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Harmonic estimation on a transmission system with large-scale

renewable energy sources

Abstract. This paper presents a modelling and simulation approach using the Electrical Transient Analyzer Program software to evaluate the
maghnitude and effects of harmonics from varying RES into the transmission system. An analytical technique was developed to estimate and quantify
the harmonic power flow and losses amplification on the transmission lines. The efficiency of the proposed approach is implemented on non-
distorted Garver’s 6 bus and IEEE 24 bus test systems. The developed technique can quantitatively estimate harmonic contributions from RES.

Streszczenie.. W artykule przedstawiono podej$cie do modelowania i symulacji przy uzyciu programu Electrical Transient Analyzer - programu do
oceny wielko$ci i skutkéw harmonicznych ze zmieniajgcych sie zrodet odnawialnych do systemu przesyfowego. Opracowano technike analityczng
do szacowania i okres$lania ilosciowego przeptywu mocy harmonicznych i strat w liniach przesytowych. Efektywno$¢ proponowanego podejscia jest
implementowana w 6-szynowych systemach Garvera i IEEE 24. (Oszacowanie harmonicznych w systemie przesytlowym z duzej skali

odnawialnymi zrédfami energii)
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Stowa kluczowe: zrodta odnawialne, systemy przesytowe, zawartos¢ harmonicznych.

Introduction

As the utilization of renewable energy sources are
actively promoted with many countries of the world meeting
their energy demand through the use of RES. In order to
accommodate these sources, the transmission network is
faced with various challenges such as power quality,
system reliability, and frequency and voltage imbalance
which has adverse effects on the power system operation.
In modern power system, the mature RES technologies
available are wind power and solar photovoltaic owing to
their environmental-friendly nature and sustainable
electrification [1]. The wind and photovoltaic systems
together with power converters are strong power electronic
devices and thus emitting harmonic current into the
transmission network. With continuous deployment of RES
and their transmitting medium, harmonic distortion has
become a major concern for power system planners as
harmonics can lead to decreased voltage quality,
overheating of transformer and reduce life expectancy of
power equipment. In power systems, harmonics can be
contributed from both the consumer loads and the utility
supply. At the consumer, the increase use of non-linear
loads [2] such as modern electronic circuitry and switching
apparatus frequently affect the quality of power supply.
Similarly, RE generators mostly use variable speed
generator in connection with inverter and high voltage direct
current (HVDC) transmission link inject undesirable
harmonics into transmission network. Therefore, harmonics
is a major dominant features of power quality that require to
be kept at a lowest level in accordance to IEEE 519-1992
standard [3].

Several researchers have worked on harmonic
contributions from the utility and consumer sides. Ref. [4]
investigates the harmonic current on the distribution
network when charging an electric vehicle in a residential
area. The Monte Carlo Simulation was employed for
simulation of the electric vehicle load demand. The method
proposed in [5] was based on complex arithmetic approach
to compute harmonics injected by distributed generators in
distribution system. Ref. [6] presents artificial neural
network and bacterial foraging approach for effective
evaluation of harmonics pollution in a power system. Ref.
[7] investigates the harmonic contributions from a foundry
on a distribution network. The quantity of harmonic
penetration from the foundry was obtained using Simulink
software in Matlab and successive approximation technique
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was employed to estimate the harmonic impacts on the
voltage profile of the distribution system. Ref. [8] discusses
many approaches through which wind power can influence
harmonic quantity in power system. A new method is
presented in [9], which investigates the harmonic pollution
and voltage stability by the distributed generators. The DGs
are grid tied and consists of wind and PV systems. A new
technique was presented in [10] for harmonics computation
in power systems. The new algorithm was based on bus
voltage for power system modelling using genetic algorithm
and phase values. Ref. [11] modelled a wind farm and the
system harmonic impedance was estimated for different
operating conditions. A simplified approach is presented to
compute harmonic load flow so as to designate the voltage
pollution problems. A new scheme is presented in [12] for
harmonic distortion reduction in residential systems. The
approach employs filter configuration at different locations
of the distribution system. Ref. [13] considered the
harmonic contributions from PV DG and the non-linear
loads from the consumers side. Ref. [14] considered
harmonics emanating from residential components of a
distribution system. A modal analysis method is proposed
for prioritizing harmonic compensation based on DG
location at different nodes. Ref. [15] presents the impacts of
harmonics from PV penetration in an unbalanced distorted
distribution system. The optimization problem is solved
using Monte Carlo Simulation and Interior point techniques.
Ref. [16] proposed a probabilistic technique for mitigating
harmonic distortion in a distribution system by deploying
different DGs. Ref. [17] developed statistical inference
technique to estimate the harmonic index emanating from
the non-linear loads on a power system network. Ref. [18]
presents a recursive least square method for harmonic
estimation in a distorted distribution system. A 3-phase filter
is employed to mitigate the harmonics from non-linear loads
on the distribution network. Ref. [19] proposed a new
technique for harmonic sources identification in a
distribution network. The estimated error is computed in
order to ascertain the quantity of harmonics at the nodes.
This study addresses the issues of power quality
associated with transmission system planning with large-
scale renewable energy sources. An analytical approach is
developed for harmonic power flow calculations. The
objective is to estimate the harmonic quantity emanating
from renewable energy sources (solar and wind power) and
high voltage direct current (HVDC) transmitting medium.
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Therefore, grid modelling and simulation are performed on
two standard non-distorted Garver’s 6 bus and IEEE 24 bus
test systems using Electrical Transient Analyzer Program
(ETAP 12.6.0) software. The harmonic power losses are
determined based on the computed harmonic line
parameters. This paper main contributions are:

e grid modelling and simulation of large-scale RES with
power electronic based HVDC transmitting medium to
quantified the harmonic contributions.

o state estimation of harmonic power flow and losses on
the transmission system are addressed with appropriate
allocation of RES on the grid.

This paper is organized into five sections as follows:
Section 2 presents the system load flow for proper
evaluation of the transmission system characteristics. In
Section 3, state estimation for harmonic power flow and
losses on a transmission system. Section 4 presents the
simulation results and discussion for two case studies and
finally, the paper is concluded in Section 5.

Table 1. A review of related works on harmonics contribution from
utility and consumer sides

Technical Parameter
Related Harmonic Method of
works source analysis Remarks
Non-linear
Refs [3][7] loads Simulation Foundry
Electric EV charging
Ref. [4] Vehicle Simulation increases harmonics
complex affine Harmonics from DG
Ref. [5] DG arithmetic uncertainties
Adaline Bacterial | ABFO help to
Foraging improve error
Ref. [6] PV system Optimization estimation
Wind turbines have
attribute of
Wind Mathematical characteristics
Ref. [8] turbine modelling harmonics
Ref. [9] Hybrid DG Simulation Foundry
Harmonic state
Ref. [10] residential estimation Foundry
Telephone
Ref. [12] residential Simulation interference problem
Passive filter
PV based maximized hosting
Ref. [13] DG Simulation capacity
distributed
compensation
Ref. [14] residential Modal analysis scheme
Unbalanced
distorted distribution
Ref. [15] PV system Loop frame system
distribution DG deployed to
Ref. [16] system Simulation mitigate harmonics
Statistical Identification of
Ref. [17] loads analysis harmonic source
Dynamic
Non-linear performance of filter
Ref. [18] loads Simulation improved

Transmission system load flow

The system load flow is an essential systematically study to
determine the power systems performance under normal
working conditions on a transmission system. Load flow
techniques have been established to analyse the pattern of

Renewable energy source

Fig.1. Schematic pattern of harmonic current flow
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power flow for both balanced and unbalanced system. This
can be carried out for power system operation and
planning. However, modelling of transmission system
required proper modifications with high penetration of
nonlinear renewable energy sources [20]. The nonlinearity
characteristic is attributed to the harmonic contributions
from power electronics-based inverter, wind turbine and PV
module as shown in Fig. 1.

Modelling of line parameter’s

The transmission line impedance is determined by the
system frequency, which has the ability to magnify
harmonics from each components of the RES. Therefore,
transmission line impedance changes with frequency of the
system resonances which give rise to harmonic frequency
amplification.

(1) Z, . =Rep +( X, )-h

where R ,and X, are the resistance and reactance of

the transmission line k at hth harmonics. Similarly, the
transmission line admittance matrix of the hth harmonics is

a reciprocal of the line impedance which is generated
separately for any order of harmonics.

1
@) Yon = Ren + (1%, )0

Harmonics modelling of renewable energy components

In this study, the harmonic sources are modelled as
current injections and these sources are wind turbines [21],
PV modules and power electronic inverter as presented in
Fig. 1. The sum of individual harmonic current at each
source determines the current harmonics at the point of
common coupling (PCC). The sum total of the harmonic
currents at the PCC is always less than the quantity of
harmonic emissions from those components. This is
referred to as harmonic aggregation and it diverges
between different harmonic contributions based on different
harmonic buses [10].

(3) I :le,h +Z|w,h+zll,h
S w |

) l, = 5@(%,05

where 1., , I,,and I, are the current harmonics for
solar, wind and HVDC link, 1, is the aggregation of current

harmonics, R is the number of harmonic sources available,
J is the aggregation summation component and the values
are 6=1 for h<5, 6=14 for 5<h<10 and &6=2 for
h>10.

Harmonic state estimation on a transmission line

The harmonics current and voltage are characterized
with many undesired problems such as overheating and
overvoltage on the transmission lines [3]. The state
estimation of harmonic problems possesses a nonlinearity
structure owing to the magnitude and phase components of
the harmonics and this can be resolved using either
conventional or optimization methods [22]-[24].
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Harmonic current

The current and voltage harmonic contributions from
RES components are magnified by the resonance which
multiply the harmonics quantity that occur on the
transmission line. The current harmonic flowing on the
transmission line is a function of the voltage harmonics at
the buses and the harmonic admittance.

(5) Ik,h :Vk,hYk,h
where V,, and Y, represent the harmonic voltage and
admittance on the transmission line.

Harmonic power flow

The harmonic power flow is determined based on the
solution provided by the set of linear equations. This is
usually done to ascertain the resonant magnitude at each
bus.

(6) I, = |Vb,h||Yb,h|

where and represent the harmonic voltage and
admittance at each bus.

Harmonic power loss

The harmonic sources are represented as current
injections. Therefore, in order to compute the harmonic
power loss at each bus, the harmonics magnitudes and
phase angles are considered, which are characterized by
random variables.

(6) R =V, 1y, coSd,
where V,, and Y, represent the harmonic voltage and

current at each bus; and
each bus.

is the phase angle difference at

Total harmonic distortion

The voltage total harmonic distortion (THDv) is the
harmonics contribution of individual harmonic components
at each bus of the system. In accordance to IEEE 519-1992
standard, the THDv must not exceed its maximum

permissible limit (THD™) .

Table 2. International standard for total harmonic distortion for
different voltage levels [25].

Individual .
SIN Bus voltage HD limit THDn limit
(kV) (%) (%)
1 V <1kV 5 8
2 1 kV<V<69 kV 3 5
69 kV<V<161
3 KV 1.5 25
4 V >161 kV 1 1.5

Simulation of the study system

Two case studies were considered for modelling and the
simulation has been performed using Electrical Transient
Analyzer Program (ETAP) 12.6.0 software package. The
case studies are the undistorted IEEE 6-bus and 24-bus
test systems. The grid modelling for the 6-bus system as
shown in Fig. 2 has four solar and wind farms with installed
capacity of 60 MW and 900 MW respectively. Similarly, the
24-bus system has shown in Fig. 3 contains nine solar
farms and wind parks with capacity of 700 MW and 2000
MW respectively.
Wind turbines

In this study, a doubly-Fed Induction Generator (DFIG)
was used for wind turbine with rated power of 5 MW. In
order to obtain both the magnitude and phase angle of the
current harmonics, DFIG is modelled as a current source
with parameters such as rotor resistance, stator resistance,
reactance and magnetizing reactance valued at 0.0389 pu,
0.005 pu, 0.085 pu and 7.089 pu respectively. The

generated power from the wind farm is sent to the wind
farm transformers of voltage of 22 kV, which later fed the
HVDC link.

Table 3. Installed capacity of renewable energy sources for 6-bus
system.

Installed solar | Installed wind
Buses
) power power
location . f
capacity capacity
1 15 150
2 15 250
3 20 350
4 10 150

Table 4. Installed capacity of renewable energy sources for 24-bus
system.

B . Installed solar Installed wind
uses location . )
power capacity power capacity

1 50 250

3 70 100

6 85 150

8 90 275

10 100 275

15 75 250

18 85 250

19 75 300

24 70 150
Solar PV panels

Here, the PV array are formed from the series and
parallel formation of the solar PV panels in order to obtain
the desirable output current and voltage. The PV rated
capacity is 550 kW with power factor close to unity. The AC
rated voltage and the input DC voltage are 400 V and 600 V
respectively. The power output of solar PV farm is also
connected to the transformer of 22 kV and its fed into the
HVDC link.

Cables

This study considered offshore renewable energy
sources because of easy accessibility of adequate wind
speed. The cables in between turbines and PV arrays are
modelled as parameters and the cables for transmitting
power to the grid is modelled as distributed parameters.
The length from the offshore to the grid 50 km and the
length in between turbines is 1 km. The cables series
resistance, reactance and susceptance are 0.063 Q/km,
0.192 Q/km and 0.06 mS/km respectively.

HVDC link

Here, a Voltage Source Converter HVDC transmission
system is used and it consists of converter (rectifier and
inverter), transformers, phase reactor, DC cables, DC
capacitors and breakers. The values of the parameters
used for this study are as obtained in [26]. A closed loop
control is employed for the converter station and the PV and
wind generating stations are controlled by stationed AC
voltage. The reference value for the PV and wind farms as
well as converter station is set to 500 MW. The AC and DC
reference voltage values are 150 kV and 300 kV
respectively.

Simulation results and discussion

The Garver’s 6-bus and IEEE 24-bus test systems are
adopted in the harmonic estimation and are applied to
simulate both the RES and power system components. In
this study, harmonic analysis has been performed for the
emission emanating from wind turbines, PV arrays and
HVDC links spreading through the PCC and into the grid
and consumers domain.
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Fig.3. Modelling of IEEE 24-bus system with RES.

Table 5. Individual and total harmonic distortion for volta

Cabhles

Bu=T
LIE VT

G3

b o 200 M

e in 6-bus system

Buses | 3. 50 7" o 117 137 17" 197 237 25" THD
order | order | order | order | order | order | order | order | order | order
1 13.52 11.82 4.77 7.42 11.79 | 20.48 15.66 13.29 | 13.03 | 16.11 6.88
2 4.61 717 8.42 9.27 6.32 13.29 14.5 12.34 | 10.62 6.89 8.15
3 4.73 6.9 16.81 6.04 9.45 20.12 | 21.64 10.69 8.61 11.25 7.09
4 6.57 4.69 3.39 4.59 8.52 10.57 18.64 7.91 10.51 8.04 8.72
5 5.61 4.66 3.07 6.49 5.4 8.53 13.24 12.32 7.34 8.96 7.65
6 9.16 7.04 3.3 7.75 6.04 10.72 11.75 6.64 7.23 6.78 10.82
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Table 6. Individual and total harmomc d|stort|on for voltage in 24-| bus system

Buses 3 50 7" o 117 13" 17" 197 23™ 25" THD
order order order order order order order order order order
1 10.61 34.25 38.45 3.35 34.17 31.3 9.86 7 1.85 2.04 60.14
2 5.58 33.34 37.35 2.95 33.49 30.61 9.48 6.76 1.99 1.98 58.11
3 3.62 26.02 28.3 5.04 38.13 35.68 8.46 5.76 2.48 2.36 54.11
4 4.14 25.67 27.81 2.41 30.8 27.61 6.4 4.61 1.62 1.59 55.68
5 3.69 34.85 38.94 41 36.46 334 9.79 7.2 2.43 2.2 62.66
6 2.29 46.98 53.19 6.3 47 43.57 14.06 10.58 2.1 3.29 77.98
7 5.76 28.46 30.6 3.76 25.13 22.22 7.3 5.31 1.92 1.56 52.02
8 8.02 36.31 39.2 4.3 32.71 29.25 9.87 7.28 1.88 2.03 59.85
9 5.11 18.85 19.68 2.84 29.46 26.3 4.47 3.3 3.53 1.52 47 .11
10 5.11 35.61 39.77 5.75 39.75 36.64 10.1 7.7 1.94 2.57 66.52
11 4.2 10.55 12.73 2.1 25.38 22.39 5.18 3.85 2.95 4.68 34.28
12 8.39 10.5 9 2.23 22.32 19.81 3.93 6.52 1.93 5.73 29.27
13 6.87 7.68 7.92 2.18 18.93 16.67 3.47 2.65 2.87 5 23.18
14 7.42 9.63 12.32 4.31 20.89 18.25 4.57 3.02 3.04 4.85 27.42
15 9.29 10.08 13.43 2.58 17.27 15.22 4.42 2.88 2.42 2.1 22.96
16 8.56 9.99 13.36 4.23 17.45 15.3 4.68 2.91 2.34 1.58 23.22
17 5.29 8.39 11.34 2.28 14.58 12.78 4.25 2.98 2.44 1.76 18.29
18 7.97 7.97 10.72 4.47 13.72 11.98 3.83 2.95 1.55 2.04 16.57
19 6.8 12.27 16.51 2.25 19.5 17.24 5.83 4.01 1.81 1.62 27.99
20 5.15 8.98 12.08 3.72 17.98 15.85 4.55 2.96 2.36 2.14 22.98
21 7.08 8.18 10.96 5.54 14.03 12.26 3.79 2.11 1.59 3.25 17.07
22 5.05 7.15 9.64 2.9 12.38 10.84 3.46 2.8 2.2 2.67 13.96
23 9.6 7.55 9.88 2.12 17.25 15.21 3.89 2.42 3.15 3.63 20.77
24 6.5 16.02 21.62 3.23 29.84 28.24 7.54 5.95 2.06 4.54 44.66

The findings of this study are presented in Tables 5-8.
The individual and total harmonic emissions from the
harmonic sources into the grid buses for 6-bus and 24-bus
test systems are presented in Tables 5 and 6 respectively.
From 6-bus system, it can be observed that the THD ranges
from 6.88% to 10.82%. This is an indication that harmonic
contributions at each bus exceeded the recommended
standard limits as given in Table 2. The wind turbines, PV
arrays and HVDC links contributes significant harmonics to
the grid. Also, the harmonic level is relatively high in bus 5
and 6 as compared to other buses. This is an indication that
the transmission system experience high resonance as a
result of magnified harmonics at buses 5 and 6. The
harmonics emanating from the RES components
propagates to the nearest buses and this propagation is the
same to all buses without RES components at odd orders of
harmonics. The main reason is because of the wind and
Solar PV power are more dominant in the grid.
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Fig.5. Harmonic power loss variation on a 24-bus test system.

Table 6 shows the individual voltage harmonics and
total harmonic distortions for 24-bus test system. It is
observed that there is significant harmonic violation at all
the buses for both the individual and total harmonic
distortions. These are odd harmonics which violate the
recommended standard limits as specified by IEEE. Figures
4 and 5 show harmonic power loss along each bus for
Garver 6-bus and 24-bus test systems. The harmonic
power losses are computed from the proposed analytical
method which are calculated from harmonic contributions of
individual harmonics at each bus. These harmonic power
losses are induced by the harmonic contributions from wind
turbines, PV arrays and HVDC links. These values reflect
the relative influence of harmonic distortions on power
losses.

From Tables 7 and 8, it can be observed that the
distortions at each bus has significant impact on the power
system characteristics of Garver bus and 24-bus systems
respectively. The background harmonics results in
significant decrease in power factor and increase in voltage
drop at each bus. The levels of power factors are much
lower, hence, resulting in an increase in voltage drop across
the buses. The power system characteristics are heavily
impacted by the high frequency harmonic emissions from
the wind and solar PV parks into the grid. The resonance in
the wind and solar PV parks occurs due to the inductance
and capacitance of the transformers and transmission
cables respectively. Hence, the buses without RES
experience some level of resonance frequency owing to the
distance between them and the parks.

Table 7. Power system characteristics for a 6-bus system

Power Voltage
Buses kv factor (%) MVA drop (gV)
1 400 88.5 3824 0.8
2 400 87.2 491.8 1.2
3 400 84.3 513.78 0.64
4 400 88.1 323.56 0.75
5 400 87.1 489.87 1.05
6 400 82.7 199.63 1.8
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Table 8. Power system characteristics for a 24-bus system.

Power Voltage
Buses kv factor (%) MVA drop (gV)
1 138 89.7 818.86 0.83
2 138 87.4 474.03 6.73
3 138 76.5 478.49 5.2
4 138 88.8 187.92 7.91
5 138 89 197.05 2.81
6 138 77.6 274.52 3.13
7 138 75.7 349.86 6.73
8 138 74.3 475.96 2.78
9 138 83.6 359.86 1.12
10 138 69.7 552.76 1.2
11 230 72.9 325.22 2.78
12 230 63.7 206.23 3.64
13 230 86.9 440.53 2.28
14 230 88 392.22 5.93
15 230 84.4 472.36 2.49
16 230 80.3 493.67 3.94
17 230 78.1 261.79 0.18
18 230 83.2 420.09 0.79
19 230 78.9 321.5 6.42
20 230 88.1 485.63 3.62
21 230 84.2 497.47 4.23
22 230 88.1 305.94 2.5
23 230 88.3 471.73 1.64
24 230 71.4 175.86 1.47
Conclusion

This paper presents a study on harmonic distributions in
a large-scale renewable energy integrated system. In this
study, analytical method is proposed for estimating
harmonic power loss and power flow at the bus and
transmission network. Based on this method, the harmonic
power loss and power flow can be effectively computed
from the individual and total harmonic distortions as
obtained from each bus. The characteristics of harmonic
propagation patterns are investigated based on harmonic
contributions from wind and solar PV parks. The
effectiveness of the developed approach is tested on IEEE
6-bus and 24-bus test systems. Simulation results show
that the individual harmonic distortions and total harmonic
distortions are aboved the recommended limit at the buses
owing to the emissions originating from the solar and wind
parks into the grid. These harmonics has significant impact
on the power losses and power system characteristics.
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