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Abstract

Owing to several economic and technical benefits over AC transmission, High Voltage Direct
Current Transmission (HVDC) has drawn a lot of attention in recent times. HVDC gives rise
to harmonic distortion due to the power flow through power electronic inverters. The scenario
gets even more critical by considering the increased influx of nonlinear loads in distribution
systems. This research work strives to evaluate the impact of HVDC inverters on such
distribution systems. The harmonic model of the inverter, developed by experimentation, is
modified to decrease the harmonic distortion; which is then used for simulating a generic UK
residential distribution system deploying Electrical Transient Analyzer Program. The
simulation results indicate increased harmonic distortion in voltage beyond standard limits at
high tension as well as low tension sides of the distribution transformer. The results also
show that harmonic distortion produced by the HVDC inverters may trigger resonance at a
particular harmonic frequency.
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1. Introduction

The occurrence of undesired frequency components as a integer multiple of fundamental
frequency is referred to as harmonic distortion [1] which is evaluated using the term Total
Harmonic Distortion (THD), mathematically given as]:

,/Z X
(%) THDz%MOO (1)

1

Where X, gives the value of the fundamental component and X, gives the value of the k"
harmonic constituent of the respective waveform.

Table 1 gives the limits for the maximum allowable values, at the Point of Common Coupling
(PCC), for the Total Harmonic Distortion in Voltage (THD,) as well as Individual Harmonic
Distortion in Voltage (IHD,) and Table 2 gives the maximum values allowed for the Individual
Harmonic Distortion in Current (IHD,) for power system voltages up to 69 kV [2]. Performance
of power systems gets seriously hampered with the increasing harmonic distortion. This is
duetothe increased line & transformer losses, ageing of the insulation, damaged conductors
and mal operating equipments [3].
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High Voltage Direct Current (HVDC) transmission has attracted a lot of technical
attraction in the recent years due to its high reliability, operational flexibility, reduced
lines losses and lower transmission cost; for long transmission lines; owing to lesser
conductor and right of ways requirements as compared to AC transmission [4]. It is more
economically viable as compared to AC transmission for transmission distances more
than 500 km [5]. In addition to being a cost effective solution for power transmission from
the off-shore wind farms, it also forms the backbone to tie up two unsynchronised
systems [6, 7]. However, for HVDC transmission the power is required to flow through
the power electronic converters and major concerns have been raised in the past
regarding the harmonic distortion produced due to nonlinear nature of power electronic
converters [8, 9]. Power electronic converter provide the flexibility and better control of
power flow at the cost of increasing harmonic pollution in the power system [10]. On the
other hand, modern distribution systems are increasingly subject to nonlinear loads
which draw harmonically distorted current [11]. Therefore, the THD level in a power
system deploying HVDC is due to a combination of harmonic distortion caused by HVDC
converters and the nonlinear loads being supplied [12]. Several efforts have been made
to investigate the impact of nonlinear loads on the distribution systems [13-15]. However,
this research work attempts to analyze the interaction between a typical UK residential
distribution system, loaded with nonlinear loads, and an HVDC transmission system.

Table 1. THDy and IHDy Limits

Voltage Level (V) V<1.0kV 1.0kV <V <69 kV
THD, (%) 8.0 5.0
IHD, (%) 5.0 3.0

Table 2. IHD; Limits

Harmonic Number | k<11 | 11 k<17 17 <h < 23 23<k<35 | k=235

IHD: (%) 15.0 7.0 6.0 2.5 1.4

2. Experimental Arrangement and Results

The experiments were performed in Smart Grids Lab at Glasgow Caledonian University,
UK to analyze the harmonic content in the current waveforms drawn by various nonlinear
residential loads. The experimental setup already presented in [16] is given in Figure 1.

2.1. Nonlinear Loads

The current waveform of a DC supply used to supply an alarm clock was analyzed to
obtain the amplitude as well as the phase spectrum. The current waveform is given in
Figure 2 and the amplitude spectrum is given in Figure 3. The True Power Factor (PFuue)
was found to be equal to 0.55 with a THD; equal to 31.81 %. This harmonic model is
assumed to represent the family of various household electronic appliances including
televisions, DVD players, gaming consoles and other power supply units. Similarly
harmonic analysis was performed to acquire harmonic models for microwave ovens,
laptops, Personal Computers (PC), washing machines, Compact Fluorescent Lamps
(CFL) refrigerators, freezers and fridge-freezers. These harmonic models were
presented in [16].
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Figure 2. Current Waveform of Power Supply
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Figure 3. Amplitude Spectrum of Current Waveform of Power Supply

2.2. HVDC Inverter

Most of the current HVDC systems deploy multi-level Voltage Source Converters (VSC)
utilizing Pulse Width Modulated (PWM) switching for the inversion purpose [17]. To avoid
harmonics high frequency PWM switching is recommended but it increases the system
losses which call for special PWM switching patterns [18]. Similarly, harmonic distortion
may be reduced by increasing the number of pulses and using specific patterns of
transformer connections [19]. Such an effort was made in [20] to eliminate lower order
and triplen harmonics and [21] showed that a very low THD, equal to 1.02 % is
achievable. Research team analyzed a commercially available inverter to identify very
high THD, being equal to 27.55 % as presented in [22]. The significant contributions
come from 3 and 9" harmonic components having IHD, equal to 19.27 % and 11.57 %
respectively. However, the harmonic model was modified according to the proposed
design given in [20, 21] where the THD, is very low. The output voltage waveform and
amplitude spectrum of the modified inverter are given in Figure 4 and Figure 5
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respectively. It can be clearly seen that the current waveform of the improved inverter
design is nearly sinusoidal with very small harmonic content.

100.00 ~
80.00
60.00 7 \\
40.00 ¢’ \
= 20.00 /
& 000
E 2000 S22 ?QT“fo\‘?ﬁ‘??‘T?"'m?‘é
DDDCDDQDCQDD\?CODQDCQ =
-40.00
-60.00 \\ /
N,
-80.00
-100.00 =
Time [Cycle)
Figure 4. Output Voltage Waveform of Inverter
07
0.6
£
p os
£ 04
[
£
< 03
&
= o2
=
01
o
17 19 29
Harmonic Order

Figure 5. Amplitude Spectrum of Output Voltage Waveform of Inverter

3. Harmonic Analysis

The harmonic models of various nonlinear loads introduced in previous section were
then inserted in the harmonic library of Electrical Transient Analyzer Program (ETAP) for
simulating a typical UK residential distribution system as shown in Figure 6 [23].

The distribution system is being supplied by a UK standard 275 kV transmission line
emanating from a transmission substation. The loading details of the 500 kVA
distribution transformer (T1) are given in Table 3. The nonlinear loads, considered,
account for 62 % of the total domestic load which approximately agrees with the UK
National Statistics [24]. As the distribution transformers are designed to give maximum
efficiency at 75 % loading, the total load on T1 is assumed to be as such [25].
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Figure 6. Distribution System Considered for the Simulation
Table 3. Loading Detail

Load Type Load (kW) Load Type Load (kW)
Refrigerator 5.52 Power Supply Units 67.20
Fridge-Freezer 23.90 Microwave Oven 7.36
Freezer 7.36 Laptop 4.60
CFL 12.88 Washing Machine 14.70
PC 15.60 Linear Load 98.44

3.1. Without HVDC

For the first study, the transmission substation is modeled as a linear source; free of
harmonics.

3.1.1. Voltage Waveform and Amplitude Spectrum at High Voltage (HV) side of the T1:
Voltage waveform at HV side of T1 is given in Figure 7 along with its amplitude in Figure
8. The THD. is equal to only 0.5 %. The results indicate that THD, is well within the IEEE
limits which should not be a major concern for the power utilities. The results also show
that the harmonics caused by nonlinear loads are eliminated while travelling to HV side.
This is due to the fact that triplen harmonics are trapped by the delta winding of the
transformers.

3.1.2. Voltage Waveform and Amplitude Spectrum at Low Voltage (LV) side of T1: The
voltage waveform and amplitude spectrum at LV side of the T1, which is also PCC for all
the homes, are presented in Figure 9 and Figure 10 respectively. The value of THD, is
equal to 4.62 % which is within the standard limit. The results show that system is
already under a lot of stress due to the influx of various nonlinear loads.
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Figure 7. Voltage Waveform at HV Side of T1
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Figure 8. Amplitude Spectrum of Voltage Waveform at HV Side of T1

3.1.3. Voltage Waveform and Amplitude Spectrum at Far End: Voltage waveform at Bus
7 along with its amplitude spectrum is presented in Figure 11 and Figure 12 respectively.
This bus bar represents the users farthest from the T1 in terms of conductor length. The
situation for the users at the far end of the system is yet more serious as THD. is equal
to 5.5 %.
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Figure 9. Voltage Waveform at LV Side of T1
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Figure 10. Amplitude Spectrum of Voltage Waveform at LV Side of T1
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Figure 12. Amplitude Spectrum of Voltage Waveform at Far End
3.2. With HVDC

To analyze the impact of HVDC converter station, the transmission substation is
modeled as a harmonic source as per harmonic model of the inverter given in Section
2.2.

3.2.1. Voltage Waveform and Amplitude Spectrum at HV side of the T1: The voltage
waveform at the HV side is presented in Figure 13 and its amplitude spectrum is
illustrated in Figure 14. With HVDC, THD, sees a major increase in value from 0.5 %;
without HVDC; to 10.78 % which is beyond the standard limit. This can be attributed to
the increase in 17", 19" and 29" harmonic. IHD, for 19" harmonic, being equal to 10.4
%, is also not acceptable as per standard limits.
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Figure 13. Voltage Waveform at HV Side of T1 with HVDC
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Figure 14. Amplitude Spectrum of Voltage Waveform at HV Side of T1 with HVYDC

3.2.2. Voltage Waveform and Amplitude Spectrum at LV side of T1: Voltage waveform at
the LV side of T1, in the presence of HVDC, is given in Figure 15 along with its
amplitude spectrum in Figure 16. The system which was already frazzled by the
presence of nonlinear loads goes beyond the IEEE standard limits as THD, reaches a
value of 9.91 % with IHD, for 19" harmonic being equal to 8.46 %.

3.2.3. Voltage Waveform and Amplitude Spectrum at Far End: The situation is further
aggravated at the far end of the distribution system where THD, attains a value equal to
10.13 % with 19" harmonic being equal to 8.19 %. Both of these values are beyond the
standard values. The voltage waveform is given in Figure 17 with its amplitude spectrum
in Figure 18.

3.3. Discussion

The results show that the THD, is increased in the power system due to the deployment
of HVDC transmission. While the system experiences increased THD, due to HVDC, the
highest increase is observed in 19th harmonic which can be regarded to occur due to
the resonance [26]. The harmonic resonance occurs due to the interaction of system
impedances at a particular frequency [27].

42



Journal of Faculty of Engineering & Technology, 2017

100
. A N
60 =i A
40 \'\
P \'\
= 20
: o 3
o S T — - e - m.—m:mc:gcnq‘g!‘r
>_msc;c;.:c;:'c;c;c&';sc;‘ufcc;:'c;cscc;'c;
-40
W P
i & =
ey AV
Time {Cycle)

Figure 15. Voltage Waveform at LV Side of T1 with HVDC
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Figure 16. Amplitude Spectrum of Voltage Waveform at LV Side of T1 with HYDC
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Figure 17. Voltage Waveform at Far End with HVDC
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Figure 18. Amplitude Spectrum of Voltage Waveform at Far End with HYDC
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4. Conclusions

The impact of harmonic distortion, caused by HVDC transmission, upon a distribution
system loaded with various nonlinear loads is analyzed in this research paper. The
harmonic model of an improved inverter design is deployed along with harmonic models
of several residential nonlinear loads to complete the study. The results show that
distribution systems are already marginally within acceptable standard limits and
situation gets aggravated under the influence of harmonic distortion produced by the
inverters in the HVYDC converter station. The value of THD, goes beyond the acceptable
limits not only on the HV side but also on the LV side of the distribution transformer. The
situation is even more critical for the users at the far end of the distribution system. The
IHD, for the 19" harmonic increased substantially owing to resonance phenomenon.
Considering this, PWM switching patterns should be carefully designed to avoid the
resonance at any particular harmonic frequency. Sophisticated harmonic mitigation
techniques must also be adapted before the mass scale influx of HYDC technology.
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