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ABSTRACT: To accelerate the large-scale integration of renewable energy and support the strategic goals of “carbon
peaking and carbon neutrality; High Voltage Direct Current (HVDC) transmission technology has made significant
breakthroughs. Among the various approaches, a hybrid DC transmission system that combines a line-commutated
converter (LCC) and a voltage source converter (VSC) retains the inherent fault self-clearing capability of the LCC
topology while mitigating the risk of commutation failure when connected to a weak grid. In this paper, based on the
harmonic generation mechanisms of hybrid DC transmission systems, an improved 3-pulse harmonic source model of
the LCC and a dynamic phase-sequence harmonic analysis model of the VSC are developed. The integrated harmonic
model demonstrates strong adaptability in accurately calculating DC-side harmonics under the influence of power
imbalances and background harmonics. Based on this model, the fundamental characteristics of DC-side harmonics
in hybrid DC transmission systems are analyzed. To mitigate harmonic effects, this paper proposes an LCLC-trap2
high-order filter structure with parallel RC damping circuits and a co-optimized design of filter parameters. Finally, a
+500 kV hybrid DC transmission system is modeled using the MATLAB/Simulink platform, and the harmonic filtering
performances of the conventional LC filter, the Butterworth filter, and the proposed filter are simulated and compared.
The results verify that the proposed filter offers superior performance in suppressing low-order harmonics under non-
ideal operating conditions.

KEYWORDS: Hybrid HVDC transmission system; 3-pulse harmonic source model; filter; parameter optimization

1 Introduction

Accelerating the utilization of renewable energy is essential for achieving clean energy goals and
promoting the development of the “dual carbon” strategy. However, since renewable energy sources are
often located far from load centers, large-capacity and long-distance energy transmission is required. As
a result, high-voltage direct current (HVDC) transmission technology has been gradually developing and
expanding [1]. Line-commutated converter HVDC (LCC-HVDC) systems have become the dominant and
mature engineering solution for HVDC transmission. However, LCC-HVDC suffers from commutation
failures, high reactive power consumption, and limited ability to handle AC-side faults [2]. On the other
hand, voltage source converter HVDC (VSC-HVDC) systems utilize fully controlled devices and pulse width
modulation technology, which enable decoupled control of active and reactive power and eliminate the risk of
commutation failures [3]. Nevertheless, the transmission capacity of VSC-HVDC is generally lower than that
of LCC-HVDC, and DC-side faults in VSC systems evolve rapidly, with high fault current magnitudes and no
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natural current zero-crossing, making fault isolation difficult. A hybrid DC transmission system, combining
LCC and VSC technologies, retains the fault-clearing capability of LCC while avoiding commutation failures
associated with weak AC grids, thereby improving the stability of the receiving-end system and the capability
of DC line power delivery [4].

However, the widespread deployment of nonlinear power electronic devices introduces substantial
harmonic distortion. Harmonics in LCC systems include both characteristic and non-characteristic har-
monics. Characteristic harmonics arise under ideal conditions and are determined by the converter pulse
number—for instance, a 12-pulse rectifier typically generates harmonics at integer multiples of the 12th
order. Non-characteristic harmonics, however, are caused by non-ideal factors such as unbalanced three-
phase voltages, coupled leakage reactance in Yy and Yd configurations, transformer ratio mismatches, and
converter valve firing inconsistencies [5,6]. VSC systems primarily generate high-frequency harmonics
during normal operation, but non-ideal conditions such as phase asymmetry can also introduce significant
low-order non-characteristic harmonics. Consequently, in LCC-VSC hybrid DC transmission systems, the
DC-side low-frequency harmonic content increases significantly, adversely affecting both power transmis-
sion efficiency and electromagnetic compatibility, and, in extreme cases, hindering the grid integration of
renewable energy. Therefore, it is critical to analyze the harmonic characteristics of the DC side and design
appropriate filtering solutions [7,8]. DC-side filters mainly include tuned filters, active filters, and low-
pass filters. References [9-11] propose hybrid filter structures composed of tuned filters, which reduce the
need for reactive power compensation equipment but have limited effectiveness in suppressing low-order
harmonics. Reference [12] proposes a DC hybrid active power filter combining an active power filter and a CL
filter to suppress low- and high-frequency harmonics, and achieves single-loop energy control via feedback
linearization, resulting in effective DC-side harmonic suppression in a 500 W single-stage single-phase
inverter. References [13,14] explore high-power active power filters that not only meet harmonic filtering
requirements but also provide dynamic reactive power compensation. However, active filters may introduce
negative impedances, which can lead to system resonance and potential stability issues, along with high
implementation costs.

In summary, tuned filters exhibit low impedance at specific harmonic orders but are less effective at sup-
pressing low-order harmonics. Active filters are capable of dynamically suppressing harmonics with varying
amplitudes and frequencies, but their application is limited by capacity constraints and high implementation
costs. Low-pass filters effectively attenuate harmonics above the cutoft frequency and are widely used for
DC-side filtering under various converter operating conditions. References [15,16] propose inductor-based
filtering methods to eliminate non-characteristic harmonics in DC transmission systems. Reference [17]
analyzes the harmonic characteristics of the DC side in LCC-MMC hybrid DC transmission systems and
proposes using Butterworth filters to suppress low-order non-characteristic harmonics. However, the filter
parameters were not optimized, resulting in insufficient suppression of the second-order harmonics on the
DC side.

Although extensive research has been conducted on the harmonic characteristics and filtering tech-
niques for the AC side of hybrid DC transmission systems [18], relatively few studies have focused on the
analysis and suppression of non-characteristic harmonics on the DC side. This paper focuses on analyzing
the DC-side harmonic characteristics and optimizing the filter parameters of a hybrid DC transmission
system, in which an LCC is used on the rectifier side and a VSC on the inverter side. To address the limitation
that conventional three-pulse harmonic source models cannot simulate non-ideal operating conditions,
an improved LCC-based three-pulse harmonic source model is proposed. This model accounts for the
effects of voltage source asymmetry and background harmonics. For the harmonic analysis of the inverter-
side VSC, a sparse vector method is employed, and the interactions between harmonics on the AC and
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DC sides are represented using a path tree of forward and backward generation operations. The proposed
harmonic analysis model enables accurate analysis of the DC-side harmonic characteristics in the hybrid DC
transmission system. To mitigate the effects of low-order harmonics under non-ideal conditions, an LCLC-
trap2 filter structure with a parallel RC damping circuit is adopted, and its parameters are optimally designed.
Finally, a hybrid DC transmission model is developed on the MATLAB/Simulink platform to compare the
filtering performances of the LC filter, the Butterworth filter, and the proposed filter. Simulation results verify
that the proposed filter demonstrates superior performance in suppressing low-order harmonics.

2 Harmonic Characterization of Hybrid DC Transmission
2.1 Hybrid DC Transmission System Structure and Control

To address commutation failures in conventional DC transmission inverters at the receiving end, and to
enhance transmission reliability and reactive power support, hybrid DC transmission systems that combine
LCC and VSC are commonly adopted. The specific structure is shown in Fig. 1. Equipped with a 12-pulse
converter on the rectifier side and a two-level converter on the inverter side, the hybrid topology can
supply power to weak AC systems or even passive networks, and can also serve as a power source for
black-start operations.
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Figure 1: Structural diagram of a single-stage hybrid high-voltage DC transmission system

The control of the VSC can be categorized into system-level control, converter station-level control, and
converter -level control. At the system level, control commands are generated based on active and reactive
power setpoints. These commands are transmitted to the converter station-level control to ensure continuous
and stable operation of the AC/DC hybrid system. System-level control encompasses both active and reactive
power control strategies. The active control variables include DC voltage, active power, frequency, and DC
current, while the reactive control variables include reactive power and AC voltage. Appropriate control
strategies are selected according to specific application requirements [19].

The converter station-level control receives system-level commands and calculates the required pulse
width modulation (PWM) ratio and phase angle, which are then delivered to the converter valve-level control
as reference signals. This level of control primarily includes DC current control, vector control, and adaptive
control. Among these, vector control—owing to its simple structure and rapid dynamic response—is widely
used in VSC-based HVDC systems. Therefore, this paper employs vector decoupling control based on the
rotating dq reference frame.

The system-level control in a hybrid LCC-VSC configuration differs from that in a conventional two-
terminal LCC or VSC system. When the hybrid HVDC transmission system is connected to a weak AC grid
or passive network, the VSC operates under AC voltage control to stabilize the AC system voltage. When
connected to a strong grid, the allocation of DC voltage control between the sending and receiving ends has
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minimal impact on the receiving-end AC system. However, considering the fault ride-through capability of
the AC/DC system, the sending end should adopt constant-power or constant-current control, while the
receiving end should implement constant-voltage control to regulate the DC voltage [20].

2.2 Harmonic Analysis of the DC Side of the Hybrid DC Transmission System
2.2.1 LCC Improvement 3 Pulsating Harmonic Modeling

The harmonic model of the DC side of the LCC typically employs a three-pulse harmonic voltage
source model, which includes additional capacitance to simulate the effects of stray capacitance. This model
can represent all 3k-order harmonics on the DC side. The harmonic model of a twelve-pulse converter is
composed of two six-pulse converters connected in series with a 30° phase shift. Each six-pulse converter can
be equivalently modeled as two three-pulse harmonic voltage sources connected in series with an inductor.
These two three-pulse sources are phase-shifted by 60° relative to each other. The equivalent three-pulse
harmonic model is illustrated in Fig. 2, where L, represents the equivalent inductance and C; denotes the
added stray capacitance, which is typically selected from 10 to 20 pF in engineering practice [17].

Figure 2: Equivalent three-pulse harmonic source model of a twelve-pulse converter

In the figure, u3,(t) denotes the equivalent voltage source of the first 3-pulse converter, and its Fourier
series expansion is shown in Eq. (1). The expressions for the other 3-pulse converters can be derived in a
similar manner, with appropriate phase-angle differences, as illustrated in Fig. 2.

usp (t) = iUdio {(cosa +cosd) + X, [(—l)m (a3m cos3mwt + bz cos3mwt)]}

_cos[a(l+3m)]+cos[d(1+3m)] cos[a(l-3m)]+cos[d(1-3m)]

azm = + ey
1+3m 1-3m

b — sin[a (1+3m)]+sin[(1+3m)] . sin[a (1-3m)]+sin[d(1-3m)]

m 1+3m 1-3m

where « is the trigger angle, y is the commutation overlap angle, and the extinction angle § is given by
0 = a + u, and Uy;, is the ideal no-load DC voltage. This three-pulse harmonic source model is derived
under ideal conditions and captures all characteristic (12k-order) harmonics, but it cannot represent non-
characteristic (non-3k-order) harmonics resulting from three-phase imbalances. To model the three-pulse
harmonic voltage source under unbalanced conditions, a segmented approach is adopted to separately
analyze the commutating and non-commutating phases. The three-pulse harmonic voltage source is divided
into six conduction intervals per cycle, corresponding to the conduction sequence of the three valves.
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[an, 01 + 1], a1 + , a5 + 27/3] , [as + 27/3, a5 + 270/3 + s ]
[as +27/3 + ps, a9 + 47[3], [ag + 47/3, g + 471/3 + po] (2)

[ag +47/3 + g, o + 271]

When considering AC grid unbalance, the commutation angles during phase change may differ, ax and
pk are the trigger angle and overlap angle of valve k, respectively (k = 1, 5, 9). The three pulsating voltages
are Fourier decomposed separately over different segmentation intervals, and then the voltages of the same
frequency are summed to obtain the respective harmonic voltages of the three pulsating groups (valves V1,
V5, and V7) as shown in Eq. (3).

U3pa (t) =dap+ 2;1“;1 U3pan (t) sin (nwt + (/)3pan)
Uspan = V@2 + by’ @3pan = arctan (b, /a,)

where gy is the DC component of the harmonic voltage, and U,3pn and @,3p1, are the amplitude and phase
angle of the h-th harmonic voltage, respectively. a, and b, are the real and imaginary parts of the n-th
harmonic voltage, and they are calculated as follows:

3)
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where u,(n), uy(n), and u.(n) denote the n-th AC harmonic voltages of the three phases, and L,, L;, and L,
are the phase inductances of the three phases, respectively.

2.2.2 VSC Harmonic Analysis Model

The harmonic analysis model of the VSC, based on dynamic phasors and sequence components, is
formulated using the state-space method as follows:

X=AX+V (7)
where X is defined as follows:

T
X = [Liay Ly Loy Ly ays Lagoys > Lnqys Ing2ys Ingoys Udets Udezs 5 Uden ]

X consists of 3n dynamic phasor quantities corresponding to the sequence components of the AC-side
current (i.e., each current harmonic sequence component), and the 7 voltage harmonic components on the
DC side. V is the input variable, consisting of the dynamic phasors of the sequence components of the AC-
side source voltage. A is the coeflicient matrix of the state transfer equation. If the harmonics are considered
under steady-state conditions, then X=0, and the harmonic analysis problem is reduced to a linear algebraic
equation:

AX=-V (8)

The coeflicient matrix A determines the VSC harmonic generation mechanism, and it consists of two
diagonal subarrays and two non-diagonal subarrays.

A= A11(3n><3n) A12(3n><n) 9)
A21(n><3n) A22(n><n)

The two diagonal blocks represent the system parameters of the DC and AC sides, respectively. The off-
diagonal submatrices contain the dynamic phasors of the sequence components of the switching function,
which characterize the interactions between the AC and DC sides over the switching period. When PWM
is implemented using three-phase symmetric modulation, the dynamic phasors of the switching function
contain only the positive-sequence component of the fundamental waveform and higher-order harmonic
components. As a result, matrix A is sparse. The triangular form of matrix A is given as follows:

A11(3n><3n) A12(3n><n) - LDU = L11(3n><3n) 0 D U11(3n><3n) U12(3n><n) (10)
A21(n><3n) A22(n><n) L21(n><3n) L22(n><n) 0 U22(n><n)

where L is the lower triangular matrix obtained through the forward generation operation, U is the upper
triangular matrix corresponding to the backward generation operation, and D is the diagonal matrix
associated with the specification operation. It can be observed that L,, and L,, are identity matrices, indicating
that there is no interaction between the dynamic phasors of the AC-side sequence components. The effect of
the AC side on the DCside is represented by L,,. The non-zero elements of L,, and U,, indicate the interaction
between the DC and AC sides, and the magnitude of these elements determines the strength of the coupling.
The path tree of the forward and backward operations can be obtained using the sparse vector method; these
interaction relationships can then be employed to visually represent the harmonic generation mechanism of
the VSC when combined with the assigned directed factor graph.
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2.2.3 Harmonic Analysis of Hybrid DC Transmission Systems
(1) Rectifier-side LCC DC harmonic analysis

This paper mainly analyzes the non-characteristic harmonics generated by the LCC under non-ideal
conditions. The three-phase voltage can be expressed as follows, assuming that the AC side contains m-th
order background harmonics.

U= 2. Y Usmacos (wmt+ Bom)

s=+1,—-1,0 m=1
ad 257t
Ugh = Z Z Usgmp cOS (wmt + Bsm — —)
s=+1,-1,0 m=1 3
s 2sm
Uge = Z Z Usme cOs (a)mt + Bom + —) 11)
s=+1,-1,0 m=1 3

where s = +1, -1, and 0 denote the positive-, negative-, and zero-sequence components, respectively, the
rectified voltage is expressed as follows:

o0
Usa = Z 21
m=

s=+1,-1,0

(o]

2sT 2
BkUsm[cos (wmt + Bsm) cosh wt + cos (wmt+ Bsm — T) cosh (a)t— ?)
k=1

2sm 2
+ cos (wmt + Bsm + T) cosh (wt+ ?)]

= > > %AkUsm{ cos [(wm + kw) t + Bem] +2cos M cos [(wm + kw) t + Bom]
s=+1,—-1,0

+2cos

cos [(wm — kw) t + Bsm] +cos[(wm—kw)t+ﬁsm]} (12)
where the voltage switching function By is given by:

By =—sin—cos—cos— | -+ —cos —
Tak 2 e 2 \2 3 6

For the zero-sequence component, the rectified voltage equals zero. Therefore, the zero-sequence voltage
on the AC side of the 12-pulse converter does not propagate to the DC side nor affect the rectified voltage.
In contrast, the rectified voltages corresponding to the positive- and negative-sequence components can be
calculated and do contribute to the DC-side voltage.

8 kn  km  ky ( 1 1 kT[) 13)

ugl/_ = i i 3U;;/_ {AIZn—l cos [(wm +(2n-1)w)t+ /3;/_] +A12,41 COS [(wm -(2n+l)w)t+ ﬁ;;/‘]}

m=1n=1

(14)

It is observed that the m-th order positive-sequence harmonic on the AC side of the converter gives rise
to the following harmonic components on the DC side as a result of modulation by the 12-pulse converter.

|om + (121 - 1) w|
{|cum - (12n+1) | 15
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When 7 = 0, the harmonic amplitude reaches its maximum, and the corresponding angular frequency is
given by |wm — w|, where wy, represents the angular frequency of the source. When wy, is an integer multiple
of the fundamental angular frequency w, the maximum harmonic order becomes |m - 1|. Similarly, the mth
negative-sequence harmonic will generate the following harmonic components on the DC side through
modulation by the 12-pulse converter.

{|wm+(12n+1) w| 16)

|om — (121 - 1) |

The presence of negative-sequence components results in the generation of frequency components
at |wn + w|. The maximum harmonic order becomes |m + 1| when wy, is an integer multiple of the
fundamental frequency.

(2) Inverter-side VSC DC harmonic analysis

Under unbalanced conditions, a fundamental negative-sequence voltage occurs in the system, which
induces a corresponding fundamental negative-sequence current on the AC side. Let the positive- and
negative-sequence components of the AC-side supply voltage be denoted as Uy, and Uy,_, respectively, and
the corresponding current sequence components by I,+ and I,—. As described in the previous section, the
coefficient matrix A can be decomposed into lower and upper triangular matrices L and U, respectively.
Strongly correlated branches are preserved during forward and backward operations. The corresponding
directed factor graphs based on the forward and backward path trees are illustrated in Figs. 3 and 4. I(; ;)
denotes the AC-side harmonic current sequence component, where i is the harmonic order and j = +1
or 0 indicates the sequence (positive, negative, or zero). Ugck denotes the kth DC-side voltage harmonic.
Arrows in the diagram indicate the direction of influence, and the numbers on the branches indicate the
interaction weights.

Udc2

Udc4[]

(a) (b)

Figure 3: Predecessor operation path tree under voltage asymmetry: (a) Base wave positive sequence current; (b) Base
wave negative sequence current

Is I
g lao

JATR) Lz User
(a) (b)

Figure 4: Path tree for back generation operation under voltage asymmetry: (a) DC voltage on the DC side; (b) Second
harmonic voltage on the DC side



Energy Eng. 2025;122(10) 4321

By ignoring weaker branches, the harmonic interaction between the AC and DC sides can be considered
partially decoupled. The forward and backward operations can each be represented by separate subgraphs.
The forward operation shows that the fundamental positive- and negative-sequence currents on the AC
side affect different harmonic components on the DC side. Conversely, the backward operation reveals how
DC-side voltage harmonics influence the positive- and negative-sequence currents on the AC side. It can
be observed that under fundamental three-phase voltage unbalance, the DC side contains a significant 2nd
harmonic component, along with smaller 20th, 40th, and 44th harmonics. Meanwhile, the AC side exhibits
a 3rd-order positive-sequence harmonic.

(3) Harmonic analysis of the DC side of the hybrid DC transmission system

In hybrid DC transmission systems, the DC-side harmonics originate from both characteristic and
non-characteristic components generated by the LCC at the rectifier side, and from harmonics generated
by the VSC at the inverter side, all of which are transmitted through the DC lines. It is worth noting
that the rapid proliferation of nonlinear devices within the AC system significantly elevates background
harmonic levels, particularly for the 5th- and 7th-order harmonics. These harmonics are transferred to the
DC side through the rectifier or inverter stations, contributing to elevated harmonic content. Additionally,
unbalanced operation of the three-phase grid introduces further harmonic distortion into the DC side. In
this paper, the combined effects of background harmonics and grid unbalance are considered. The harmonic
distribution of the hybrid DC transmission system is illustrated in Fig. 5, assuming a background harmonic
injection level of 2% and a 4% AC grid unbalance. It is observed that, due to power supply asymmetry and
background harmonics, the DC side exhibits a significant number of low-order harmonics, including the
2nd-, 4th-, 6th-, and 8th-order harmonics, in addition to the 12k-order characteristic harmonics.

Frequency Spectrum of voltage (DC Component: 299.12 kV, THD: 17.46%)
12 T ‘

T T

Amplitude%DC

0 5 10 15

20 25 30 35 40
Harmonic Order

Figure 5: DC side harmonic characteristics of the hybrid DC transmission system

3 DC-Side High-Order Passive Filter Design and Optimization
3.1 Filter Structure Determination

Conventional LC filters are effective in attenuating characteristic harmonics at the DC side. However,
they are insufficient for suppressing low-order harmonics induced by frequent three-phase unbalanced
conditions and background harmonics, which significantly degrade DC-side power quality. To address this
issue, prior studies have proposed third-order Butterworth or Chebyshev filters to enhance low-frequency
harmonic attenuation at the DC side. Nevertheless, these filters require large component values, leading to
increased physical dimensions and cost. To achieve improved attenuation performance with reduced size
and cost, an LC trap circuit is employed as a substitute for large capacitors. Using the third-order Chebyshev
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filter as an example, a fourth-order LCLC filter circuit is constructed by integrating a DC-side filter inductor.
The enhanced higher-order filter topology with the trap circuit integration is shown in Fig. 6.

L L, L L, L Ly

C G C C,
Cz Cl

Ly L Ly Lp
R('2 RCI

Re; Res Rei Reo

o o) o o) o o)
(a) (b) (c)

Figure 6: Higher-order filter structure with series damping resistor: (a) LCLC-Trapl-1; (b) LCLC-Trapl-2;
(c) LCLC-Trap2

To dampen resonant peaks caused by the reactive components in the higher-order filter circuit, damping
circuits are integrated to ensure stable controller operation. The transfer functions for the three damped

higher-order filters are:
S3C1C2L[1RC2 + $2C1 (Cchchz + L[l) + S (Cchl + Cchz) +1

one [Ly(Ly+Ly) + LyLa] +5°CiCy [Ly (Rey + Rey) + LyRg + LyRey ] +
52 [Cl (CZRCIRCZ + L1 + Lﬂ) + Cz (L1 + Lz)] + S (Cchl + Cchz) +1

(17)

Gy1(s)

53C1C2Lt2RC1 + 52C2 (Cchchz + Lt2) +S (Cchl + Cchz) +1
S4C1C2L1 (L2 + Ltz) + S3C1C2 [RCILI + RC1L2 +RC1Lt2 + Lchz] +
52 [C1 (CZRCIRCZ + Ll) + Cz (L1 + L2 + Lt2)] + S (Cchl + Cchz) +1

(18)

sz (S) =

54C1C2Lt1Lt2 + $3C1C2 (Lthcz + LtZRcl) +52 [Clcchchz +CiLy + Cthz]

+S (Cchl + Cchz) +1
54C1C2 [Ll (L2 + Ltl + Ltz) + Ltl (Lz + LtZ)] + S3C1C2 [Rcl (L] + Lz + Lt2) + Lchz + Lthc2:| +
s?[C1(CoRAR + Ly + Ly) + Cy (Ly + Ly + Lyy)] + s (CiR4 + Ca3R) +1

G, (s) =

(19)

According to the filtering requirements, the filter parameters used are listed in Table 1. The correspond-
ing Bode plots are shown in Fig. 7, where the solid red, green, and blue lines represent the Bode plots of type
1, type 2 LCLC-Trap filters with series resistors, and LCLC-Trap?2 filters, respectively.

Table 1: Parameters of high-order filter circuit

Filter type L,/mH C/pF C,/uF L,/mH L,/ mH

Trapl-1 33.13 4314 43.14 58.72 -
Trapl-2 33.13 4314 4314 - 76.4
Trap2 22.09 2876 28.76 88.1 22.02
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60 . ; .
20 (l ——— LCLC-Trapl-1 |
— LCLC-Trapl-2
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Figure 7: Bode plot of the transfer function of a higher-order filter based on series damping circuits

Comprehensive analysis of Fig. 7 and Table 1 indicates that the LCLC-Trap2 filter maintains comparable
low-frequency filtering characteristics while enhancing attenuation performance. This improvement is
achieved by replacing capacitors with LC trap circuits, optimizing parameters, and reducing overall size,

volume, and cost. However, its high-frequency filtering capability is compromised by damping resistors,
suggesting a need for further structural refinement.

3.2 Higher-Order Filter Structure and Parameter Optimization

Series of damping resistors reduce attenuation primarily near the characteristic and tuning frequencies.
Therefore, the low- and high-frequency characteristics of the filter remain similar to those of the undamped
trap filter. In contrast, the parallel RC damping circuit reduces damping loss while enhancing high-frequency
attenuation. Fig. 8 illustrates the Bode plots of the higher-order LCLC-Trap2 filter with different damping
configurations. The blue dashed line represents the filter without damping, the red solid line corresponds

to the filter with a series damping resistor, and the orange solid line represents the filter with a shunt RC
damping circuit.
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Figure 8: Porter diagram of higher-order trap filter with different damping circuits

It can be observed that the resonance amplitude is significantly higher in the absence of damping
circuits. The addition of a series damping resistor primarily reduces the resonance peak, while other
frequency characteristics remain similar to the undamped case. In contrast, incorporating shunt damping
circuits can significantly enhance high-frequency filtering performance. Therefore, this paper adopts the
LCLC-Trap2 filter with shunt RC branches, whose structure is shown in Fig. 9. The total capacitance of each
filter branch is maintained by ensuring that the sum of the capacitances in the shunt branches equals the
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original capacitance values, i.e., C; + G = C; and Cy, + Cy, = C,. The corresponding transfer function is
presented in Eq. (20).

$°CiCCnCrLluLinRaRey +5°CiCrpLuLyy (CuRey + CuRez) +5* [CiLy (CuLiz + CuCraRaR:2)
+CCnCpLinRaR] +5° (CiLy + CpuLyy) (CaRe + CpRey) +5* (CiLy + CuLiy + CnCaRaR.)
G, - J;s (CaRa + CpRp) +1 20)

sC,CCuCpLiLyLyLyy + 5" C,Cp CiCra [LiLRaLy + LiLppRa Ly + LiLpnReoLy + LiLyReoLes
+LyLyLpRa] + s6 [CiCrCrCpLiRyRH (Ly+ Ly + L) + CiCriCyuCra LRy Ry (Ly + Lyp) +
C/CyCyLiLy (Lz + Lt2) + CC,CoLy Ly Ly + C,CyCrLi Ly Ly + CmCtlczleLthz] +
s> {[CiCpm (CuRy + CaRey) (LyLy + LyyLy + LigLy + LyLy + LyLyy) + C,CCiy (LiLy R+

LiLgRy + LiLyRo + LyLyRy)] +CpiCiCra (LiLyRy + LiL iRy + LiLpp Ry + LyLipRyp) } +
s*{C:[CuLi (Ly + Ly + Liz) + CuLyy (Ly + Liz) + CaLy (CaRa Ry + Ly + Ly) + CiaLy (CaR Ry
+L2) + CyLiLy] + CuCnLi (CoRaRo + Ly + L) + CCnCraRR (Ly + Liy) + CyCraLyp L+
CmCiLpLy+ CyCpLiLy} +5°[Ci (Ly+ Lyy) (CaRe + CiaRey) + Cpy (Ly + Ly + Lyy) (CR+
CiaRe2) + CuCi (LR + LiRey + LyR )] + 5% [Cy (Li+ Lyy) + Cp (L + Ly + Liz) + CCaRAR,,
+CnLy + CpLy + CLy] + s (CyRyy + CpRp) +1
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Figure 9: Higher-order trap filter with RC damping circuit in parallel

The transmission performance of the LCLC-Trap filter with a shunt RC damping circuit is closely
related to the ratio involving the multiplexed capacitance of the filter, as defined in the following equation.
The specific influence of the two parameters on the transfer function is illustrated in Fig. 10. It can be
observed from Fig. 10 that variations in the shunt RC damping circuit have little impact on the low-frequency
range but significantly affect the frequency band beyond the second trap frequency. The resistance R in the
damping circuit primarily influences the resonance amplitude, while its effect on the resonance frequency
shift is limited. In contrast, the dominant factor affecting the resonant frequency shift is the change in
capacitance C.

g Cn_ G
G Cu+C

poCn__ Co 1)
C, Ci+ Cp

The parameters of the LCLC filter are calculated based on reference [21,22]. In this paper, we focus on the
optimal allocation of the total capacitance between the damping branch and the LC resonance branch, where
multiple capacitors are shared. As shown in the first section, low-order harmonics on the DC side mainly
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include the 2nd, 4th, 8th, and 12th harmonics. The LC trap circuit effectively attenuates the 2nd and 4th
harmonics. Meanwhile, the distribution ratio of the capacitors primarily affects the 8th and 12th harmonics.
To ensure that these components are not amplified by resonance, and that higher-order harmonic attenuation
remains within acceptable limits, the ratio of the capacitors must be optimized. To this end, the variations
in the amplitudes of the 8th, 12th, and other higher-order harmonics with respect to parameters a and b are

analyzed, as shown in Fig. 11a. For better visualization, their projections onto the XY plane are also presented
in Fig. 11b.
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Figure 10: Effect of different RC parameters on filter transfer function
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Figure 11: Effect of capacitance ratio on filter transfer function: (a) Amplitude variation of different harmonics;
(b) Projection of harmonic amplitude in the XY plane

As observed from the figure, the optimal value intervals are determined by the condition that all
harmonic amplitudes above the 8th harmonic are attenuated by more than 30 dB. The intersection of the
optimal intervals for parameters a and b yields the final design values: a = 0.57 and b = 0.7.

4 Simulation Verification

The DC transmission model of the hybrid 12-pulse rectifier and VSC inverter is built based on the
MATLAB/Simulink platform. The specific parameters of the model are shown in Table 2.
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Table 2: Parameters of the hybrid DC transmission system

Parameters Values Parameters Values
DC voltage 300 kV Transport volume 750 MVA
Sending-end voltage 500 kV Smoothing reactor 500 mH
Receiving-end voltage 220 kV Transmission line 200 km
Rated current on the DC Side  2.5kA  System short-circuit ratio 2

4.1 Characteristics of the Improved Harmonic Source

Considering a 4% unbalance in the AC grid, Fig. 12 shows the time-domain and frequency-domain
waveforms of the improved DC-side harmonic source model of the LCC.
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Figure 12: Time-frequency domain waveforms of the improved LCC harmonic source: (a) Time-domain waveform;
(b) Frequency domain waveform

It can be observed from the figure that the improved harmonic model effectively simulates the increase

in the second harmonic caused by AC imbalance, which is consistent with the analysis presented in the
previous section.

4.2 DC-Side Harmonic Behavior after the Application of the Filter Circuit

To compare the filtering effect of the proposed circuit with the LC filter and the Butterworth filter, the
output voltages of the three filters and their corresponding FFT results are presented in Fig. 13.

From the figure, it can be observed that the output voltage of the conventional LC filter still contains
the fundamental and second harmonic components, with a total harmonic distortion (THD) of 0.47%. In
comparison, although the Butterworth filter achieves better attenuation of the fundamental and second
harmonics, its THD remains at 0.28%, and some high-order harmonics are still present. By contrast, the filter

proposed in this paper effectively eliminates both the second and higher-order harmonics, achieving a THD
as low as 0.04%.
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Figure 13: Output voltages of the three filters and their FFT results: (a) Output voltages of different filters; (b) FFT
results of the corresponding output voltages

4.3 Transient Characteristics Analysis

The system’s transient characteristics are examined under two conditions: (i) a100 MW load increase at
the receiving end at t = 0.2 s, and (ii) a transient DC line fault at t = 0.2 s, cleared by the circuit breaker and
reclosed 60 ms after fault clearance. The filter responses under these transients are shown in Fig. 14, and the
corresponding harmonic components within the first cycle are summarized in Table 3.
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Figure 14: Filter output voltage under different transient conditions

Table 3: Harmonic components of the filter output voltage

Condition THD 1st 2nd 3rd 4th 5th 6th 7th 8th 9th
(%) Harm. Harm. Harm. Harm. Harm. Harm. Harm. Harm. Harm.
Load variation 0.08 0.0196 0.0546 0.0156 0.0109 0.0085 0.0241 0.0060 0.0369 0.0047

Switch events 0.04 0.0073 0.0108 0.0017 0.0008 0.0006 0.0185 0.0005 0.0335 0.0001
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It can be observed that short-term switching caused by transient DC faults has negligible effect on the
filter output, while an increase in load induces minor voltage fluctuations. In both cases, the filter output
harmonics remain within acceptable limit.

5 Conclusion

This paper focuses on the detailed analysis of the DC-side harmonic characteristics of the LCC-
VSC hybrid DC transmission system and the optimized design of the filter structure parameters. An
improved 3-pulsation harmonic source model for the LCC is proposed to address the limitation of traditional
models that fail to simulate non-ideal operating conditions. For the inverter-side VSC, harmonic analysis
is conducted using the sparse vector method, with the harmonic interactions between the AC and DC
sides represented through the path tree constructed from forward and backward generation operations. A
filtering design based on the LCLC-Trap2 filter structure with a shunt RC damping circuit is proposed, and
its parameters are optimized. A hybrid DC transmission model is built in MATLAB/Simulink to compare
the filtering performance of the LC filter, the Butterworth filter, and the proposed filter. The main conclusions
are as follows:

(1)  The improved 3-pulsation harmonic source model demonstrates strong adaptability for accurately
calculating DC-side harmonics under non-ideal conditions, such as AC harmonic distortion and three-
phase asymmetry. Analysis shows that the m-fold positive and negative sequence harmonics on the
AC side, when modulated by a 12-pulse converter, generate |m - 1| and |m + 1| harmonics on the DC
side, respectively.

(2)  The harmonic characteristics of the VSC are analyzed using the sparse vector method. The path tree
formed by forward and backward generation operations captures the interaction between AC and DC
harmonics. Using the symmetrical component method, it is found that under unbalanced operating
conditions, significant low-frequency even harmonics—including a prominent second harmonic—
emerge on the DC side.

(3) Based on the identified harmonic characteristics, a comparison of different filter structures leads to the
adoption of the LCLC-Trap?2 filter with a parallel RC damping circuit. Its parameters are optimized to
achieve better harmonic suppression. Simulation results from the MATLAB/Simulink model confirm
that the proposed filter provides superior performance in attenuating low-order harmonics compared
to conventional LC and Butterworth filters. The simulations also indicate that under both load variation
and switching operation transients, the system remains stable, and the filter performance meets the
required specifications.
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