:' frontiers ‘ Frontiers in Energy Research

’ @ Check for updates

OPEN ACCESS

EDITED BY
Liansong Xiong,
Xi‘an Jiaotong University, China

REVIEWED BY
Yangbin Zeng,

City University of Hong Kong, Hong Kong SAR,
China

Jiajie Luo,

Siemens Gamesa Renewable Energy,

United Kingdom

*CORRESPONDENCE
Conghuan Yang,
conghuanyang@foxmail.com

RECEIVED 15 January 2024
ACCEPTED 29 January 2024
PUBLISHED 06 March 2024

CITATION
Yang C, Zhang Q and Zhao Z (2024), Filtering
characteristics of parallel-connected fixed
capacitors in LCC-HVDC considering the
variations of system strength.

Front. Energy Res. 12:1370585.

doi: 10.3389/fenrg.2024.1370585

COPYRIGHT

© 2024 Yang, Zhang and Zhao. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Energy Research

TvpE Original Research
PUBLISHED 06 March 2024
pol 10.3389/fenrg.2024.1370585

Filtering characteristics of
parallel-connected fixed
capacitors in LCC-HVDC
considering the variations of
system strength

Conghuan Yang'*, Qingtao Zhang? and Zhiyi Zhao?

!Guangzhou Maritime College, Guangzhou, China, ?Logistics Engineering College, Shanghai Maritime
University, Shanghai, China, *School of Electric Power Engineering, South China University of
Technology, Guangzhou, China

The AC power system strength exhibits time-varying characteristics during operation,
thereby affecting the filtering performance of filters in the system. Failure to account
for this variability may result in the harmonic levels exceeding permissible limits under
specific power system strength, thereby affecting the normal operation of the power
system. Consequently, building upon the existing filtering technique based on
parallel-connected fixed capacitors for LCC-HVDC systems, a method for tuning
the parameters of parallel-connected capacitors is proposed, thereby the
capacitance range meets the filtering requirements under various system strengths.
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1 Introduction

High voltage direct current (HVDC) transmission technology plays an important role in
large-capacity and long-distance transmission applications (Agelidis et al., 2006; Tang and Xu,
2014). However, with the increasing number of converter stations in the power system, the
harmonic levels in the power grid are also rising (Xin et al., 2020). Excessive harmonics can
lead to distortion of the AC waveform and reactive power deficits (Xue et al., 2019), posing a
serious threat to the safe operation of the power system (Geng et al., 2018). To address this
issue, power grid companies have established the corresponding harmonic content standard
(IEEE, 2014), specifying that the Total Harmonic Distortion (THD) value of harmonic voltage
and current should not exceed 1.5%. To meet the standards, effective measures need to be
taken. AC filters are essential components in HVDC transmission system for mitigating
harmonics (Lee et al., 2015). In addition, the AC power system strengths have a significant
impact on the operation of the power grid and the strengths can be quantified using the short-
circuit ratio (SCR) (Li et al., 2020). Li et al. (2022) provide the typical variation of the SCR and
its impact on the frequency and voltage stability. Lower AC strength corresponds to lower
resonance frequencies and an increasing risk of resonance, leading to the degradation of the
system’s normal performance and distortion of voltage. In summary, weak AC power system
strength can weaken the system’s robustness and stability. Increasing the AC power system
strength is beneficial for raising the system’s resonant frequency and stability, while achieving
the better filtering effects (Chen et al., 2018).
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For LCC-HVDC systems, it is necessary to consider both the
reduction of AC harmonics and the compensation of reactive power
(Liv and Zhu, 2013). Traditionally, active or passive filters are
commonly employed to achieve these objectives. The circuit
topology of passive filters is relatively simple, but they suffer from
drawbacks such as large space requirements and poor filtering
effectiveness due to the resonance points shifting. Consequently,
research and application of active filter have become more
extensive. Various design approaches for active filters have been
proposed (Yang et al, 2022; Farghly et al,, 2022; Du et al.,, 2022),
addressing aspects such as optimizing the multi-topology structure of
passive filters, parallel filtering structures based on hybrid systems,
and adopting two-parallel single-tuned LC structures while
considering the time-delay effect of controllers. The designed filters
can effectively reduce harmonics and simultaneously reduce the size
of capacitor banks to reduce reactive power compensation. Liu et al.
(2020) consider the coordination between hybrid active filters and
existing reactive power compensation devices. They introduce a novel
AC filtering system that utilizes a series-connected passive resonance
topology and a control scheme for active filtering. This not only
enhances the harmonic suppression performance of LCC-HVDC, but
also optimizes the reactive power compensation between different
filter groups thereby reducing HVDC costs.

The above filtering technologies typically require the addition of
AC filter stations. This entails significant space occupation, and the
necessity to address issues such as losses and maintenance. Therefore,
novel filtering technique have been proposed. Huang et al. (2022)
introduce a hybrid active power filter with simple combination of
passive filters and IGBT valves. The selected passive filter capacity and
topology effectively enhance the filtering efficiency while ensuring
independence between the filter and AC system, preventing
resonance. However, the system configuration cost is high and the
control of IGBT valves is difficult. A novel induction filtering
technique based on the field-circuit coupling calculation method is
proposed by Li et al. (2012), which greatly reduces the harmonic
current content, enhances the excitation performance, improves the
electromagnetic environment, and reduces the harmonic losses of
HVDC converter transformers. Zhai et al. (2017), Zhao et al. (2022),
and Xue et al. (2018) propose a novel filtering technique based on
parallel-connected fixed capacitors in HVDC converters, which
effectively suppresses harmonics without external AC filters and
reactive power compensation devices. It also provides reactive
power compensation and suppresses the commutation failure. This
filtering method successfully address the issues associated with
traditional filters. Nevertheless, the above studies do not take into
account the impact of AC power system strength on the filtering
performance of the filters. Power system strength is a crucial indicator
of power system stability and play a vital role in power system
operation. For the novel filtering technique involving the addition
of parallel-connected fixed capacitors, it is crucial to consider whether
the capacitance of the parallel capacitor can still maintain the system
stability and meet the harmonic requirement under the varying
system strengths.

To address aforementioned problems, this paper analyzes the
impact of system strength on the filtering. Additionally, a tuning
method for parallel-connected capacitors is proposed considering
power system strength, establishing a capacitance range that meets
filtering standards. This method not only contributes to the fault and
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transient analysis of novel filtering technique involving parallel-
connected fixed capacitors but also provide valuable guidance for the
configuration of capacitance parameters in practical engineering.

The filtering methods of different references are classified
in Table 1.

The rest of the paper is organized as follows: Section 2 introduces
the operation principle of novel filtering technology. Section 3
proposes a parameter tuning method for parallel-connected fixed
capacitors. Section 4 validates the theoretical result and determines
the range of capacitor capacitance. Section 5 combines the

simulation to further determine the range of capacitor

capacitance. Brief conclusions are drawn in Section 6.

2 Operation principle of novel
filtering technique

In response to the shortcomings associated with the traditional
filters, Xue et al. (2018) propose a novel filtering technology by
adding parallel-connected fixed capacitors to the inverter side of the
converter station.

The circuit diagrams for the novel filtering technique are shown
in Figures 1, 2, where L is the smooth inductance, L. is the
transformer equivalent inductance, R, is the DC resistance,
TY(D)I~TY(D)6 are the thyristors of the converter bridge,
CapY(D)ab, CapY(D)bc, CapY(D)ac are the parallel-connected
fixed capacitors, LY(D)abc are series inductance, mainly used for
absorbing surplus reactive power. C, is the DC filtering capacitor,
Ziny is the equivalent impedance of AC system at the inverter side,
and Zg,(n) is the grid impedance at the ny, harmonic frequency.

It can be seen from Figure 2 that the impedance of the capacitor
branch will be small at high-frequencies, allowing a large AC current to
flow through this branch. This causes the high-frequency AC harmonics
to be “short-circuited” by the capacitors, achieving harmonic reduction.
This further achieves the dual purpose of harmonic filtering and reactive
power compensation. Xue et al. (2018) compare the simulation results
between traditional and novel filtering technique, demonstrating that the
latter can achieve similar filtering effects.

The novel filtering technique not only addresses the limitations
of traditional filtering but also achieves filtering effort with a reduced
amount of reactive power compensation. Therefore, studying the
influence of power system strength on filtering effectiveness based
on this novel filtering technique is of significance.

3 Tuning method for
capacitance parameter

In this section, taking into account the AC system strength for
system reactive power and harmonic content are derived.
Additionally, the capacitance tuning method is introduced.

3.1 Reactive power calculation

Figure 3 highlights the definitions of reactive power at different
parts of the system. In Figure 3, TY(D)I~6 are the thyristors of the

converter bridge, CapY(D)ab,CapY(D)bc,CapY(D)ac are the
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TABLE 1 Classification of different filtering methods.

References Filtering method

Yang et al. (2022), Farghly et al. (2022), Du et al. (2022) Active power filter
Liu et al. (2020) New AC filtering system
Huang et al. (2022) Hybrid active power filter
Li et al. (2012) New induction filter
Zhai et al. (2017), Zhao et al. (2022), Xue et al. (2018) Parallel-connected fixed capacitor
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FIGURE 1
Circuit topology at the inverter side of the system.
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FIGURE 2
Equivalent circuit.
parallel-connected fixed capacitors, LY(D)abc are the series where V. is the phase voltage amplitude, V. is the DC-side
inductance, and Z;,, is the equivalent impedance of AC system at  voltage, and P,,,, is the maximum rated power.
inverter side. The reactive power absorbed by the transformer can be
The reactive power absorbed by the converter can be calculated  calculated by (2):
by Equation 1:
Q; = S x tan(arccos (2)
Q _ 3 x (Vdc)z X Pmux (1) ! ( (Pf))
e U S s—
2xmx fx (V) where S is the capacity of the transformer and pf is the power factor.
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The transformer power factor is shown in (3): FIGURE 5

pf = cos(arctan(L,)) (3)

where L, is the transformer equivalent inductance.
If the ratio of the transformer is k, the reactive power generated
by the parallel-connected fixed capacitor is shown in (4) and (5):

V.= VT (4)
Q. = wCV?2 (5)

where V, is the phase voltage amplitude of bus.

The reactive power absorbed by the series inductance changes
with the variation of capacitance and its value is relatively small.
Therefore, to simplify the calculation, its impact is not considered in
the theoretical calculations.
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Relationship between Z and SCR

3.2 Harmonic content calculation

Xue et al. (2018) provide the harmonic amplitude expressions
with AC power system strength of 2.5. Based on the twelve-pulse
bridge, the expressions for C-phase harmonic current and voltage
amplitude are shown in (6) and (7):

B -1
jnwC x (Sjnch + SZSys(n)) +1
_Zsys (7’!)
X
jnwC x (3jnwLC +3Z4ys (n)) +1

I,

Lin1z (6)

V ys_n — 2

Lin(12) (7)
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FIGURE 6
Capacitance tuning process.

Determine whether the main order
harmonic content meets the IEEE harmonic
standard?

End

1000 T T T

- (=) oL
=3 =3 =3
= = =]

Reactive Power(MMvar)
N~
S

—Send
— — Absorb

FIGURE 7
Reactive power change curve.

Where, Z,(n) is the grid impedance at the ny harmonic
frequency, C is the capacitance of the parallel-connected fixed
capacitor, Ij,(1z) is the input harmonic current corresponding to

the twelve-pulse bridge, and L, is the equivalent inductance of the
transformer.

HVDC transmission system interaction are largely determined
by the AC power system strength relative to the DC transmission
capacity. The degree of strength is often assessed using the short-
circuit ratio (SCR).

Frontiers in Energy Research
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Capacitance(uF)
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8 10 11

The definition of the Multiple Input Short Circuit Ratio
(MISCR) is given by Wang et al. (2021) as (8):

Saci
Pun + Z]‘EL MIIF],Pd]N

MISCR; = (8)

Where, S,; is the short-circuit capacity of bus i, Py is the rated
power of bus i, MIIF indicates the interaction between the
converter buses.
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FIGURE 8
The harmonic content under different AC power system strengths.
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FIGURE 10
Reactive power change curve.

For single-infeed system, the SCR can be derived as shown in (9):

Sac _ ch

SCR =
Pin Z

)

Where, Z is the inherent impedance of grid, Z,, is the grounding
impedance. Figure 4 is the HVDC equivalent impedance model at
the inverter side. In Figure 4, the grounding impedance (Z,.)
includes the equivalent impedance of the converter valves and
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transformer. The inherent impedance (Z) is the equivalent
impedance of the system. The grounding impedance can be
considered fixed as the network frequency normally does not
vary. Thus, the relationship between the SCR and the equivalent
impedance Z of the power grid according to (9) can be
expressed as shown in Figure 5. It can be seen from the
relationship curve in Figure 5 that the SCR is inversely
proportional to the equivalent impedance (Z) of the power

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1370585

Yang et al. 10.3389/fenrg.2024.1370585

A
3.5 T T T T T T T T
3k —voltage THD
—— Current THD
2.5+ = = THD Limit .
S
2 -

0 1 | 1 1 | | 1 1
6 6.5 7 7.5 8 8.5 9 9.5 10 10.5

Capacitance(uF)

3 T T T T T

Harmonic Factor(%) @

6 6.5 7 7.5 8 8.5 9 9.5 10
Capacitance(uF)
FIGURE 11

Harmonic content under varying capacitance. (A) THD values under varying capacitance. (B) Main orders harmonic content under varying
capacitance.
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FIGURE 12
Harmonic content under different DC voltages.
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Filtering effect under different AC voltages. (A) SCR=1.5 (B) SCR=2.

TABLE 2 Comparison of filtering effect under different filtering techniques.

IEEE Limits(vn)

Parallel-connected fixed capacitor

AVA) I (%) VAVA I (%) 7.35 pF 8.8 yF
VAVA I (%) V (%) I (%)
114 1 05 0.11 0.04 0.64 0.29 0.33 0.18
13, 1 0.5 0.08 0.04 0.27 0.11 0.56 0.25
23, 1 0.15 0.32 0.07 0.29 0.06 0.60 0.15
25,, 1 0.15 0.25 0.05 0.28 0.06 0.53 0.12
THD 15 15 0.94 0.97 0.90 0.42 1.10 0.48

grid. Since the grounding impedance (Z;) includes the
equivalent impedance of the transformer, and Xue et al.
(2018) separate the equivalent impedance of the transformer
and the impedance of the capacitor for calculation, this paper
adopts the following methods to calculate the harmonic
amplitude under the different system strengths to simplify the
calculation.

The basic short-circuit ratio (SCR) accounts for the inherent
strength of AC power system, and the corresponding expression is
given by Jia et al. (2012) as (10):

SCR = M (10)
Pan (MW)
Short-circuit capacity Ssc(MVA) is defined as (11):
EZ
S (MVA) = % (11)
Zin

Where, E,. is the commutation bus voltage under rated DC
power, Zy, is the grid impedance at the n,, harmonic frequency and
P, is the rated DC power.

Frontiers in Energy Research 08

The relationship between grid impedance and AC power system

strength can be expressed as (12):
EZ

Zyy = Zoys (n) = m (12)

Where, Z,(n) represents the grid impedance at the ny,

harmonic frequency. It can be seen from (12) that grid

impedance is inversely proportional to the short-circuit ratio (SCR).

By substituting (12) into (6) and (7), the expressions for C-phase

harmonic current and voltage amplitude associated with system strength

based on the twelve-pulse converter bridge can be obtained as follows:

T = =1 x SCR x Pyy .
o 3jnwCE2. + SCR x Pyy — 3n*w*CLc x SCR x Pay in(12)
(13)
—2E2,
Vsys_n - 3j 2 202 Liniz
-]anEuc +SCR x PdN - 3n‘w CLC x SCR x PdN
(14)

From (13) and (14), it can be observed that when the other
parameters are constant and the equivalent inductance of the
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Harmonic current content with different capacitance. (A) Harmonic current content with a capacitance of 7 yF (B) Harmonic current content with a

capacitance of 8.8 uF.

transformer is small enough to be negligible, the change of SCR with
respect to harmonic current and voltage is as follows: As SCR
increase, the amplitude of harmonic current and voltage decreases.

3.3 Capacitance parameter tuning process

This section introduces the tuning of capacitance considering the
system strength. As shown in Figure 6, the process primarily involves
two aspects: 1) Reactive power compensation. 2) Filtering effect. The
priority is: Reactive power compensation and then the filtering effect.
The tuning method is suitable for the conventional LCC-HVDC system.

3.3.1 Reactive power compensation

According to (5), the reactive power is generated by the
capacitor. Typically, the reactive power compensation at the
inverter side falls within the range of 40%-60% of the rated
power. To fully study the impact of small capacitance on filtering
performance, the range of the reactive power compensation is
extended to 20%-80% of the rated DC power. If the reactive
power compensation exceeds this range, the capacitance is not
considered. Otherwise, it can be considered.

3.3.2 Filtering effect

According to the capacitance range initially determined by the
reactive power compensation, the filtering effect of the capacitance
in this range is further tested. According to the harmonic amplitude
expressions (6) and (7), the harmonic content under different
system strengths is calculated. Then, compared with the IEEE
harmonic standard, the capacitance range is further determined.

Frontiers in Energy Research

4 Theoretical results of capacitance
tuning method

The range of capacitance is determined using the tuning method
from Section 3. The results are calculated based on CIGRE HVDC
benchmark model.

4.1 Results of reactive power under the
system strength of 2.5

Firstly, the capacitance range is initially determined by the
reactive power compensation.

Figure 7 shows the change of reactive power under varying
capacitance. It can be seen that the reactive power generated by the
capacitors increases with the increase of capacitance, following a
positive trend. Reactive power balance is achieved when the
capacitance reaches 8.25 uF. In addition, the capacitance range
that fulfills the reactive power compensation is approximately
3 uF-11.5 uF, in consistence with the initial capacitance range.

4.2 Results of harmonic content under the
system strength of 2.5

From the relationships shown in (6) and (7), the harmonic
content decreases with the increase of capacitance. Besides, the
capacitance is not limited in a certain range. Xue et al. (2018)
also provide the harmonic content under the system strength of
2.5, and this paper calculates the harmonic content under the same
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Simulation results of harmonic content and THD values with the capacitance of 7 uF and 8.8 pF under different system strengths. (A) Simulation

results of harmonic voltage content (B) Simulation results of harmonic current content (C) Harmonic voltage THD (D) Hari

condition. According to the IEEE grid harmonic standards, the
capacitance range that meets the requirements is approximately 7 pF
to +oopF.

Frontiers in Energy Research 10

monic current THD.

In summary, the capacitance range that meets the reactive power
compensation requirement and harmonic standard is 7 pF-11.5 pF
when the AC power system strength is 2.5.
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4.3 Results of harmonic content under
different AC power system strengths

Based on the obtained capacitance range under the system
strength of 2.5, the harmonic content of capacitors within this
range is analyzed for different system strengths. Figure 8
the of with
capacitances of 7 uF, 8.8 uF and 11.5 pF under varying AC power

illustrates filtering  performance capacitors
system strengths. The selection method of the capacitance of 8.8 pF
is as follows: Based on the compromise of the capacitance range of
7 uF-11.5 pF obtained in part A and B above and combined with the
simulation test that can achieve stable capacitance value under rated
working conditions. It can be observed that the harmonic content
for 7 uF, 8.8 uF and 11.5 pF capacitors generally complies with the
harmonic standards. Moreover, for a fixed capacitance, as the
strength increases, the harmonic content decreases, indicating
better filtering effectiveness.

In conclusion, the capacitance range for parallel-connected fixed
capacitors that meets the requirement is 7 pF-11.5 pF.

5 Simulation results of capacitance
tuning method

The analysis and calculation methods discussed above are
applicable to systems with any strength.

This paper utilizes MATLAB/Simulink software to construct the
LCC-HVDC system based on the parameters of the CIGRE
benchmark model. The system model is shown in Figure 9.

5.1 Simulation results of reactive power
under the system strength of 2.5

In this section, simulation results are employed to validate and
analyze the reactive power generated by capacitors with different
capacitance.

Figure 10 shows the relationship between capacitance and
reactive power for capacitance value ranging from 20% to 80% of
the rated DC power. It is evident that the capacitance and the
generated reactive power exhibit an approximate correlation. The
system achieves the reactive power balance when the capacitance
reaches 8.25 pF.

Observing the simulation result, the acceptable capacitance
range is 6 uF-10.5 uF. By comparing with the theoretical results
from Figure 7, there is a small discrepancy between them. The
reasons are as follows:

Equation 15 is derived from (4) and (5). It shows the reactive
power generated by the capacitor.

wCV?
-0

Q (15)

It can be observed that when capacitance and frequency are
constant, factors affecting reactive power include the phase voltage
on the primary side of the transformer (V) and the transformer
turns ratio (k). In theoretical calculations, the values of both are
derived based on the benchmark model parameters. In the
simulation test, to ensure the system adjusts to the rated
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operating conditions, the grid side is equivalent to an ideal
voltage source, and the transformer turns ratio may vary, leading
to discrepancies between the theoretical and simulated values.
Additionally, when capacitance reaches a certain level, series
inductance is required to absorb additional reactive power, which
is not considered in the theoretical calculations.

5.2 Simulation results of harmonic content
under the system strength of 2.5

This section begins with the analysis of the filtering effect,
conducting simulation analysis on the harmonic content with
different capacitance. Furthermore, by combining theoretical
analysis with simulation results, the discrepancies between the
two are analyzed.

Figure 11 depicts the variation in THD and Figure 12 illustrates
the simulation results for the main harmonic content when the
capacitance is between 6pF and 10.5 pF.

5.2.1 Results analysis

Figure 11A depicts the THD variation for voltage and current. It
can be observed that the THD of harmonic current are lower than
those of harmonic voltage, and both exhibit similar trends. The THD
values of the harmonic current are generally within the required
harmonic range, whereas voltage is not. It is obvious that
capacitance within a certain range complies with the IEEE
harmonic standards.

Comparing Figure 10 and Figure 11A, it can be observed that
when the system does not reach reactive power balance or when the
capacitance is small, the reactive power compensation is much less
than the reactive power absorbed by the converter station. The
filtering effect also falls within the IEEE harmonic standard range.
The main reasons are explained as follows:

A. High frequency harmonic currents pass through the
capacitor: When the capacitance is small, its impact on
the clamping circuit is reduced, leading to a reduction of
the reactive power compensation provided by the capacitor.
At the same time, the filtering effect of the harmonic currents
on the AC side is enhanced because the frequency of
harmonic current is usually high, allowing them to pass
through the capacitor more easily.

. Improve the system stability: Although the added capacitance
is small, the power factor of the system is still improved,
enhancing system stability. This result in that more effective
reduction of harmonic current on the AC side after passing
through the capacitor, thereby reducing the demand for
reactive power on the AC side.

Figure 11B shows the simulation results of the main harmonic
content for capacitance ranging from 6 pF to 10.5 pF. It can be
observed from Figure 11B that the variation has a concave
distribution, and the capacitance range that meets the IEEE
harmonic standard is 7 uF-8.8 uF.

Comparing these results with theoretical analysis, there are
difference in their variations. Moreover, in the simulation
results, a larger capacitance does not necessarily lead to better

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1370585

Yang et al.

filtering performance. The main reasons are explained

as follows:

A. During the system simulation, the generated reactive power
exceeds the reactive power absorbed by the converter station
when the capacitance is large. Under this condition, it is
necessary to connect a parallel grounding inductor on the
AC side of the converter station or connect the series inductor
on the AC side of the converter bridge to absorb the surplus
reactive power. At this point, the capacitor C and the inductor
L form a LC resonant loop. According to the theory of series/
parallel resonant circuit, the resonant frequency of the LC
resonant circuit can be calculated as shown in (16):

1
2n+/LC

Where, fis the resonance frequency, L is the inductance, and C

f= (16)

is the capacitance.

. The resonance frequency will decrease when the capacitance
increases. Moreover, the resonance frequency becomes close to
or equal to the system’s resonant frequency when it reaches a
certain level, causing resonance and resulting in an increase in
harmonic content.

. The internal impedance of the capacitor also affects the level of
harmonic current and voltage. When the capacitance is too
large, its losses will increase and the internal impedance also
increase, leading to an increase in power consumption and an
increase in the harmonic content.

5.2.2 Error analysis

A. During the simulation, the DC voltage do not reach exactly
the rated value of 500 kV. Based on this, the relationship
between different DC voltages and harmonic current content
when other factors are constant is studied. The simulation
results are shown in Figure 12, in which, it can be observed
that the harmonic current content changes inversely with the
DC voltage. The higher the DC voltage, the lower the
harmonic current content. Although the variations in DC
voltage have a small effect on the change in the harmonic
current, the differences in DC voltage will still affect the
filtering effect.

. In the simulation process, the AC voltage is within a certain
rated value range, but the AC voltage may not always match
the rated value during simulation, and its variation may lead to
result deviations. Below is the testing of the THD values for
different AC voltage with the same fixed capacitor capacitance.

Figure 13 shows the variation of THD values for different AC
voltages with the same fixed capacitor capacitance. Figure 13A, B show
the THD values for a capacitance of 7 uF under the system strength of
1.5 and 2, respectively. It can be observed that the harmonic content
decreases with the increase in AC voltage, indicating that a higher AC
voltage leads to better filtering effect. The rated value of the AC voltage
is 187 kV, and the numerical values used in theoretical calculation are
based on this rating. However, in the simulation results, the filtering
effect for some capacitor capacitances are measured within the range
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of £2% of the rated AC voltage (184 kV-191 kV), which introduces
deviations in the results.

5.2.3 Potential solutions
A. Optimize the design of the converter station structure: In the
design of the converter station structure, it is possible to
mitigate resonance between capacitors and line inductors
by setting appropriate parameters such as capacitance and
inductance. For instance, in the case of a multi-terminal filter
structure, the introduction of two small resistors in series
between the capacitor and inductor can prevent resonance.

. Use controllable capacitors: Controllable capacitors can
autonomously adjust their capacitance based on the system’s
operating conditions, thereby preventing the occurrence
of resonance.

. Dynamically adjust capacitance: Dynamically adjust the
capacitance based on the actual operating conditions of the
system to ensure system stability and safety.

. Add additional inductance: Add a certain inductance between
capacitors and line inductance to reduce the resonance

frequency and thereby avoid resonance.

In summary, the acceptable capacitance range is 7 tF-8.8 pF for
the AC power system strength of 2.5.

It should be noted that the methods mentioned above are equally
applicable to systems with other system strengths.

5.3 Comparative with existing passive
filtering techniques

Table 2 shows the harmonic content using different filtering
techniques, with the novel filtering technique provided for capacitor
capacitance of 7.35 uF and 8.8 uF. The choice of 7.35 pF is based on the
fact that, at this capacitance, the reactive power compensation generated
by the capacitor is comparable to the reactive power compensation
achieved with a passive filter. This selection allows for a more
meaningful comparison of the filtering effects of different techniques.

From Table 2, it is observed that the 11th and 13th harmonic
content is higher than that of the passive filter, but the high-
frequency harmonic content is lower for the capacitance of
7.35 uF. In terms of THD values, with the same reactive power
compensation, the filtering effect of the novel filtering technique is
superior to that of the passive filter.

For capacitance of 8.8 puF, the reactive power generated by the
capacitor is much larger than the reactive power compensation of the
passive filter. However, the filtering effects for some harmonics orders is
worse than the passive filter, the main reasons are as follows:

A. Impedance of the parallel-connected fixed capacitor itself: The
fixed capacitor has a certain internal impedance in the system.
When the capacitance is large, the internal impedance also
increases, leading to higher losses and increased harmonic content.

. Resonance issues: When the capacitance is large, it requires
series or parallel-connected grounding inductance to absorb
the surplus reactive power. In this case, a resonant circuit is
formed by the capacitor C and inductor L. With a large
capacitance, the resonance frequency decreases, and if it
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becomes close or equal to the resonance frequencies of other
circuits in the system, it may cause resonance issues, leading to
a reduction in filtering effectiveness.

. High-performance broadband of the passive filter: Passive filter
can choose different parameters according to requirements to
meet the harmonic reduction. By adjusting the parameters of
circuit components, better harmonic suppression can be
achieved. In contrast, the filtering effect of parallel-connected
fixed capacitors can only be effective within a specific frequency
range, making it difficult to filter out harmonic signals at other
frequencies, and adjustment is challenging.

In summary, both traditional filtering and novel filtering

techniques effectively suppress harmonic interference.

However, due to limitations such as the impedance of capacitors,

can

resonance issues and the filtering frequency range, the filtering
effects vary under different capacitances. In practical engineering,
it is advisable to choose different filtering methods based on actual
requirements and grid conditions.

5.4 Simulation result of harmonic content
under different system strengths

This section further analyzes the filtering effects under different
system strengths.

Figures 14A, B show the simulation results of harmonic current
content with the capacitance of 7uF and 8.8 pF under different AC power
system strengths. It can be observed that, under various power system
strengths, the simulation results for a capacitance of 7 uF are close to the
theoretical analysis results, while the results for a capacitance of 8.8 uF
differ significantly. The filtering effect on low-frequency harmonics is
more obvious, but the filtering effect on high-frequency harmonics is less
effective. The main reason for this includes: Parallel-connected fixed
capacitors can only filter a certain range of harmonic frequencies, and
when the capacitance reaches a certain level, parallel grounding
inductance or series the inductance is needed to absorb surplus
reactive power. The capacitor may resonate with the inductance,
leading to an increase in harmonic content at that frequency.

Besides, the variation follows the following trend under different
AC power system strengths: A higher system strength leads to better
filtering performance.

Figure 15A, B show the variation of harmonic content with the
capacitance of 7 uF and 8.8 uF under different AC power system
strengths. It can be observed that the harmonic content for 7 uF and
8.8 uF capacitance can meet the harmonic standard. Except for the
case of an AC power grid strength of 1.5, where the 11th harmonic
voltage content exceeds the limit for a 7 uF capacitor.

Figure 15C, D illustrates the variation of THD for the
capacitance of 7 uF and 8.8 uF under different AC power system
strengths. It can be observed that the THD values for both 7pF and
8.8 UF capacitors are within the specified range, expect for the THD
under an AC system strength of 1.5.

Based on the above analysis, it can be concluded that the
harmonic level for capacitance ranging from 7 uF to 8.8 pF
generally complies with the IEEE standard under different system
strengths. Additionally, it is evident that a lower system strength can
affect the filtering effectiveness.
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In summary, take into account the filtering effect under different
system strengths, the parallel-connected fixed capacitance range that
meets the requirements for both reactive power compensation and the
filtering effectiveness is approximately 7 pF-8.8 yF. In practical
applications, when taking into account the reactive power balance of
the system, the ideal range of capacitance is 8.25 puF-8.8 uF
observing Figure 10.

6 Conclusion

This paper proposed a tuning method for the parameter of
parallel-connected fixed capacitors considering the system strength
based on the novel filtering technique. The method enables the
calculation of the range of required capacitance for filtering under
varying power system strengths. By analyzing the filtering
performance under various power system strengths, this paper
reveals that the variation in power system strength affects the
filtering performance of the novel filtering technique. Specifically,
within a certain range of power system strengths, weaker AC system
leads to a reduction of filtering performance. Consequently, a tuning
method for the capacitor parameters’ range is proposed for the novel
filtering technique considering the power system strengths. This
method is effective for LCC-HVDC systems with varying power
system strengths. It provides guidance for the selection of filtering
capacitance in practical applications.
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