the resonant point at the injection bus, Bus 2. Fig. 10 shows the Zs can at Bus
2 where the Solar PV systems are connected and resonance occurs at the 35.45 Hz frequency, having an impedance value of
1672.387 Q. Resonance often causes the total harmonic voltage and current distortion level at the PCC to rise and may even exceed
recommended limits provided by international standards [4].

Individual voltage distortion at the PCC for all the case studies is within the limit.

The voltage total harmonic distortion for case study 4 it exceeds the limit with a 0.5%. Therefore, to mitigate the VTHD in case 4
the harmonic filter needs to be designed [8].

I1l. ARTIFICIAL NEURAL NETWORK
ANN is nonlinear model that is easy to use and Understand compared to statistical methods. ANN is non-parametric model while
most of statistical methods are parametric model that need higher background of statistic. ANN with Back propagation (BP)
learning algorithm is widely used in solving various classifications and forecasting problems. Even though BP convergence is slow
but it is guaranteed. However, ANN is black box
Learning approach [7], cannot interpret relationship between input and output and cannot deal with uncertainties. To overcome this
several approaches have been combined with ANN such as feature selection and etc.

Input vanables MNon-linear relation Output vanibles
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Neural network as a black-box featuring the nonlinear relationship between the multivariate input variables and multi-varieties
responses Neural networks (also referred to as connectionist systems) are a computational approach, which is based on a large
collection of neural units (AKA artificial neurons), loosely modeling the way a biological brain solves problems with large clusters
of biological neurons Connected by axons. Each neural unit is connected with many others, and links can be enforcing or inhibitory
in their effect on the activation state of connected neural units. Each individual neural unit may have a summation function which
combines the values of all its inputs together.

ekl s

o

o

An artificial neural network is an interconnected Group of nodes.

The goal of the neural network is to solve problems in the same way that the human brain would, although several neural networks
are more abstract. Modern neural network projects typically work with a few thousand to a few million neural units and millions of
connections, which is still several orders of magnitude less complex than the human brain and closer to the computing power of a
worm

A. Applications
1) Multi level inverters are applied to transmission & distribution systems.
2) Multi level inverters are applied to STATCOM to improve stability.

IV. CONCLUSIONS
The harmonic distortion challenges within the smart grids can no longer be ignored by utilities and customers. There are
international standards that guide the limit of individual and total harmonic distortion of current and voltage. The background
harmonic needs to be monitored and managed well by utilities as it has effect to the current total harmonic distortion of the
transformers. The effects of integration of renewable energy sources such as Solar PV systems were analyzed and it was found that
the more solar PV plant connected at the PCC, the more %VHD and %VTHD. To mitigate the THD the harmonic filter has to be
designed in future.
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